
result is found for regional ischemia by 
31P NMR surface coil measurements 
(10). The implication is that reducing 
work load and contractility helps to pre- 
serve ischemic myocardium. 

Several possible extensions of the ex- 
periments reported here are foreseeable. 
Two or more surface coils could be used 
simultaneously to obtain spectra from 
different regions of the heart. A small 
coil could be placed inside the left ven- 
tricle of the perfused heart through a 
small incision in the left atrium to mon- 
itor the "P NMR spectrum from the inte- 
rior myocardium. With a conventional 
transmitter coil and a small surface coil 
in a cross-coil configuration (13), one 
could measure other parameters such as 
relaxation times, diffusion coefficients, 
and the flow at well-defined locations in 
the heart and other organs. By use of 
surface coils, enzyme kinetic rates could 
be observed by saturation transfer tech- 
niques (14) for specific regions within the 
heart as a function of normal, pathologi- 
cal, and drug-treated states. Changes in 
phosphate substrate levels within local- 
ized volumes could be directly observed 
and related to the function of particular 
regions (for example, left ventricle ver- 
sus left atrium) and to the contraction- 
relaxation cycle of the heart. 

Our results, together with recent work 
by Grove et al. (15) on the determination 
of whole heart metabolism by 31P NMR 
in vivo, indicate that surface coil NMR 
may eventually be used in vivo to assess 
the location and size of an injury or ab- 
normality and determine the efficacy of 
drug treatment. 
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Mutagenicity of Fly Ash Particles in Paramecium 

Abstract. Paramecium, a protozoan that ingests nonnutritive particulate matter, 
was used to determine the mutagenicity o fJy  ash. Heat treatment inactivated muta- 
gens that require metabolic conversion to their active form but did not destroy all 
mutagenicity. Extraction ofparticles with hydrochloric acid, but not dimethyl sulfox- 
ide, removed detectable mutagenic activity. 

The combustion of coal to generate 
electric power produces vast quantities 
of fly ash. Although fly ash is considered 
to be the most abundant industrial solid- 
waste product in the United States, only 
a few studies have been performed to 
evaluate the potential health effects of 
exposure to fly ash or its leachates. The 
finest fly ash fractions collected from a 
power plant smokestack (I) were found 
to be mutagenic in the Ames bacterial as- 
say (2, 3). Since there is a high positive 

correlation between carcinogenicity of 
substances for animals and man and 
mutagenic activity in the Ames test (#), 
the mutagenicity of fine fly ash particles 
raises concern (2, 3). 

A possible mode for an abatement 
technology was suggested by the finding 
that heat-treated fly ash loses detectable 
mutagenic activity due to the decomposi- 
tion of surface mutagens (3, 5). While 
agents identified as mutagenic by the 
Ames test may be presumed to be poten- 

Table 1. Mutagenic effect of fly ash and heat-treated fly ash in Paramecium. Values not con- 
nected by the same line are significantly dBerent from each other (Wilcoxon matched-pairs 
signed-ranks test, or = .05). The data from six experiments were pooled since the control values 
for autogamous progeny were not significantly different. Cerophyl is the ryegrass extract used 
for cultivation of Paramecium. Induced S-9 is the Ames liver microsome fraction from rats 
receiving Arochlor 1254 (polychlorinated biphenyl) to activate the enzymes for conversion of 
promutagens to mutagenic form; uninduced S-9 is from rats receiving corn oil only (the vehicle 
for the Arochlor). Glass beads (1 to 3 p,m) suspended in either induced or uninduced S-9 were 
used as a negative control for nonnutritive Kaolinite was also used in one experiment, 
and the results were the same as those for the glass beads. Benzo[a]pyrene was the positive 
control for mutagenicity requiring induced S-9. The initial concentration of suspended fly ash 
was 535 ~ g l m l .  The average number of atfected progeny from treated parent cells was 20 per- 
cent higher than the average number of affected control progeny. Since one mutation would 
theoretically yield only 4 affected progeny in 16 autogamous progeny from a treated parent cell 
(6), the percentages, though low, reflect significant damage. 

Lethal and Number of 
Substance detrimental Progeny 

cells (96) exam~ned 

Cerophyl 
Glass beads + uninduced S-9 
Glass beads + induced S-9 
Benzo[a]pyrene + uninduced S-9 
Fly ash + uninduced S-9 
Heated fly ash + uninduced S-9 
Heated fly ash + uninduced S-9 
Fly ash + uninduced S-9 
Benzo[a]pyrene + uninduced S-9 
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Fig. 1. Paramecium mutagenesis assay. Mass cultures of paramecia are derived 
from a single cell of known age (60 to 80 cell divisions since the last autogamy). 
Cells at the same stage of division are selected with a micropipette under a 
dissecting microscope. After 2 hours, when the cells are refractory to DNA 
repair (8), they are suspended with particles for 4 hours at 34OC and vortexed at 
10-minute intervals to keep the particles in suspension. The cells are then 
washed by successive transfers into agent-free bacterial food, and each cell is 
placed into a separate well with food. The isolates multiply, and a single cell is 
reisolated into fresh food daily for 3 days. The remaining cells continue to multi- 
ply, starve, and undergo autogamy. When 90 to 100 percent of a sample of cells 
from a well containing starved cells exhibit the morphology typical of autogamy 
(21), they are used as a source for 16 autogamous progeny cells, which are dis- 
tributed singly into fresh food in separate wells. After 3 days, each of the 16 
wells is examined and the cells are classified as (i) viable (they have cleared the 
medium of bacterial food), (ii) damaged (they have not cleared the medium of 
food), or (iii) dead (they have died or given rise to a few moribund cells). The 
values for each group in an experiment were pooled, and an agent was consid- 
ered damaging to DNA if the viable group was significantly smaller than the 
control group (22). The data were analyzed through pairwise comparisons of the 
groups. Significance was determined by placing confidence intervals on the dif- 
ference of the two proportions by using the normal approximation. If the con- 
fidence interval did not capture zero the pairs were deemed significantly dif- 
ferent. The variance of that difference was computed on the basis of a stratified 
random sample, in which the surviving fraction is a stratum and the sample size 
for each stratum is constant. 

tially dangerous, negative results do not 
necessarily imply that they are harmless. 
More than one bioassay may be neces- 
sary. Protozoans offer a unique bioassay 
system that allows distinction between 
genotoxic effects on individual cells and 
populations of cells and represent an 
evolutionary link between bacteria and 
multicellular organisms for comparative 
studies of DNA-damaging agents. 

Paramecium tetraurelia is especially 
desirable for mutagenesis studies since 
these cells are capable of self-fertiliza- 
tion (autogamy), which results in homo- 
zygosity for any recessive mutations. 
Thus induced damage in the parent ge- 
nome is expressed in the next generation 
of progeny (6). The fraction of dead 
progeny or slow growers reflects the 
presence of lethal or detrimental muta- 

Table 2. Mutagenicity of heat-treated fly ash 
extracted with HCI or DMSO. Values not 
connected by the same line are significantly 
different from each other (painvise com- 
parisons of proportions, P < .05). The con- 
centration of fly ash particles suspended in 
uninduced S-9 was 1068 pg/ml. The higher 
than usual value for mutagenicity in the con- 
trols can be attributed to the considerable age 
of the clone used here [micronuclear damage 
increases with age (12)l. 

Lethal Number of 
Substance cells progeny 

(%) exammed 

Glass beads 3.14 + 0.33 624 
HCI-extracted 4.77 + 1.25 960 

particles 
DMSO-extracted 8.21 + 2.00 656 

particles 
Unextracted 14.09 + 5.29 8% 

particles 
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O= Well 0 Mass culture 

1 
Select dividing cells 
for synchronization 

/' \ 
Control group Treatment group 

I Isolate 2 0  cells I Isolate 2 0  cells 
one cell per well one cell per well 

m 
0 0 0  

rn 
0  0  0  Day 1 

I l l  
0  o* o* 

I l l  
POI0  Day 2 

I l l  
0 0 0  0  0  0  Day 3 
I l l  
0 0 0  /; 0  0  ; 0  ; Day 4 

O*~arent  clone in autogamy 
l 1 1 1 1 1 1 1 1 1 1 l 1 l l ~  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

tions in the micronuclei of the parental 
germ line (6-15). 

Representatives of the Paramecium 
aurelia complex have been used exten- 
sively for mutagenesis studies (6, 7), and 
a wealth of biological data is available. 
Mutagenicity and mechanisms for ex- 
pression have been reported for many 
agents including N-methyl-N'-nitro-N- 
nitrosoguanidine (6), acridine mustard 
(9), triethylenemelamine (9, lo), alpha 
radiation (1 I) ,  ultraviolet irradiation (12), 
benzo[a]pyrene after metabolic activa- 
tion (13), methyl methanesulfonate (131, 
nitrogen mustard (14), and x-rays (15). 

We used the established mutagenesis 
assay in P.  tetraurelia to provide a 
screen for the mutagenic activity of com- 
plex mixtures (13) and to capitalize on 
the ingestion of nonnutritive particles 
(16) such as fly ash for a mutagenesis as- 
say not requiring prior extraction. Coal 
combustion produces chemicals that can 
be absorbed by fly ash (5,17) and decom- 
posed by subsequent heat treatment (3, 
5). Therefore we compared the muta- 
genicity of untreated fly ash and heat- 
treated fly ash (450°C for 24 hours in a 
sealed vial). 

The Paramecium mutagenesis assay 
involves treating members of the same 
clone with incubation medium or test 
agents (Fig. 1). The ingestion of fly ash 
particles by this eukaryote (Fig. 2) pro- 
vides a model for assaying intracellular 
extraction of particles and more closely 
mimics the phagocytosis of these parti- 
cles by the pulmonary macrophages of 
mice (18) than the Ames assay, which re- 
quires particle extraction before muta- 
genicity testing. For inclusion in the as- 
say, the parent cell must survive treat- 

Progeny 

ment and complete a minimum of seven 
to ten cell divisions in an agent-free me- 
dium to deplete the food and hence in- 
duce autogamy. Thus, for detection, 
induced damage must be heritable and 
sufficiently nontoxic to allow for succes- 
sive cell divisions and completion of 

Fig. 2. Fly ash particles in Paramecium let- 
raurelia. Paramecia were exposed to Dryl's 
salt solution (23) containing fly ash. These or- 
ganisms have gullets lined with membranelles 
and cilia that sweep in particulate material. 
Vacuoles are formed at the base of the oral 
apparatus and circulate in the cytoplasm, 
where digestion occurs. Undigested material 
is excreted by exocytosis (24). After 1 hour in 
this solution, paramecia cease ingesting parti- 
cles, but ingestion is continuous when they 
are maintained in the nutritious liver micro- 
somal fraction. 



fertilization. To detect particle-associ- 
ated promutagens, which require meta- 
bolic conversion to their mutagenic form, 
the S-9 microsomal fraction of liver was 
included (4). Significantly increased mor- 
tality and reduced vigor among auto- 
gamous progeny from treated parent 
cells were used as measures of treat- 
ment-induced damage to DNA. 

Fly ash and heated fly ash were both 
significantly mutagenic (P < .05) when 
uninduced S-9 was added, reflecting the 
direct action of particle-associated muta- 
gens (Table 1). Addition of induced S-9 
increased the mutagenicity of unheated 
fly ash but not heated fly ash, indicating 
heat inactivation of indirect-acting muta- 
gens associated with the particles. Fly 
ash and heated fly ash were optimally 
mutagenic at 535 and 1060 &ml, respec- 
tively. Additional evidence of mutage- 
nicity was the appearance of morpholog- 
ical abnormalities including boomerang- 
shaped cells, bent bodies, and thin 
or bloated cells. Temperature-sensitive 
cells were also detected, predominantly 
among the survivors of clones that died 
at room temperature. 

To further evaluate the nature of the 
heat-stable agents, the heated particles 
were extracted with hydrochloric acid or 
dimethyl sulfoxide (DMSO) before the 
cells were incubated with them (19). The 
HC1-extracted particles had no signifi- 
cant mutagenic effects, whereas the 
DMSO-extracted particles retained their 
mutagenicity (Table 2). This demon- 
strates that a heat-stable, aqueous acid- 
extractable mutagen is associated with 
fly ash. The solubility behavior and tem- 
perature stability are also consistent with 
the presence of inorganic mutagens. 

Variations in the response of members 
of the same clone to fly ash-associated 
mutagens may reflect differences in sus- 
ceptibility to damage. Possible causes 
for this include (i) differences in the 
threshold concentration of mutagenic 
particles ingested, (ii) variation in the 
clones' repair capability, and (iii) metab- 
olism of the mutagenic agents to a harm- 
less form. 

Both the Ames Salmonella system and 
the Paramecium assay disclosed direct- 
and indirect-acting fly ash-associated 
mutagens (2, 3). A major difference was 
the retention of mutagenic activity after 
heat alteration of fly ash in the protozoan 
assay only. Also, aqueous acid extrac- 
tion did not alter mutagenesis in the 
Ames assay (5), but resulted in de- 
creased mutagenicity in the protozoan 
system. This suggests protozoan sensi- 
tivity to inorganic mutagens. Although 
Fisher et al. (5) did not ascribe a signifi- 
cant component of fly ash mutagenicity 

to inorganic compounds, hexavalent 
chromium compounds, tri- and pen- 
tavalent arsenic, selenium, and cis-diam- 
minedichloroplatinum I1 are mutagens in 
a variety of bacterial systems (20). Mam- 
malian cell mutagenicity (or transforma- 
tion) has been observed with these in- 
organic compounds as well as with sol- 
uble salts of cadmium, nickel, and 
beryllium. Thus, differences in the bio- 
logical properties of fly ash in the two 
bioassays may reflect quantitative or 
qualitative differences in sensitivity. 

J. SMITH-SONNEBORN 
R. A. PALIZZI 

C. HERR 
Department of Zoology and 
Physiology, University of Wyoming, 
Laramie 82071 

G. L. FISHER 
Toxicology/Pharmacology Section, 
Battelle Columbus Laboratories, 
Columbus. Ohio 43201 

References and Notes 

1. Size-fractionated fly ash was collected over a 30- 
day period from the stack breeching of a large, 
modern power plant burning pulverized coal low 
in sulfur and high in ash. Collection took place at 
95°C downstream from the power plant's cold- 
side electrostatic precipitator [A. R. McFarland, 
R. W. Bertch, G. L. Fisher, B. A. Prentice, En- 
viron. Sci. Technol. 11, 781 (1977)l. The four 
fractions had mean median diameters of 2.2,3.2, 
6.3, and 20 pm,  with an associated geometric 
standard deviation of approximately 1.8 for all 
fractions. We used the 2.2-pm fraction since 
these particles have the longest atmospheric 
residence time and are the most efficiently de- 
posited in the lung and the least effectively re- 
moved. 

2. C. E. Chrisp, G. L. Fisher, J. E. Lammert, Sci- 
ence 199. 73 (1978). 

3. G. L. ~ i she r , 'C .  E.  Chrisp, 0. G. Raabe, ibid. 
204, 879 (1979). 

4. B. N.  Ames, J .  McCann, E. Yamasaki, Mutat. 
Res. 31, 347 (1975). 

G. L. Fisher, C. E.  Chrisp, F. Wilson, paper 
presented at the Second Symposium on Appli- 
cation of Short-Term Bioassays in the Fraction- 
ation and Analysis of Complex Environmental 
Mixture, Williamsburg, Va., 4 to 7 March 1980. 
T. M. Sonneborn, Methods Cell Physiol. 4, 241 
(1970); in Handbook of Genetics, R. C. King, 
Ed. (Plenum, New York, 1974), vol. 2, p. 469. 
R. F. Kimball, J. Cell. Comp. Physiol. 35 
(Suppl. I), 157 (1950). 
, Mutat. Res. 8, 79 (1969). 
, ibid. 2, 413 (1965). 
- and S. W. Perdue, ibid. 4, 37 (1967). 
R. F. Kimball, N. Gaither, S. Wilson, Radiat. 
Res. 10. 490 (1959). 
S. R. ~ o d e r h e l  and J .  Smith-Sonneborn, Ge- 
netics 87, 259 (1977); H. M. Butzel, ibid. 40, 321 
(1955): S. R. Taub. ibid. 48. 815 (1963): R. F. ~- ~ ~ , ,  - - 
~ i m b a l l  and N. ~ a k h e r ,  J. ~ > l l . - ~ o m p .  Physiol. 
37. 211 11951). 
J. smith-sonnebom, poster presented at the 
NATO In Vitro Toxicology Testmg Conference, 
Monte Carlo, 22 to 28 September 1979. 
R. P. Geckler, Genetics 35, 253 (1950); E. L.  
Powers, Jr. ,  C. A. Raper, J. H. Pomeroy,Arch. 
Biochem. Biophys. 56, 297 (1955). 
R. F. Kimball, Genetics 48, 581 (1963); S. Iga- 
rashi, Mutat. Res. 3, 13 (1966). 
J. Smith-Sonnebom and S. R. Rodermel, J. Cell 
BioL 71, 575 (1976). 
D. F. S .  Natusch and B. A. Tompkins, in Car- 
cinogens, F. W. Jones and R. I. Freudenthal, 
Eds. (Raven, New York, 1978), pp. 145-154. 
G. L. Fisher and F. D. Wilson. J .  Reticulo- 
endothel. Soc. 27, 513 (1980). 
The heated fly ash was suspended in 0.4M HCI 
for 24 hours and vortexed at 15-minute intervals 
during the final 12 hours. The suspension was 
washed through a 0.1-pm filter and washed with 
10 ml of HCI. The DMSO extraction was carried 
out by sonicating the suspension three times for 
15 minutes. The sample was diluted with ethanol 
and passed through a 0.1-pm filter. 
M. A. Sirover, paper presented at the Confer- 
ence on the Role of Metals in Carcinogenesis, 
Atlanta, 24 to 28 March 1980. 
J. Smith-Sonnebom, Stain Technol. 49, 77 
( 1  9741 , - - . . , . 
See N. A. Mitchison [Genetics 40,61 (1955)l and 
(12)  for a caveat against considering mutations 
to be the sole cause of death after aitogamy. 
S. Dryl, J. Protozool. 6 (Suppl.), 25 (1959). 
R. D. Allen, J .  Cell Biol. 63, 904 (1974). 
We thank J. Ondov for supplying fly ash sam- 
ples: R. Reed, D. Cotton, and D. Herr for ex- 
cellent technical assistance; and T. Scavo and 
L. McDonald for statistical consultation. Sup- 
ported by DOE grant DE-AC02-77EV04477 and 
Battelle Columbus Laboratories. 

7 August 1980 

2-Amino-4-Phosphonobutyric Acid: 
A New Pharmacological Tool for Retina Research 

Abstract. Information processing in the vertebrate retina occurs in two separate 
channels known as ON and OFF channels. When intracellular electrophysiological 
recordings were obtained from the perfused retina-eyecup preparation of the mud- 
puppy (Necturus maculosus), the addition of 2-amino-4phosphonob~ltyric acid to 
the bathing medium blocked all responses in the ON channel but left intact the OFF 

responses including OFF ganglion cell discharge. 2-Amino-4-phosphonobutyric acid 
blocks the light response of the ON bipolar cell by mimicking the endogenous pho- 
toreceptor transmitter. 

A characteristic feature of the verte- 
brate retina is the segregation of informa- 
tion processing into two separate chan- 
nels. Focal light stimulation defines an 
ON channel that provides excitatory in- 
put to one class of ganglion cells at the 
onset of a light stimulus, while an OFF 

pathway provides excitatory input to a 
separate group of ganglion cells at the 
termination of a light flash (1). Both ON 

and OFF channels can be distinguished 
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through many subcortical and early cor- 
tical neuronal interactions (2). These 
channels are separated at the first level 
of synaptic interaction where photore- 
ceptor activity gives rise to two different 
types of bipolar cell responses, as shown 
by the polarity of the membrane poten- 
tial change evoked by a focal light stimu- 
lus (3). Depolarizing bipolar cells pro- 
vide the ON pathways, whereas hyper- 
polarizing bipolar cells underlie the OFF 
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