
at 5500 A in killing bacteria. This 
lethal efficiency approximates that for 
absorption by DNA. Airborne viruses 
or those carried by small insects may 
be greatly altered by ultraviolet radia- 
tion. Host populations for these viruses 
could be greatly affected either by the 
production of numerous new mutants 
or by the return of such viruses after 
many generations of suppression by the 
intense ultraviolet radiation. Water, per 
se, is not a particularly good shield 
against that part of ultraviolet spectrum 
involved (in pure water the absorption 
coefficient at 2900 A is only 7 X 10-3 
cm-') (4). Since a high proportion of 
animal species is nocturnal, the effects 
of increased solar ultraviolet flux might 
be manifest in a differential depletion 
of diurnal species. There seems to be 
no compelling fossil evidence for past 
"biological cataclysms" (18), but the ef- 
fects of ultraviolet deluges on past and 
future evolution may be more subtle. 
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In tobacco the alkaloid nicotine 
shares a physical and possibly a meta- 
bolic relation to the carcinogenic poly- 
cyclic hydrocarbon 3,4-benzopyrene 
(BP). Nicotine and BP are both con- 
stituents of inhaled tobacco smoke (1), 
and nicotine is reported to alter the 
activity of hepatic microsomal enzymes 
that metabolize many foreign chemicals 
including drugs and carcinogens (2-4). 
Thus, nicotine may also influence micro- 
somal enzyme systems required for the 
metabolism of BP. Although BP is a 
potent carcinogen in tobacco smoke 
(5), information is limited concerning 
its metabolic interactions with nicotine. 
Only a single report was found show- 
ing that a large, single dose of nicotine 
(40 mg/kg) given intraperitoneally en- 
hanced BP hydroxylase activity in rat 
liver microsomes measured in vitro 24 
hours after treatment with nicotine (3). 

When BP is metabolized by hepatic 
enzymes the end products are hydroxy- 
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lated metabolites (6). An active epoxide 
intermediate, however, is also formed 
(7); it binds readily to DNA (8) and is 
implicated in the formation of tumors 
at target organs. Thus, an important 
aspect of carcinogenesis is the forma- 
tion of a reactive epoxide of BP, the 
concentration of which might be in- 
fluenced by other chemical agents: for 
example, nicotine, which may affect the 
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microsomal enzyme activity required 
for the metabolism of BP. The accumu- 
lation of evidence that heavy, prolonged 
cigarette smoking in humans plays a 
role in the etiology of cancer of the 
lung emphasizes the need for more ex- 
tensive studies of the metabolic interac- 
tions between a known carcinogen and 
other chemical agents in tobacco smoke. 

We investigated the effects of a 
single dose of nicotine on hepatic and 
nonhepatic metabolism of the carcino- 
gen BP in vivo and in vitro. Since BP 
is metabolized by hepatic microsomes 
and appears in the bile almost entirely 
as metabolic products (9), we first 
studied the effects of nicotine on the 
biliary excretion of BP metabolites. 
Sprague-Dawley male rats (220 ? 10 g) 
were used and treated with a single dose 
of nicotine bitartrate (25 mg/kg; nico- 
tine base, 8.13 mg/kg) administered 
intraperitoneally in a volume of 0.5 ml 
per 100 g of body weight. The corre- 
sponding controls were given an equiv- 
alent amount of saline. The animals 
were anesthetized with ether 24 hours 
after the preliminary nicotine treatment, 
and the common bile duct was can- 
nulated (10). Bile was collected in tared 
scintillation vials during a 15-minute 
control period. In the standard proce- 
dure, BP (2.5 mg/kg) containing tracer 
quantities of 14C-labeled BP (0.8 /c/kg) 
was injected into the right femoral vein 
after the control period, after which 
bile samples were collected for six 
additional 15-minute periods. The 14C 
in the bile (20 li) samples was counted 
in a Packard Tri-Carb liquid scintilla- 
tion counter with a Triton fluor (11). 

For the metabolism of BP in vitro in 
a separate experiment rats were killed 
24 hours after treatment with nicotine 
or saline, and homogenates of liver, 
lung, and small intestine were made (3 
percent in ice-cold 0.25M sucrose). Tis- 
sue BP hydroxylase activity was deter- 
mined by measuring the fluorescence of 
hydroxylated metabolites of BP (12). 
The homogenates (0.5 ml) of liver, 
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Table 1. Effect of treatment with nicotine on tissue BP hydroxylase activity. Rats were given 
nicotine bitartrate (25 mg/kg) intraperitoneally, and the enzyme activity of each tissue 
was determined 24 hours later. The final incubation mixture had a volume of 3.1 ml 
which was composed of: 0.5 ml of glucose-6-phosphate dehydrogenase (5 Kornberg units), 
0.2 ml of 0.03M glucose 6-phosphate, 0.1 ml of nicotinamide adenine dinucleotide phos- 

phate solution (4 mg/ml), 0.1 ml of nicotina- 
BP hydroxylase activity* mide adenine dinucleotide solution (4 mg/ 

Treat- ml), 0.2 ml of 0.01M adenosine triphosphate, 
ment Lung Liver Small 0.2 ml of 0.6M nicotinamide, 0.1 ml of 

intestine 2.0M KC1, 0.1 ml of OA1M MgC1, 0.1M 
None 14.55 ? 1.3 2.64 ? .42 0.92 .25 KHPO-KeHPO, buffer at pH 7.4, 0.5 ml of 
Nico- tissue homogenate, and 0.1 ml of BP (50 jug). 

tine* 8.65 -+- 0.7 1.46 ? .15 025 + .03 The results are expressed as nanograms of tine* 
.65. 

? 0.7 1.46 
. 

.15 0.25 ? .03 3-hydroxybenzopyrene per milligram of tissue 
* Nicotine produced a significant reduction in all per 20 minutes. Each value represents the 
three tissues (P< .05). mean ? S.E. of data from five or six rats. 
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Nicotine Inhibition of the Metabolism of 

3,4-Benzopyrene, a Carcinogen in Tobacco Smoke 

Abstract. A decreased rate of biliary excretion of radioactive metabolites of 
3,4-benzopyrene was observed in rats given a single dose of nicotine. Prior treat- 
ment of rats with nicotine decreased benzopyrene hydroxylase activity in homog- 
enates of liver, lung, and small intestine. The addition of nicotine to incubated 
tissues also decreased benzopyrene hydroxylase activity. These findings show that 
nicotine inhibits the metabolism of 3,4-benzopyrene in vivo and in vitro. 

Nicotine Inhibition of the Metabolism of 

3,4-Benzopyrene, a Carcinogen in Tobacco Smoke 

Abstract. A decreased rate of biliary excretion of radioactive metabolites of 
3,4-benzopyrene was observed in rats given a single dose of nicotine. Prior treat- 
ment of rats with nicotine decreased benzopyrene hydroxylase activity in homog- 
enates of liver, lung, and small intestine. The addition of nicotine to incubated 
tissues also decreased benzopyrene hydroxylase activity. These findings show that 
nicotine inhibits the metabolism of 3,4-benzopyrene in vivo and in vitro. 



35 

E 30 E 

. 25 

20 A 

=15 

0 

c 
15 30 45 60 75 90 

X. Time (minutes) 

Fig. 1. Cumulative biliary excretion of 
"4C-labeled BP metabolites in control rats 
(solid line) and nicotine-treated (dashed 
Iine) rats over a 90-minute period. Each 
point represents the mean -+- S.E. of data 
from six rats. 

lung, or small intestine were incubated 
with BP (50 /jg in 0.1 ml of acetone) 
in the presence of cofactors (2.5 ml) 
required for an NADPH (reduced nico- 
tinamide adenine dinucleotide phos- 
phate) generating system. Values for 
tissue BP hydroxylase activity represent 
the amount (in nanograms), the refer- 
ence standard, of 3-hydroxybenzopyrene 
causing fluorescence equivalent to the 
total hydroxylated metabolites produced 
per milligram of tissue from BP during 
20 minutes of incubation. 

The effect of nicotine on BP hy- 
droxylase activity in tissue (liver, lung, 
and small intestine) from normal un- 
treated animals was determined by add- 
ing nicotine directly to the incubation 
medium in vitro. The assay was similar 
to that described above for treated 
animals with the following modifica- 
tions. A stock solution of nicotine bitar- 
trate (149.4 /,g/0.1 ml) was serially 
diluted (tenfold) prior to the assay. 
A solution of cofactors was made up 
in a reduced volume of 2.4 ml, and 
when 0.1 ml of nicotine bitartrate was 
added to the incubation medium, the 
final concentration of nicotine bitartrate 
ranged from 10-4 to 10-6M in 3.1 ml 
of reaction mixture. All data in these 
studies were statistically analyzed by 
Student's t-test. 

When [14C]BP was injected intra- 

venously into rats 24 hours after a 
single dose of nicotine, the cumulative 
excretion of radioactive metabolites of 
BP was decreased in the bile (Fig. 1). 
The decrease in radioactivity in bile 
caused by the nicotine treatment was 
statistically significant throughout the 
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interval from 15 to 90 minutes. Mea- 
suring [14C]BP metabolites in the bile is 
an appropriate way to follow the metab- 
olism of BP since Levine (10) has 
shown that the rate of biliary excretion 
of BP metabolites reflects directly the 
rate of hepatic metabolism of BP. To 
eliminate the possibility that the re- 
duced excretion of biliary metabolites 
was merely a function of bile flow, the 
bile of the control rats and the nicotine- 
treated rats was monitored. No signifi- 
cant difference was found between the 
bile flow of the control group (2.91 ? 
0.09 ml/hour per kilogram of body 
weight) and that of the nicotine-treated 
group (2.49 + 0.19 ml/hour per kilo- 
gram of body weight) during the 90- 
minute collection period. 

Rats treated with nicotine and killed 
24 hours later showed a decrease of BP 
hydroxylase activity in homogenates of 
liver, lung, and small intestine when 
compared to control (no treatment) 
groups (Table 1). The enzyme activity 
in liver and small intestine decreased 
approximately 40 and 45 percent, re- 
spectively, while the lung showed a 
reduction of almost 73 percent. 

Nicotine caused inhibition of BP 
hydroxylase in liver and lung, and with 
increasing concentration of the inhibitor 
(10-6 to 10-4M) there was a progres- 
sive increase in the percent inhibition 
of the enzyme (Table 2). A similar in- 
hibitory effect on enzyme activity by 
nicotine was observed in small intestine. 
In this tissue, however, nicotine con- 
centrations of 10-M and higher did 
not exhibit increasing inhibitory effects 
on enzyme activity. 

Our studies show that a single dose 
of nicotine inhibits the metabolism of 
BP as evidenced by a decreased biliary 
excretion of BP metabolites. In addi- 
tion, nicotine inhibits the metabolism of 
BP by liver, lung, and small intestine 
both in vitro and in vivo. At variance 
with our results Yamamoto et al. (3) 
showed that a high dose of nicotine (40 
mg/kg) in corn oil given intraperitone- 
ally stimulated the activity of hepatic 
BP hydroxylase. This difference might 
possibly be related to both the vehicle 
and dose of administered nicotine, 
since in our studies we administered 
in saline a relatively low dose of nico- 
tine (8.13 mg/kg), calculated as the 
free base. On the other hand, Staiil- 
handske and Slanina (2) report that 
nicotine given intraperitoneally at low 
levels, 15 mg/kg per day for 3 days, 
significantly reduced its metabolism. 
Though it has been reported that rats 

Table 2. Effect of nicotine on the metabolism 
of BP in vitro. Rat tissue homogenates were 
incubated with increasing molar concentra- 
tions of nicotine bitartrate. Nicotine bitartrate 
was added in 0.1 1l of distilled water and the 
incubation mixture was incubated for 3 min- 
utes before the addition of 0.1 ml of BP 
(50 ng). The assay was carried out as de- 
scribed with the cofactors listed in Table 1. 
Each value represents the mean ? S.E. from 
the data of four rats. Enzyme activity of liver, 
lung, and small intestine respectively (no in- 
hibitor added) was 16.20, 3.84, and 1.15 ng 
of 3-hydroxybenzopyrene per milligram of 
tissue per 20 minutes. 

Nico- Inhibition (percent) of 
tine BP hydroxylase activity* 

bitar- 
trate . Small 
(M) Lver Lung intestine 

10-6 21.8 ? 3.2 15.5 ? 7.5 34.1 ? 1.5 
10-5 29.0 ? 2.4 17.8 ? 5.5 41.6 ? 8.6 
10-4 38.8 ? 1.0 34.8 ? 7.9 39.0 ? 8.3 

exposed to cigarette smoke show a 
stimulation of the activity of enzymes 
necessary for the metabolism of BP 
(13), our studies show that at least one 
component of cigarette smoke, namely 
nicotine, can inhibit BP metabolism. 

Nicotine, by inhibiting the metabolism 
of BP, possibly reduces the amount of 
epoxide formed and thus decreases the 
carcinogenic action of BP. In support 
of this concept, studies by Gelboin et al. 
(14) show that 7,8-benzoflavone added 
to homogenates of skin epidermis in 
vitro inhibits BP hydroxylase activity, 
and that topically applied 7,8-benzo- 
flavone inhibits the formation of mouse 
skin tumors after repeated treatment 
with 9,1 0-dimethylbenzanthracene. 
Whether a reduction of the nicotine 
content of tobacco will offset a poten- 
tial chemoprophylactic mechanism for 
protecting against the carcinogenic 
action of BP and whether prolonged 
exposure to low concentrations of nico- 
tine may have any effect on the forma- 
tion of epoxides and the consequent 
carcinogenicity of BP remain to be 
determined. 

ROCKY P. WEBER 
JULIUS M. COON 

ANTHONY J. TRIOLO 
Department of Pharmacology, 
Jefferson Medical College, 
Thomas Jefferson University, 
Philadelphia, Pennsylvania 19107 
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of a laminated mat. 

If the present is the key to the past, 
a study of modern growing stromato- 
lites may help in interpreting the origin 
and significance of Precambrian stro- 
matolites and the environmental condi- 
tions under which they were formed. 
It has been conventionally assumed 
that Precambrian stromatolites are 
formed by filamentous blue-green algae 
(1), yet laminated mats are also being 
formed today by filamentous bacteria 
in the effluent channels of hot springs. 
In earlier work (2) it was shown that 
the main structural component of these 
mats was bacterial, but at that time it 
was not known that the bacteria were 
photosynthetic. Since then it has been 
shown (3, 4) that these filamentous 
bacteria contain bacteriochlorophylls 
and are capable of light-stimulated fix- 
ation of CO2. These bacteria, now 
classified in the genus Chloroflexus 
(5), are widespread in hot springs of 
neutral to alkaline pH throughout the 
world. They are capable of both an- 
aerobic and aerobic growth, and can 
grow photosynthetically as well as het- 
erotrophically. Under conditions of 
high sulfide, mats are formed com- 
posed exclusively of these bacteria (6), 
but in most cases they are found in 
nature in association with unicellular, 
nonmotile blue-green algae of the genus 
Synechococcus. It is our purpose here 
to provide data showing that it is the 
bacterial component which controls 
mat structure, and that the laminae 
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arise as a result of differential response 
of the bacteria to changing light con- 
ditions over the diurnal cycle. 

The distinction between the Chloro- 
flexus mats under study in this report 
and the Conophyton-like stromatolitic 
structures described earlier from hot 
springs by Walter et al. (7) should be 
emphasized.The Conophyton-like struc- 
tures are formed by an association of 
a filamentous blue-green alga Phor- 
midium tenue and Chloroflexus, but 
in most cases the alga is dominant and 
is capable of forming the structures 
in the complete absence of the bac- 
teria (8). The mats under study in this 
report are generally flat rather than 
conical, although, as noted below, nod- 
ular structures are sometimes formed 
(9). Detrital silica derived from the 
siliceous sinter of the geyser basins is 
frequently incorporated into the Chlo- 
roflexus mats, being carried onto the 
mats with runoff from occasional 
thunderstorms. Between storms, the 
mats are relatively undisturbed, and 
Chloroflexus migrates rapidly around 
and on top of the detrital material 
which falls on a mat, as can be readily 
observed by sprinkling carborundum 
powder onto the mat. Chloroflexus is 
thus a sediment-trapping organism, as 
are the stromatolite-forming blue-green 
algae. 

Details of methods will be pub- 
lished elsewhere (10). Growth rates 
of the mats were followed by marking 
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with carborundum powder. Chloro- 
flexus contains both bacteriochloro- 
phylls a and c. Bacteriochlorophyll a 
was assayed by extraction into metha- 
nol and measurement of absorption 
with a Beckman DB-G spectrophotom- 
eter at 770 nm, the absorption peak of 
bacteriochlorophyll a in this solvent. 
Bacteriochlorophyll c (which absorbs 
in solvents at virtually the same wave- 
length as algal chlorophyll a) was mea- 
sured in vivo by homogenizing mat 
material in a solution of sucrose (1.4 
g/ml) to reduce scatter and reading 
the in vivo absorption spectrum of bac- 
teriochlorophyll c at 740 nm. Algal 
chlorophyll a was determined similarly, 
by using the absorption peak at 665 
nm in methanol or the in vivo peak in 
sucrose suspension at 680 nm. Photo- 
synthesis was measured by the 14C 
method as described by Brock and 
Brock (11), and the effect of light in- 
tensity on photosynthesis was deter- 
mined by using calibrated nylon mesh 
as described by Brock and Brock (12). 
To distinguish between algal and bac- 
terial photosynthesis, the inhibitor of 
algal photosynthesis 3-(3,4-dichloro- 
phenyl)-l,l-dimethyl urea (DCMU) 
was used, at a final concentration of 
about 5 X 10-5M. In preliminary ex- 
periments it was shown that at this con- 
centration light-stimulated uptake of 
CO2 by the alga is completely inhibited, 
whereas bacterial CO2 fixation is un- 
affected. In some photosynthesis ex- 
periments, an infrared filter (Tiffen 
87 C) was used which eliminated all 
wavelengths of light to which the alga 
responds, but passed infrared radiation 
used by the bacterium. These two 
methods of measuring bacterial photo- 
synthesis gave similar results. Mats 
were sampled with cork borers of vari- 
ous sizes. In some experiments, layers 
of the mat were cut in the field by 
using a dissecting microscope. To pre- 
serve delicate structures for later mi- 
croscopy, cores were allowed to fall 
gently into vials containing melted 2 
percent water agar. After the agar had 
hardened, it was removed from the 
vial and the core was cut longitudinally. 
The study areas in Yellowstone Park- 
Pool A, Toadstool Geyser, and Twin 
Butte Vista-have been described by 
Bauld and Brock (4). These areas may 
be considered representative of hun- 
dreds of springs in Yellowstone Park 
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Bacterial Stromatolites: Origin of Laminations 

Abstract. Laminated mats composed of motile filamentous photosynthetic 
bacteria and nonmotile unicellular blue-green algae occur in a large number of 
Yellowstone hot springs at temperatures between 55? and 70?C. Field studies 
indicate that the bacteria are the predominant mat-forming component. Under 
low light intensities, mats composed exclusively of bacteria can be formed. The 
bacteria undergo a diurnal migration, moving on top of the algae during the 
night and becoming mixed again with the algae during the day as a result of 
algal growth. Thus, the laminations probably arise as a result of differential 
migration of the bacteria in daily response to reduced light intensities. This 
response to light is exactly opposite to that previously reported for filamentous 
stromatolite-forming, blue-green algae, but the net result is the same-formation 
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