
green eggs but not white eggs; crows at 
control sites showed no such discrimina- 
tion. The responses o f  treatment site 
crows to the conditions o f  experiment 2 
were markedly different from those of  
crows at control sites. Treatment site 
crows avoided nontoxic green eggs as 
well as toxic ones but continued to eat 
white eggs. The green eggs were from 
400 m to 2 km from the sites where the 
crows first acquired the aversion to 
green eggs and frequently were replaced 
in new random patterns. These birds 
moved elsewhere when central sites no 
longer contained alternative food. 

Taste-aversion conditioning appears 
to be an adaptation to the presence o f  
toxic foods in the environment since 
aversions develop after one or two ill- 
nesses and are associated with a taste 
even with a delay o f  hours between 
feeding and illness (17). External condi- 
tions not readily associated with food by 
a consumer do not effect the acquisit~on 
o f  a conditioned taste aversion nor its 
subsequent expression as avoidance 
(18). This conditioning routinely revers- 
es otherwise robust food preferences and 
has been shown to influence food selec- 
tion for at least 8 months under field 
conditions of  varying deprivation and, 
presumably, physiological state (19). 

Our findings indicate that a Batesian 
mimic relying on a toxic model capable 
of  producing taste aversions in its preda- 
tors may have a powerful adaptive ad- 
vantage. In addition, a properly applied 
taste-aversion process may provide wild- 
life ecologists with a nonlethal means o f  
controlling egg predation. 
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Nicotinic Cholinergic Receptor Binding Sites in the Brain: 

Regulation in vivo 

Abstract. Tritiated acetylcholine was used to measure binding sites with charac- 
teristics of nicotinic cholinergic receptors in rat brain. Regulation of the binding sites 
in vivo was examined by administering two drugs that stimulate nicotinic receptors 
directly or indirectly. After I0 days of exposure to the cholinesterase inhibitor 
diisopropyljuorophosphate, binding of tritiated acetylcholine in the cerebral cortex 
was decreased. However, after repeated administration of nicotine for I0 days, 
binding of tritiated acetylcholine in the cortex was increased. Saturation analysis of 
tritiated acetylcholine binding in the cortices of rats treated with diisopropyl 
fluorophosphate or nicotine indicated that the number of binding sites decreased and 
increased, respectively, while the afinity of the sites was unaltered. 

Nicotinic cholinergic receptor binding 
sites in the rat bra~n can be measured by 
using [3H]acetylcholine as a binding lig- 
and (1). In the presence o f  atropine to 
block muscarinic cholinergic receptors, 
[3H]acetylcholine binds to a single class 
o f  sites that have the characteristics o f  
neuronal membrane recognition sites for 
acetylcholine in the brain (1). These sites 
have high affinity and selectivity for nic- 
otinic cholinergic agonists. For example, 
cytisine, (-)-nicotine, acetylcholine, and 
carbachol have apparent affinities o f  1 to 
13 nM for the binding site, while most 
nicotinic cholinergic antagonists have 
apparent affinities o f  20 to 800 pM 
(1, 2). 

W e  examined the in vivo regulation of  
this [3H]acetylcholine recognition site by 
measuring the effects o f  drugs that in- 
crease stimulation o f  nicotinic choliner- 

gic receptors in the brain. To increase 
stimulation, we repeatedly administered 
diisopropyl fluorophosphate (DFP), 
which inhibits cholinesterases (thereby 
prolonging cholinergic receptor stimula- 
tion by acetylcholine released at synap- 
ses), or nicotine, which stimulates nico- 
tinic cholinergic receptors directly. Our 
results indicate that these two treatments 
produce opposite effects on [ 3 ~ ] a c e t y l -  
choline binding sites in the rat brain. 

Male Sprague-Dawley rats (250 to 300 
g )  were housed in groups in a light- and 
temperature-controlled room (lights on 
from 0700 to 1900 hours; 23°C) and given 
unlimited food and water. DFP was in- 
jected subcutaneously at a dose o f  1 mgl 
kg on day 1, 0.4 mglkg on day 2, and 0.2 
mglkg on days 4 to 10. Control rats 
received injections o f  vehicle (sterile wa- 
ter) on the same schedule. Nicotine tar- 
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trate (2 mgikg; 6.4 pmoleikg) was inject- 
ed subcutaneously twice each day at 
0800 and 1700 hours for 10 days. Control 
rats received sterile water on the same 
schedule. 

The rats were killed 24 hours after the 
last injection of D F P  and 18 hours after 
the last injection of nicotine. Their brains 
were removed, dissected on ice, and 
stored at  -80°C until being assayed. 
[3H]Acetylcholine binding sites were 
measured as  described by Schwartz et 
a/ .  (1). The cerebral cortex was suspend- 
ed in tris-HC1 containing 120 m M  NaC1, 
5 mM KC1, 2 mM CaCI2, 1 m M  MgC12, 
and 1.5 p M  atropine (pH 7.4, 0°C). The 
tissue was homogenized with a Brink- 
mann Polytron and washed twice by 
centrifugation in fresh buffer at 49,000g 
for 10 minutes. D F P  (100 pM) was added 
to the final homogenate to inhibit cholin- 
esterases. Portions of tissue equivalent 
to 10 mg wet weight (approximately 620 
yg of protein) were added in sextuplicate 
to assay tubes containing [3~]ace ty lcho-  
line and incubated for 40 minutes at  0°C. 
Half of the tubes contained 100 ~J,M 
carbachol for the determination of n'on- 
specific binding. The reaction was 
stopped by addition of 4 ml of cold buffer 
to each tube and rapid filtration over 
Whatman GFiC filters treated with 0.05 
percent polyethyleneimine to eliminate 
displaceable filter binding. The filters 
were washed three times with 4-ml por- 
tions of cold buffer and then counted 
by liquid scintillation spectrometry. 
[3H]Acetylcholine of high specific activi- 
ty (80 Cilmmole) was synthesized by 
acetylation of [3H]choline (80 Cilmmole; 
New England Nuclear) (1). Muscarinic 
cholinergic receptor binding sites were 
measured with [3H]quinuclidinyl benzi- 
late (3). In all experiments, tissues from 
control and treated rats were assayed in 
parallel. 

The schedule of D F P  treatments used 
inhibits brain acetylcholinesterase activi- 
ty 80 to 90 percent (4) and thereby in- 
creases the stimulation of cholinergic 
receptors by retarding the hydrolysis of 
acetylcholine. Repeated administration 
of DFP decreased [3~]acetylchol ine 
binding in the cerebral cortex approxi- 
mately 23 percent (Table 1). Scatchard 
analysis indicates that the affinity of the 
sites for [3H]acetylcholine was un- 
changed but that the density of the sites 
decreased (Fig. 1A). This down-regula- 
tion of nicotinic cholinergic receptor 
binding sites is similar to the down- 
regulation of muscarinic cholinergic re- 
ceptor binding sites that follows D F P  
treatment (4). It appears to be a response 
to increased receptor stimulation by ace- 
tylcholine. 

Table I .  Effects o f  repeated administration o f  DFP or nicotine over 10 days on the binding o f  
[3H]acetylcholine (10 nM) and [3H]quinuclidinyl benzilate (0.2 nM) in rat cerebral cortex. Each 
value is the means + standard error for the number o f  animals shown in parentheses. 

Ligand bound (pmolelg tissue) 

Treatment [3H]Acetyl- 
choline 

[3H]Quinuclidinyl 
benzilate 

Control 
DFP 

Percent difference 
Control 
Nicotine 

Percent difference 
- - -  

xP < ,001 (Student's t-test). 

In contrast to the effects of indirect 
stimulation by DFP,  repeated adminis- 
tration of nicotine increased [3Hlacetyl- 
choline binding in the cerebral cortex 
approximately 25 percent (Table 1). 
Scatchard analysis indicates that the in- 
crease in binding was due entirely to an 
increase in the density of [3H]acetylcho- 

Fig. 1. Scatchard plots derived from satura- 
tion analysis o f  specific [3H]acetylcholine 
binding to cerebral cortex homogenates from 
rats treated for 10 days with DFP ( A )  or 
nicotine (B) .  Binding o f  [3H]acetylcholine (2.5 
to 30 nM) to cortical homogenates was mea- 
sured as described in text. ( A )  and ( B )  repre- 
sent four separate analyses each. The maxi- 
mum number o f  binding sites (B,,,) and dis- 
sociation constant ( K d )  were determined by 
least-sauares linear regression. The mean 

- 0.5 
5, . 
al 

0.3 - .- - 

line binding sites (Fig. 1B). A single 
injection of nicotine did not affect 
[3~]acetylchol ine binding (data not 
shown), and muscarinic cholinergic 
binding sites labeled by [3Hlquinucli- 
dinyl benzilate were not significantly af- 
fected by repeated nicotine treatment 
(Table 1). 

There are many examples of receptor 
changes in the brain following repeated 
administration of drugs that increase or 
decrease receptor stimulation either di- 
rectly or indirectly (5). These changes in 
receptors are usually reciprocal to the 
changes in stimulation, resulting in a 
pattern consistent with compensatory 
adaptation to the change in stimulation. 
The decrease in [3H]acetylcholine recog- 
nition sites after repeated administration 
of DFP indicates that these sites are 
responsive to changes in the acetylcho- 
line concentration in the synapse in vlvo. 
Furthermore, the down-regulation of 
[3H]acetylcholine recognition sites by 
D F P  suggests that the regulation of these 
sites by agonists is similar to that of 
other neurotransmitter and hormone re- 
ceptor blnding sites. 

In contrast to the effects of DFP,  re- 
peated administration of nicotine in- 
creases the number of [3H]acetylcholine 
recognition sites. Up-regulation of re- 
ceptors following in vitro exposure to 
directly acting agonists has been report- 
ed (6 ) ,  and in some cases may be a 
prelude to subsequent agonist-induced 
down-regulation in vitro (7). In vivo, 
however. reveated administration of 

- Control 
~ - a  DFP 

- 3 .  

Bmax values (+ standard errors) for control drugs that increase receptor 
and DFP-treated rats were 4'4 ' 0'2 and usually results in down-regulation of re- 3.0 -t 0.1 pmole per gram o f  tissue, respec- 
tively (P < .01). The B,,, values for control ceptor binding sites (5). It is possible that 

: O o.l 1 I A  \ -.. 
w 

al 

H Control - Nicotine 

u 

\ 
0 1 2 3 4 5  

[3~ ]~ce ty lcho l ine  bound 
(prnolelg tissue) 

and nicotine-treated rats were 3.4 t 0.1 and the up-regulation of nicotinic cholinergic 
4.4 -t 0.2 pmolelg, respectively (P < ,011. receptor binding sites observed after 10 
The K, values were 11.2 * 1.1 and 11.4 + 1.4 days of nicotine administration is a pre- nM for control rats and DFP-treated rats, 
respectively, and 6.9 + 0.1 and 6.9 + 0.8 nM l i m i n a r ~  step m f a r d  Wentual down-reg- 
for'control-rats and nicotine-treated rats, re- ulation, but in studies in which nicotine 
spectively. The differences in Kd and Bmax was administered for 21 days, [3H]ace- 
values between the two co~trol  groups are tylcholine binding in the cortex was still 
probably due to the use o f  different batches o f  
[3H]acetylcholine. In all cases, however, tis- increased' 
sues from treated animals were assayed in Nicotine is considered a classical C ~ O -  

parallel with the appropriate control tissues. linergic agonist at synapses in autonomic 
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ganglia and striated muscle. At these 
peripheral synapses, nicotine so clearly 
mimics acetylcholine, the endogenous 
neurotransmitter, that cholinergic recep- 
tors in ganglia and striated muscle are 
designated nicotinic cholinergic recep- 
tors (8). In the brain, too, nicotine ap- 
pears to act as a cholinergic agonist (9). 
However, the pharmacological charac- 
teristics of brain nicotinic cholinergic 
receptor sites labeled by [3H]acetylcho- 
line (1) or [3H]nicotine (10) suggest that 
they differ from ganglia and striated mus- 
cle receptors. 

We suggest two possible explanations 
for the increase in nicotinic cholinergic 
receptor binding sites following repeated 
administration of nicotine: 

1) Nicotine may interfere with the me- 
tabolism or release of acetylcholine, re- 
sulting in decreased availability of the 
transmitter at cholinergic synapses in the 
brain and subsequent up-regulation of 
the receptors. However, this would im- 
ply that muscarinic receptors labeled by 
[3~]quinuclidinyl benzilate are less sen- 
sitive than nicotinic receptors labeled by 
[3~]acetylchol ine to decreases in acetyl- 
choline availability, since no significant 
change in [3~]quinucl idinyl  benzilate 
binding is found after repeated nicotine 
administration. 

2) At the dose used in this study, 
nicotine or a metabolite of nicotine may 
antagonize receptors in the brain. Al- 
though no adverse effects of nicotine 
were obvious in these experiments, high 
concentrations of nicotine decrease ac- 
tivity in autonomic ganglia and at the 
neuromuscular junction by depolariza- 
tion blockade (11). And cotinine, a major 
metabolite of nicotine, competes for 
[3~]acetylcholine binding sites in the 
brain (1). Although the affinity of cotin- 
ine for [3H]acetylcholine binding sites is 
low (175 FM), it is comparable to that of 
several centrally acting drugs that are 
classified as nicotinic cholinergic antago- 
nists (1). In addition, one or  more metab- 
olites of nicotine (possibly hydroxynico- 
tine) confers protection against the lethal 
effects of nicotine in mice (12). 

If a metabolite of nicotine were acting 
as a nicotinic cholinergic antagonist in 
the brain, it could explain the up-regula- 
tion of nicotinic cholinergic binding 
sites. In addition, it could provide a 
model for and insight into neurochemical 
processes underlying nicotine addiction 
and withdrawal. 
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Formaldehyde Damage to DNA and Inhibition of 
DNA Repair in Human Bronchial Cells 

Abstract. Cultured bronchial epithelial and  jibroblastic cells from humans were 
used to study DNA damage and  toxicity caused by formaldehyde. Formaldehyde 
caused the formation of cross-links between DNA and  proteins, caused single-strand 
breaks in DNA, and  inhibited the resealing of single-strand breaks produced by 
ionizing radiation. Formaldehyde also inhibited the unscheduled DNA synthesis that 
occurs after exposure of cells to ultraviolet irradiation or  to benzo[a]pyrene 
diolexpoxide but a t  doses substantially higher than those required to inhibit the 
resealing of x-ray-induced single-strand breaks. Therefore, formaldehyde could 
exert its mutagenic and  carcinogenic effects by both damaging DNA and  inhibiting 
DNA repair. 

Formaldehyde (HCHO) is a highly re- 
active chemical (1) that is genotoxic in 
several species (2) including the rat, in 
which it is a respiratory carcinogen (3). 
The chemical is a common environmen- 
tal pollutant occurring in tobacco smoke, 
consumer products, many occupational 
settings, and gasoline and diesel exhaust 
(4). It is also formed endogenously in the 
cell during demethylation reactions and 
during the metabolism of N-nitrosodi- 
methylamine (5) and certain drugs (6). 
Exposure to  HCHO has a variety of 
pathobiological consequences [for re- 
views, see (2, 4)]. 

The potential carcinogenic hazard of 
HCHO in the human respiratory tract is 
currently being debated (7). Since its 
effects on the respiratory tract are essen- 
tially unknown, we evaluated its ability 
to kill and to damage the DNA of human 
bronchial cells grown as clones in a 
serum-free medium as described (8) .  We 
compared the effects of HCHO on epi- 
thelial cells and fibroblasts that originat- 
ed from the same bronchial specimen, 
and determined whether HCHO could 
interfere with the repair of DNA that had 
been damaged by other genotoxic 
agents. The repair mechanisms studied 
were (i) the rejoining of x-ray-induced 

DNA single-strand breaks and (ii) the 
unscheduled DNA synthesis induced by 
ultraviolet radiation or (+)-(7P,8a)-dihy- 
droxy - (9a,10a) - epoxy - 7,8,9,10 -tetra- 
hydrobenzo[a]pyrene (BPDE). We also 
investigated the direct effects of HCHO 
on DNA including the formation of DNA 
protein cross-links and DNA single- 
strand breaks. 

Cells exposed to HCHO developed 
both DNA protein cross-links and single- 
strand breaks. Using methods previously 
described ( 9 ) ,  we found that the number 
of DNA protein cross-links induced by 
100 p,M HCHO in epithelial cells and 
fibroblasts was similar (0.65 and 0.83 
unit, respectively), and that the frequen- 
cy of these cross-links was proportional 
to the concentration of HCHO. The rate 
at which these cross-links were removed 
was also similar in the two cell types; the 
half-removal time was approximately 2 
hours (data not shown). This is consist- 
ent with results obtained in mouse L1210 
cells (10). Formaldehyde-induced DNA 
single-strand breaks were also detected 
after removal of the cross-links with pro- 
teinase K. The frequency of DNA single- 
strand breaks induced by 500 p,M HCHO 
was 4.2 per 10" daltons in epithelial and 
3.5 per 10'' daltons in fibroblastic cells 
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