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VAN DE KAMP, J. L. AND A. C. COLLINS. Prenatal nicotine alters nicotinic receptor development in the mouse 
brain. PHARMACOL BIOCHEM BEHAV 47(4) 889-900, 1994.-Maternal smoking during pregnancy m y  affect devel- 
opment of the child, but tittle is known about potential mechanisms of these effects. Since chronic nicotine treatment alters 
brain nicotinic receptors in adults and also evokes tolerance which is regulated by genetic factors, pregnant mice of two 
inbred strains underwent chronic nicotine infusion to determine whether the developmental pattern of mouse brain nicotinic 
receptors would be altered. C3H/2ibg and C57BL/6ibg mice were infused SC with saline or 2.0 ms/ks/h nicotine during the 
last half of pregnancy. The developmental profiles of [3H]nicotine and a-[t~I]bungarotoxin binding in seven brain regions 
obtained from the offspring were measured. Prenatal nicotine treatment increased levels of [3H]nicotine binding at birth in 
the C3H hypothalamus, hippecampus, and possibly the cortex, and in the C57BL cortex. At later aSes (20-30 days), 
[3H]nicotine binding was elevated in the C3H hindbraln, hippecampus, striatum, midbrain, and possibly the cortex. The 
C57BL hindbrain, hippocampus, midbraln, and cortex also showed increased binding at 20-30 days. Little, if any, effect of 
prenatal nicotine treatment was observed on the development of the a-[mI]bungarotoxin binding site. Since upregulated 
[SH]nicotine binding returns to control levels in adult animals within seven days following termination of chronic nicotine 
infusion, it is unlikely that simple upregulation is responsible for the changes observed in 20-30-day-old mouse brains. 

Nicotine Nicotinic receptors Development Genetics 

MATERNAL smoking may result in pregnancy complica- 
tions, a higher perinatal mortality rate, low birth weight, and 
long-term effects on the physical, emotional, and intellectual 
growth of  the child (5,36). Learning difficulties and hyperac- 
tivity in children have been associated with maternal smoking 
(5,11,13,14,35). Several mechanisms have been proposed to 
explain these deleterious effects, including poor nutritional 
status of  the mother 02,44), carbon monoxide exposure (4, 
19,22), restriction of  the blood flow to the placenta (34,40), 
and direct effects of  nicotine on the developing fetus (24,25). 

Nicotine is the most potent psychoactive component of  
tobacco, and many studies have reported that chronic treat- 
ment of  adult animals with nicotine results in increases in 
brain high-affinity nicotinic receptor binding [see (52) for a 
recent review]. Similarly, human smokers display elevated lev- 
els of  brain nicotinic receptors when compared with age- 
matched nonsmokers (2). The mammalian brain contains a 
minimum of two major subclasses of  nicotinic receptors, as 
defined by ligand binding. One of  these is measured by high- 
affinity agonist binding ([3H]nicotine, [3H]acetylcholine, 

3 3 [ H]cytisine, or [ H]methylcarbamylcholine) (1,38,42,47), and 
• 125 the other major class is measured nsm8 a-[ I]bungarotoxin 

as the ligand (6,28,33). Both of these sites are upregulated by 
chronic nicotine treatment, but higher doses are generally 
required to evoke changes in the a-[ ~I]bungarotoxin binding 
site (26,29,30,31). 

Recently, several studies using the rat have demonstrated 
that chronic treatment of  pregnant rats results in increases in 
fetal and neonatal rat brain nicotinic receptors, as measured 
by [3H]nicotine binding (18,48,49). One of  these studies (49) 
noted that alterations in binding persisted as long as 30 days 
postuatally in the cerebellum, a brain region that normally 
has very low levels of  [3H]nicotine binding in the adult rodent 
brain (28,33). In other brain regions (cortex, midbraln, hind- 
brain) upregulation was transient, and by 30 days of  age no 
differences were seen between control and nicotine-treated an- 
imals. Slotkin et al. (49) argued that these changes in binding 
were not due to the same mechanisms that produce upresula- 
tion of  nicotinic receptors in adult animals, but were due to 
nicotine-induced changes in cellular development and that the 

' Requests for reprints should be addressed to Dr. Allan C. Collins, Institute for Behavioral Genetics, Campus Box 447, University of 
Colorado, Boulder, CO 80309. 
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cerebellum is particularly sensitive to these teratologicai ac- 
tions. 

Our laboratory group has been actively studying the effects 
of  chronic nicotine treatment on adult mouse brain nicotinic 
receptors (26,27,29,30,31). These studies have demonstrated 
that chronic nicotine treatment, generally by intravenous infu- 
sion, results in dose-dependent increases in [3H]nicotine bind- 
ing that vary somewhat among brain regions. The increase in 
binding is reversible in that levels of  binding return to control 
approximately seven days after chronic infusion is stopped 
(29). Chronic nicotine administration also results in tolerance 
to many of  nicotine's behavioral and physiological effects, 
but this tolerance differs dramatically among inbred mouse 
strains. Some strains, such as the C57BL/6, develop marked 
tolerance at low infusion doses, and other strains, such as the 
C3H, develop minimal tolerance only after infusion with 
much larger doses (27,30,32). Curiously, these same inbred 
mouse strains do not differ in the dose-dependent upregula- 
tion of  [3H]nicotine binding (27). 

The studies reported here are an attempt to determine 
whether chronic prenatal nicotine treatment produces upregu- 
lation of  [3H]nicotine binding and/or c~-[~I]bungarotoxin in 
the neonatal mouse brain and whether chronic nicotine treat- 
ment alters the developmental profiles for these two binding 
sites. Because our studies with adult C57BL/6 and C3H inbred 
mice indicate that these two strains differ markedly in their 
ability to develop tolerance to chronic nicotine treatment (27), 
both strains were used in an attempt to determine whether any 
effects of  prenatal nicotine treatment are regulated by genetic 
factors. Because adult animals of  these two inbred strains 
differ minimally, if at all, in agonist-induced upregulation of  
these nicotinic receptors (27), this strain comparison may also 
facilitate determining whether changes in nicotinic receptor 
binding are due to simple upregulation of  the receptor or to a 
teratological action of  nicotine. 

METHODS 

Animals 

Mice of  the C3H/2ibg and C57BL/6ibg strains were used 
in this study. These mouse strains have been maintained in 
the breeding colony at the Institute for Behavioral Genetics 
for at least 20 generations. The mice were kept on a 12-h 
light/dark cycle (lights on from 0700 to 1900) with free access 
to food (Wayne Sterilizable Lab Blox) and tap water, in a 
room maintained at 21 + 2°C and 50% relative humidity. 

Matings were carried out using 221 C3H/2ibg females 
mated with 38 C3H/2ibg males and 188 C57BL/6ibg females 
mated with 30 C57BL/6ibg males. Females were between 90 
and 120 days of  age when mated. Each female had previously 
given birth to and successfully reared one litter. Males were 
between 60 and 90 days of  age when mated. Each male mated 
with 2-6 females. 

Chronic Treatment 

The females were checked daily for the presence of  a vagi- 
nal plug (day 1 of  pregnancy). Upon the observance of  a 
vaginal plug, the females were separated from the males in 
groups of  two to four per cage until day 11 of  pregnancy. At 
this time, they were randomly assigned to one of  three treat- 
ment groups: control, saline-infused, or nicotine-infused. 

Females assigned to the saline- and nicotine-infused treat- 
ment groups were anesthetized with 80 mg/kg of  pentobarbi- 
tal, injected IP. A cannula made of  silastic tubing was surgi- 

cally implanted SC at the nape of the neck. Thirty minutes 
after surgery the mice were placed in individual cages. The 
cannulas were attached to thermoplastic tubing connected to 
a 1.0-ml glass syringe mounted on a Harvard Instruments 
infusion pump. The saline-infused group received saline at a 
flow rate of  35 #l/h (0.84 ml/day) until parturition (usually 
gestational day 20 or 21). The nicotine-infused group received 
saline at the same flow rate until gestational day 13. At this 
time, these mice began receiving L-nicotine base in a saline 
vehicle (flow rate, 35 #l/h, 0.84 ml/day) at an initial rate of 
0.5 mg/kg/h.  Each day thereafter, the dose was increased by 
0.5 mg/kg/h until a dose of  2.0 mg/kg/h was achieved. This 
dose of  nicotine was used because many earlier studies from 
our laboratory have shown that IV infusion of  a 2.0-mg/kg/h 
dose of  nicotine results in consistent upregulation of  [3H]ni- 
cotine binding in the adult mouse brain (30). The 2.0-mg/kg/ 
h dose is a much higher dose than has been used in the rat, 
but the mouse metabolizes nicotine much more rapidly than 
does the rat; the t~/2 for nicotine in the mouse is about 5-10 
min (39), whereas in the rat the h/2 is more like 120 min 
(41). Consequently, the dose required in the mouse to produce 
pharmacological and toxicological actions is higher than that 
used in other species such as the rat. The 2.0-mg/kg/h dose 
was maintained until parturition. Preliminary results indicated 
that higher doses would result in very few pregnancies main- 
tained until term, but this dose is sufficient to elicit upregula- 
tion in the number of receptors in both mouse strains (27). 
Nicotine was infused during the last half of  gestation, since a 
pilot study indicated that earlier treatment resulted in interfer- 
ence in implantation. Mice assigned to the control group were 
placed in isolation cages beginning gestational day 11 through 
parturition. On the day of  parturition, the females and their 
litters were placed in fresh cages. 

Materials 

L-[3H]Nicotine (N-[methyl3H], initial specific activity 78.4 
Ci/mmol) was obtained from Amersham Corporation (Ar- 
lington Heights, IL). c~-[~25I]bungarotoxin (Tyr-~25I, initial spe- 
cific activity 130.7-140.8 Ci/mmol) was obtained from New 
England Nuclear Corporation (Newton, MA). [all]Nicotine 
was repurified by thin-layer chromatography to reduce non- 
specific binding and to eliminate what appears to be a low- 
affinity binding artifact (43). It was stored frozen with a four- 
fold excess of  mercaptoacetic acid (42). 

L-Nicotine, bovine serum albumin, polyethylenimine, tris- 
(hydroxymethyl)aminomethane (Tris HC1), and mercapto- 
acetic acid were purchased from Sigma Chemical Company 
(St. Louis). L-Nicotine was periodically redistilled to remove 
oxidation byproducts. Glass fiber filters and N-(2-hydroxycth- 
yl)piperazine-N'-2-ethanesulfonic acid (HEPES) were pur- 
chased from Boehringer-Mannheim (Indianapolis). Scintilla- 
tion fluid (Safety Solve) and polypropylene scintillation vials 
were obtained from Research Products International (Mount 
Prospect, IL). Inorganic compounds were reagent grade. 

Tissue Preparation 

Some of  the C3H and C57BL females that had undergone 
the treatment previously described were sacrificed on the day 
of  parturition. Male and female offspring generated by the 
three maternal treatment groups were randomly assigned to 
be sacrificed on postnatal days 0, 5, 10, 20, 30, or 60. The 
animals were sacrificed by cervical dislocation. The brains 
were removed, rinsed with distilled water, and dissected on 
ice into seven brain regions: cerebellum, hypothalamus, hind- 
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brain (pons medulla), hippocampus, striatum, midbraln (tis- 
sue remaining after removal of all other areas; contains pri- 
marily thalamus), and cortex. Due to the small size and low 
protein content of the brain tissue from the younger animals, 
brain regions from same-sex, same-age animals were pooled 
in the following manner: 10-12 animals for day 0, 5-6 animals 
for day 5, 2-3 animals for day 10, and 1-2 animals for day 
20. An effort was made to pool as many animals per litter as 
possible; however, at the youngest ages, it was necessary to 
combine multiple litters. The tissue pieces were placed in 10 
volumes of ice-cold Krebs-Ringer's HEPES buffer (NaCI, 118 
raM; KCI, 4.8 raM; CaC12 12.5 mm; MGSO4 1.2 raM; 
HEPES, 20 raM; pH adjusted to 7.5 with NaOH). The sam- 
pies were homogenized with a glass-Teflon homogenizer. The 
tissue preparation method was essentially that of Romano and 
Ooldstein (42). The particulate fraction was collected by cen- 
trifugation for 20 rain at 18 000 x g. The buffer was dis- 
carded and the pellet was resuspended in 20 volumes of dis- 
tilled water and incubated on ice for 60 rain. After this 
incubation, the samples were centrifuged for 20 rain at 18 
000 x g. The buffer was discarded and the pellet was resus- 
pended in 10 volumes of Krebs-Ringer's HEPES and centri- 
fuged for 20 rain at 18 000 x g. The buffer was discarded 
and 10 volumes of fresh buffer were added. The samples were 
then frozen at -70°C until assay. On the day each sample 
was assayed, it was resuspended and centrifuged for 20 rain 
at 18 000 x g. The buffer was discarded and 20 volumes of 
distilled water were added. The tissue was again resuspended, 
then centrifuged 20 rain at 18 000 x g. The water was dis- 
carded and 10 volumes of fresh distilled water were added to 
each sample. Prior to each centrifugation, the samples were 
incubated at 37°C for 5 min to promote the dissociation of 
drugs with which the animals had been treated from the tissue. 
This method has been shown to remove nicotine from mouse 
brain tissue (26). On the day of radioligand binding assay, 
representatives from each treatment group were selected for 
assay. 

L-[JH]Nicotine Binding 

The binding of L-[3H]nicotine was measured using a modi- 
fication of the method of Romano and Goldstein (42) as 
described previously (28,33). Binding was measured using 
100-600/~g of protein. Final incubation volume was 250 pl. 
HEPES-buffered Krebs-Ringer's solution was used as the 
buffer. In addition, 500 mM Tris (pH 7.5 at 37°C) was in- 
cluded to reduce the nonspecific binding. The binding was 
conducted in 12 x 75-mm polypropylene tubes at 4°C. The 
reaction was initiated by the addition of labeled ligand. Incu- 
bation time was 90 min. The binding was terminated by addi- 
tion of 3 ml of ice-cold buffer followed immediately by filtra- 
tion of the samples onto glass fiber filters that had been 
soaked in buffer containing 0.5% polyethylenimine to reduce 
nonspecific binding (42,47). The filters were subsequently 
washed four more times with 3-ml aliquots of ice-cold buffer. 
The vacuum was - 50 to - 100 tort. All filtrations and washes 
were conducted in a 4°C cold room using apparatus cooled to 
4°C. Blanks were obtained by including 10 pM L-nicotine in 
the incubations. A single concentration of radiolabeled nico- 
tine (approximately 5 nM) was used in all brain regions except 
the cortex. Binding to cortex was measured at five additional 
concentrations of ligand to calculate KD and B ~  from Scatch- 
ard plots. 

After the samples were washed, the glass fiber fdters were 
placed in polypropylene scintillation vials (7 ml) and 2.5 ml of 

scintillation fluid (Safety Solve) were added. The samples were 
mechanically shaken for 30 rain and radioactivity was deter- 
mined on an LS 1800 liquid scintillation spectrometer (Beck- 
man Instruments, Fullerton, CA). Tritium was counted at 
45O/o efficiency. 

~.[~z~ i]Bungarotoxin Binding 
The binding of ~-['"I]bungarotoxin was measured as de- 

scribed previously (28). Binding was measured using 50-300 
/~g of protein in a final volume of 500 pl of HEPES-buffered 
Krebs-Ringer's solution. The reaction was initiated by the ad- 
dition of ~-['zSI]bungarotoxin and continued for 3 h at 37°C. 
At the completion of the incubation, samples were diluted 
with 3 ml of ice-cold buffer and filtered on glass fiber fdters 
that had been soaked in buffer containing 0.5% polyethyleni- 
mine to reduce nonspecific binding. The filters were then 
washed four times with 3-ml aliquots of ice-cold buffer. Vac- 
uum pressure was - 50 to - 100 tort. Samples containing 1 
mM L-nicotine served as the blanks. A single concentration of 
c~-['~I]bungarotoxin (approximately 1.2 nM) was used in all 
of the brain regions except the cortex. Binding to cortex was 
measured at five additional concentrations of ligand to calcu- 
late/Co and B ~  from Scatchard plots. 

After the samples were washed, the glass fiber filters were 
placed in 12 × 75-ram borosilicate glass tubes. Radioactivity 
was determined on a Packard Minaxi Auto-Gamma 5000 se- 
ries Gamma counter at 80% efficiency. 

Protein Assay 
Protein was measured using the method of Lowry et al. 

(23) with bovine serum albumin as the standard. 

Data Analysis 
The results of the maternal single ligand concentration 

binding assays were analyzed by analysis of variance 
(ANOVA) with two between-subjects factorg (strain and 
treatment). The data were then sorted by strain and a second 
ANOVA, with one between-subjects factor (treatment), was 
performed. 

The binding constants (Ko and B ~ )  were calculated for 
each ligand by linear regression analysis of Scatchard plots 
of the binding data in cortex. Similar two-way and one-way 
ANOVAs were performed, treating KD and B ~  as dependent 
variables. 

The results of the single ligand concentration binding 
assays in the offspring were initially analyzed by three-way 
ANOVA, with strain, treatment, and day of age as between- 
subjects factors. The data were then" sorted by strain and day 
of age and analyzed by one-way ANOVA, with treatment as 
the only between-subjects factor. Significance was set at the 
p < .05 level. Post hoc Newman-Keuls analyses were done if 
a significant treatment effect was observed by the one-way 
ANOVA. The binding data were also analyzed using a two- 
way ANOVA to assess whether Ligand x Treatment interac- 
tions occur. These were done separately for both strains in 
each brain region. 

The binding constants were calculated for each ligand by 
linear regression analysis of Scatchard plots of the binding 
data in the cortex. Similar three-way and one-way ANOVAs 
were performed, treating KD and B,~ as dependent variables. 

RESULTS 

L-[3 H]Nicotine Binding 
The effects of chronic saline and nicotine treatment on the 

number of L-[~H]nicotine binding sites in seven brain regions 
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obtained from the dams are presented in Fig. 1 in the left two 
panels. In general, there were no significant strain differences 
in the amount of  binding in any of  the brain regions except 
the cortex, F(1, 38) = 7.46, where C3H mice exhibited signifi- 
cantly more binding than C57BL mice. 

Significant main treatment effects due to dramatic in- 
creases in binding in most brain regions were observed in the 
two-way ANOVA. In the one-way ANOVAs, nicotine-infused 
C3H mice exhibited significant increases in binding in all seven 
brain regions, cerebellum, F(2, 25) = 12.02; hypothalamus, 
F(2, 25) = 9.70; hindbrain, F(2, 25) = 16.63; hippocampus, 
F(2, 25) = 6.46; striatum, F(2, 25) = 5.83; midbrain, F(2, 
25) = 11.14; and cortex, F(2, 25) = 23.74. Significant in- 
creases were observed in four brain regions in C57BL mice, 
hypothalamus, F(2, 13) = 6.74; hippocampus, F(2, 13) = 
6.54; midbrain, F(2, 13) = 7.29; and cortex, F(2, 13) = 4.90. 
The nicotine-infused C3H and C57BL dams exhibited an in- 
crease in the total number of  cortical nicotine binding sites, 
Bm~, F(2, 12) = 9.03, with no change observed in KD. 

The developmental profiles of  L-[3H]nicotine binding in 
each of  the seven brain regions are presented for C3H and 
C57BL untreated (control) offspring and offspring treated in 
utero with saline or nicotine in Figs. 2 and 3. In the three-way 
ANOVA, there was a significant overall strain effect in the 
number of  binding sites in hippocampus, F(1, 337) = 4.06, 
due to the overall higher levels of  binding exhibited by the 
C57BL mice compared to C3H mice. Robust main effects of  
day of  age were observed in all seven brain regions, cerebel- 
lum, F(5, 303) = 131.78; hypothalamus, F(5, 301) = 28.18; 
hindbrain, F(5, 303) = 114.23; hippocampus, F(5, 302) = 
20.84; striatum, F(5, 302) = 21.28; midbrain, F(5, 303) = 
33.58; cortex, F(5, 303) = 11.94), with Strain x Day of  Age 

interaction terms significant in the hindbrain, F(5, 303) = 
3.80; hippocampus, F(5, 302) = 3.31; and midbrain, F(5, 
303) = 4.23. The age effects fell into three categories: regions 
which displayed extremely high levels of  binding at birth and 
then decfined rapidly to adult levels (cerebellum, hypothala- 
mus, and hindbrain, which begins decreasing earlier in C3H 
than in C57BL mice); regions exhibiting lower than adult lev- 
els at birth, and then slowly climbing throughout development 
to reach adult levels (striatum and cortex); and regions with 
adult binding levels at birth, climbing rapidly to a peak level 
at around 10 days of  age and then declining to adult levels 
(the hippocampus, which peaks higher in C57BL mice than in 
C3H mice, and the C57BL midbrain). C3H midbrain ap- 
peared to fall generally into the third category, although bind- 
ing was slightly higher (30%) at birth than in adulthood. 

Significant overall effects of  treatment were observed in 
the hippocampus, F(2, 302) = 10.27; striatum, F(2, 302) = 
4.69; midbrain, F(2, 303) = 3.58; and cortex, F(2, 303) = 
6.91. In the hippocampus, both Strain x Treatment and Day 
of  Age x Treatment interaction terms were significant, F(2, 
302) = 6.08 and F(10, 302) = 2.02, respectively. In addition, 
the Strain x Day of  Age x Treatment interaction term in the 
striatum was significant, F(10, 302) = 3.16. 

When the data were sorted by strain and day of  age, neona- 
tal (day 0) C3H offspring prenatally treated with nicotine dis- 
played significant increases in nicotine binding in the hypo- 
thalamus, F(2, 19) = 4.26, and hippocampus, F(2, 19) = 
4.39, as well as a similar tendency in the cortex, F(2, 20) = 
3.25, p = .059. Neonatal C57BL offspring treated in utero 
with nicotine also showed significantly increased levels of  nic- 
otine binding in the cortex, F(2, 28) = 7.77. 

In the Scatchard plots generated in the cortex, no changes 
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in KD were observed at any day of  age in either mouse strain 
(Table 1). However, the total number of  binding sites (Brad 
was significantly increased in the neonatal nicotine-treated 
C57BL offspring, F(2, 15) = 13.77. In addition, there was a 
tendency toward increased Bm~ in the neonatal nicotine- 
treated C3H offspring, F(2, 9) ffi 3.36, p ffi .081. There were 

no other significant effects of treatment on B , ~  at any other 
age in either mouse strain. 

At 5 days of  age, both saline- and nicotine-infused C57BL 
offspring displayed decreased nicotine binding as compared 
to untreated control offspring in the hypothalamus, F(2, 27) 
--- 3.35, and striatum, F(2, 27) ffi 6.07. In the midbrain, sa- 
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asterisks (*p < .05). Tendencies toward significance are indicated with pluses ( + p  < .07). Sample Scatchard 
plots from cortices of day 0 animals are presented in the lower two figures. Each point represents the mean 
+ / - SEM of 3-6 samples. 

line-treated offspring had significantly less binding than either 
nicotine-treated or untreated offspring,  F(2, 27) = 4.15. 

At 20 days o f  age, significant treatment effects were ob- 
served in several brain regions in the nicotine-treated offspring 
o f  both mouse  strains. C3H offspring treated prenatally with 

nicotine exhibited significantly higher levels o f  binding in the 
hippocampus,  F(2, 23) = 22.66, and midbrain,  F(2, 23) = 
3.42, as well as similar trends in the striatum, F(2, 23) = 
3 . 1 8 , p  = .060, and cortex, F(2, 23) = 3 . 3 2 , p  = .054. Nico- 
tine-treated C57BL offspring displayed significant increases 
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TABLE 1 
EFFECT OF MATERNAL NICOTINE TREATMENT ON 

CORTICAL [~H]NICOTINE BINDING PARAMETERS (KD AND Bin) IN OFFSPRING 

Control Saline Nicotine 

g~ Bw g~ B~ go B,,~ 

C3H 
Day0 3.5 + 0.4 46.3 ± 4.7 2.4 + 0.1 40.7 + 6.3 3.6 + 0.4 61.1 + 1.8 
Day5 3.6 + 0.7 60.0 + 5.1 3.8 + 0.4 65.5 + 8.9 2.4 + 0.1 53.2 + 4.5 
Day 10 3.3 + 1.0 61.9 + 5.9 3.1 + 0.1 68.8 + 4.6 3.4 + 0.6 65.1 + 2.1 
Day20 3.8 ± 0.2 57.2 + 4.6 4.6 + 1.1 68.3 + 15.1 3.5 + 0.7 66.4 + 5.7 
Day 30 4.1 ± 1.1 69.6 + 14.9 3.8 + 1.2 73.8 + 7.2 3.9 + 0.4 69.4 + 6.5 
Day60 4.2 + 0.6 63.1 + 5.2 2.8 + 0.4 60.5 + 3.3 4.4 + 1.1 55.2 + 4.5 

C57 
Day0 2.9 + 0.4 32.6 + 3.4 2.5 + 0.5 31.0 + 3.4 2.9 + 0.2 53.6 + 3.4 
Day5 2.8 + 0.2 52.2 + 7.1 2.9 ± 0.6 56.4 + 7.6 3.6 + 0.5 63.2 ± 4.3 
Day 10 2.8 + 0.4 66.0 ± 5.3 2.5 + 0.2 60.1 + 6.2 3.4 + 0.7 73.9 + 8.9 
Day 20 4.5 + 0.4 65.4 ± 4.2 4.7 + 0.5 56.2 + 4.5 3.7 + 0.7 66.8 + 3.9 
Day30 3.8 + 0.6 74.9 ± 5.1 5.9 + 2.3 67.8 + 11.6 5.1 + 0.9 60.8 + 5.4 
Day 60 3.0 + 0.6 59.4 + 6.5 2.8 + 0.3 55.5 + 5.2 3.4 + 0.3 66.9 + 7.5 

Pregnant animals were infused with saline or 2.0 mg/kg/h nicotine, or remained untreated controls for the second half of 
gestation. Offspring were sacrificed postnatally at 0, 5, 10, 20, 30, or 60 days, and their cortices used for [3H]nicotine binding 
assays. K~ values are nM. B ~  values are fmol/mg protein. Values are means + SEM of three to six separate determinations. 

in nicotine binding in the hindbrain, F(2, 28) = 5.25; hippo- 
campus, F(2, 28) = 5.26; midbrain, F(2, 28) = 5.28; and cor- 
tex, F(2, 28) = 4.14. 

Similar effects were observed at 30 days of age in the prena- 
tally nicotine-treated C3H offspring. Significant increases in 
nicotine binding were observed in the hindbrain, F(2, 25) = 
3.38, and striatum, F(2, 25) = 9.23, while similar tendencies 
were seen in the hippocampus, F(2, 25) = 3.08, p = .063, 
and cortex, F(2, 2 5 ) =  3.20, p = .057. Nicotine-treated 
C57BL offspring, however, did not differ from controls in 
any brain region with the exception of the striatum, where 
they displayed a significant decrease in the level of nicotine 
binding sites at this age, F(2, 24) = 3.52. 

In the adult C57BL offspring prenatally treated with nico- 
tine or saline, significant decreases in hippocampai binding 
were observed when compared to untreated control offspring, 
F(2, 25) = 4.75. 

The effects of chronic nicotine treatment represent changes 
in the number of L-[3H]nicotine binding sites (Table 1). 
Changes in binding were due to changes in Bm~. KD values 
were not affected by prenatal nicotine treatment. 

~-[~251]Bungarotoxin Binding 

The effect of chronic saline and nicotine treatment on the 
number of maternal ,~-[x25I]bungarotoxin binding sites in 
seven brain regions is presented in Fig. 1 in the right two 
panels. In general, no strain differences in bungarotoxin bind- 
ing were observed, although C3H mice had significantly 
higher levels of binding in the midbrain than C57BL mice, 
F(I,  44) -- 8.79. 

The dramatic treatment effect observed for L-[3H]nicotine 
binding was not seen for ot-[t25I]btmgarotoxin binding. An 
overall effect of treatment was seen for C3H mice in the hind- 
brain, F(2, 26) = 3.59; hippocampus, F(2, 26) = 8.98; mid- 
brain, F(2, 26) = 4.06; and cortex, F(2, 26) = 3.78, but post 
hoc analyses indicated a significant effect of nicotine infusion 

only in the hippocampus. No effect of treatment was observed 
in any brain region in the C57BL mice. In the Scatchard plots 
generated in the cortex, a similar lack of effect was seen, with 
no changes in KD or B ~  observed in either mouse strain. 

The development of ct-[n~I]bungarotoxin binding in each 
of seven brain regions is presented for C3H and C57BL un- 
treated (control) offspring and offspring treated in utero with 
saline or nicotine in Figs. 4 and 5. There was a significant 
overall strain effect, F( I ,  229)ffi 5.75, i n ' t h e  three-way 
ANOVA in midbrain binding, with C57BL mice exhibiting 
overall lower levels of binding than C3H mice. Again, strong 
main effects of day of age were observ~l for every brain re- 
gion, cerebellum, F(5, 296)=  46.37; hypothaiamus, F(5, 
298) = 41.73; hindbrain, F(5, 298) ffi 179.05; hippocampus, 
F(5, 298) = 125.53; striatnm, F(5, 299) = 52.26; midbrain, 
F(5, 299) = 175.39; cortex, F(5, 299) = 118.62, with Strain 
x Day of Age interaction terms significant in the hypothala- 
mus, F(5,298) --- 2.44; hippocampus, F(5,298) = 8.11; stria- 
turn, F(5,299) = 11.17; midbrain, F(5,299) = 2.32; and cor- 
tex, F(5, 299) = 3.45. Again, the age effects fell into three 
categories: regions which displayed extremely high levels of 
binding at birth and then declined rapidly to adult levels (cere- 
bellum and hindbrain); regions exhibiting higher than adult 
levels at birth which increase and peak at 10 days of age, then 
decrease to adult level (midbrain and cortex); and regions with 
adult binding levels at birth, climbing rapidly to a peak level 
at around 10 days of age and then declining to adult levels 
(hypothalamus, hippocampus, and striatum). In the latter two 
categories, C57BL offspring displayed peak binding levels 
which continued longer than C3H offspring. No significant 
overall effects of treatment were observed in any brain region; 
however, a significant Strain × Treatment interaction term 
was obtained in the cortex, F(2, 229) = 3.39. 

When the data were sorted by strain and day of age, 10- 
day-old C3H offspring treated prenatally with nicotine dis- 
played significantly lower levels of bungarotoxin binding in 
the cerebellum,/;'(2, 30) = 4.54, whereas 20-day-old C57BL 
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FIG. 4. The effect of no treatment (control), saline, or nicotine infusion in utero on the development of 
the a-[t~l]bungarotoxin binding site in the cerebellum, hypothalamus, hindbrain, and midbrain of C3H 
and C57BL offspring. Each point represents the mean + SEM of 6-14 samples. Significant treatment 
effects are indicated with asterisks (*p < .05). 

offspring treated in utero with nicotine exhibited significantly 
higher binding in the hindbraln, F(2, 26) = 6.00. 

In the Scatchard plots generated in the cortex, significant 
interaction terms, Strain x Treatment, F(2, 121) = 3.16, and 
Day of  Age x Treatment, F(10, 121) = 2.42, were observed 
in the three-way ANO VA for the KD. When the data had been 
sorted by strain and day of  age, the only significant effect of  

treatment on KD was seen in neonatal C3H offspring, where 
nicotine treatment significantly decreased the KD, F(2, 8) = 
4.86. No overall effects of  strain or treatment were observed 
for Bm~ in the three-way ANOVA; however, when sorted by 
strain and day of  age, neonatal nicotine-treated C57BL mice 
exhibited an increase in Bm~, F(2, 10) = 4.60. These data are 
summarized in Table 2. 
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Selectivity of Drug Effect 

The data reported to this point suggest that the L-[3H] - 
nicotine binding site was affected by prenatal nicotine treat- 
ment in some brain regions, whereas the c~-[t~I]bungar- 

otoxin site was not. A two-way ANOVA of  the data analyzed 
across days, separately by strain, detected significant ligand- 
treatment interactions for the C3H strain, but these 
effects were seen only in the striatum, F(2, 315) = 4.25, and 
cortex, F(2, 316) = 3.14. The interaction term obtained for 
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TABLE 2 
EFFECT OF MATERNAL NICOTINE TREATMENT ON 

~-[mI]BUNOAROTOXIN BINDING PARAMETERS (KD AND B~0 IN OFFSPRING 

Control Saline Nicotine 

K~ B__ K~ B__ K~ B__ 

C3H 
Day0 0.4 + 0.1 47.4 =t: 5.8 0.6 + 0.1 73.7 + 8.2 0.9 + 0.2 80.9 + 15.5 
Day5 0.5 + 0.1 127.3 + 21.8 0.7 + 0.1 126.7 + 32.2 0.4 + 0.1 68.9 + 7.7 
Day 10 0.6 + 0.1 129.5 ± 12.1 0.4 + 0.0 114.6 ± 13.4 0.4 ± 0.1 95.1 ± 7.4 
Day20 0.7 + 0.0 48.1 ± 2.1 0.5 ± 0.1 44.1 + 7.2 0.8 ± 0.1 56.4 ± 8.8 
Day30 0.6 ± 0.1 39.0 ± 3.8 0.7 ± 0.2 42.4 ± 5.3 0.5 + 0.1 42.1 + 5.3 
Day 60 0.7 + 0.1 45.4 ± 4.4 0.7 ± 0.2 45.5 ± 4.9 0.4 ± 0.0 32.8 ± 3.3 

C57BL 
Day0 0.4 + 0.1 48.2 ± 1.1 0.5 + 0.1 58.9 ± 4.9 0.8 + 0.2 69.5 ± 6.3 
Day5 0.4 ± 0.1 74.9 + 7.2 0.7 ± 0.2 109.9 ± 13.4 0.7 + 0.1 101.3 ± 19.7 
Day 10 0.4 ± 0.1 107.2 + 19.3 0.5 ± 0.0 124.3 ± 17.7 0.6 ± 0.1 114.9 ± 11.4 
Day20 0.5 ± 0.1 61.3 ± 6.8 0.8 ± 0.1 61.0 + 2.8 0.6 + 0.1 84.5 ± 9.4 
Day30 0.4 ± 0.1 43.3 ± 6.1 0.6 ± 0.2 50.2 ± 8.1 0.5 ± 0.1 46.9 + 4.2 
Day60 0.6 ± 0.1 47.9 ± 7.7 0.8 ± 0.1 41.3 ± 5.9 0.7 + 0.1 41.0 ± 3.2 

Pregnant animals were infused with saline or 2.0 mg/kg/h nicotine, or remained untreated controls for the second half of 
gestation. Offspring were sacrificed posmatally at 0, 5, 10, 20, 30, or 60 days, and their cortices used for a-[~I]bungarotoxin 
binding assays. Kn values are nM. Bm~ values are fmol/mg protein. Values are mean + SEM of two to six separate determina- 
tions. 

the C3H midbrain just missed significance, F(2, 316) = 2.50, 
p = 0.08. 

DISCUSSION 

Consistent with the observations of previous studies (3,7- 
9,26,29,30,31,45,46), chronic nicotine treatment resulted in an 
increase in the number of [3Hlnicotine binding sites in the 
dams. Although the increases in L-[3H]nicotine binding ob- 
served in maternal C3H mice in the present study are similar 
in magnitude to those described in earlier studies, the maternal 
C57BL mice displayed smaller increases in binding than those 
reported previously, possibly due to differences in the route of 
administration or induction of nicotine-metabolizing enzymes 
during pregnancy. In either case, larger doses may be required 
to achieve receptor increases of the same magnitude in the 
C57BL mice. 

Maternal ~t-[~25I]hungarotoxin binding was virtually un- 
changed after chronic nicotine infusion in the present study, 
except for an increase in the level of binding in the hippocam- 
pus of C3H mice, replicating a similar finding by Collins and 
Marks (8). Other studies also indicate that chronic infusion of 
higher doses of nicotine are required to produce a change in 
the number of ct-[JtZIlbungarotoxin binding sites (26,27). 

Chronic nicotine infusion appeared to disrupt the ontogeny 
of the [3H]nicotine binding site. As in earlier studies in the rat 
(49), elevated binding was seen at birth in many brain regions. 
This effect quickly disappeared. At later time points, ages 20 
to 30 days, [~H]nicotine binding was increased in many of the 
brain regions (hindbrain, hippocampus, striatum, midbrain, 
and cortex) of the C3H offspring prenatally treated with nico- 
tine. Nicotine-treated C57BL offspring exhibited similar in- 
creases at the later ages (20-30 days) in the hindbraln, hippo- 
campus, midbrain, and cortex. In the rat, prolonged elevated 
levels are seen only in the cerebellum (49). The rat-mouse 
difference may be due to species differences, but we suspect 

that the more widespread changes seen in our study reflect the 
higher doses of nicotine used. 

In the mouse, the ontogeny of the nicotinic receptor ap- 
pears to vary by brain region. Our data, which agree with two 
earlier studies using the mouse (16,21), indicate that some 
regions display high levels of binding at birth and then decline 
rapidly to adult levels (cerebellum, hypothalamus, and hind- 
brain, which begins decreasing earlier in C3H than in C57BL 
mice); other regions exhibited lower than adult levels at birth, 
and then slowly climbed throughout development to reach 
adult levels (striatum and cortex); and other regions showed 
adult binding levels at birth, which increased rapidly to a peak 
level at around 10 days of age and then declined to adult levels 
(hippocampus, which peaks higher in C57BL mice than in 
C3H mice, and C57BL midbrain). The type of developmental 
profile did not, however, serve as any predictor of the in- 
creased binding seen at 20-30 days of age. 

The development of the [3H]nicotine binding site in the rat 
is radically different in that a gradual rise in the number of 
binding sites is seen, with adult levels attained on postnatal 
days 28-30 (48,49,53). These results indicate that there is a 
species difference in the developmental profile of the [3H]ni- 
cotine binding site. Species differences might explain why we 
saw elevated levels of [3H]nicotine binding at 20-30 days in 
different brain regions than were seen in the rat. 

Prenatal nicotine treatment seemed to have little effect on 
n5 ct-[ I]bungarotoxin binding. The ANOVA generally did not 

detect significant treatment effects on c~-[n~I]bungarotoxin 
binding, whereas significant treatment effects were seen for 
the L-[3H]nicotine binding site in several brain regions. This 
argues that the L-[3H]nicotine binding site may be uniquely 
sensitive to nicotine. The two-way ANOVA (Ligand x Treat- 
ment) of the data, obtained from the two strains analyzed 
separately, detected significant interactions only in the C3H 
strain and only in the striatum and cortex; the midbrain 
showed a trend. Thus, the C3H strain may be more sensitive 
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to prenatal nicotine effects on the [3H]nicotine binding site. 
The failure to detect a significant interaction term in most of  
the brain regions presumably arose because nicotine treatment 
did not produce a change in the development of  either ligand. 
There were, however, some modest strain differences in re- 
spouse to nicotine. Cerebellar levels of  binding decreased 
more quickly in the nicotine-treated C3H offspring, achieving 
adult levels at an earlier age. C57BL offspring treated with 
nicotine, on the other hand, displayed increased toxin binding 
in the hindbrain at 20 days of age. 

The developmental profile for mouse a-[nSI]bungarotoxin 
binding reported here is very similar to that reported by Falke- 
born et al. (15) and Fiedler et al. (16). The two strains differed 
slightly in the onset of  the decrease in binding in some brain 
regions, with C57BL mice maintaining the peak binding levels 
longer than the C3H mice. 

The apparent increase in the number of  nicotinic acetylcho- 
line receptors at birth in some brain regions may represent a 
true upregulation of  the receptor. However, the mechanism 
for the increases in binding observed at later ages in several 
brain regions is probably not the same as that seen in adults 
treated chronically with nicotine. Marks et al. (29) have dem- 
onstrated that [3H]nicotlne binding returns to control levels 
in the adult mouse brain in approximately 7 days following 
termination of nicotine infusion. Thus, the elevated levels of  
binding seen in the offspring 20-30 days after parturition are 
most probably due to a teratological effect of  nicotine on 
development. If  this is the case, the C3H strain may be slightly 
more sensitive to teratological actions of  nicotine. 

In neural tissue, there appears to be a relationship between 
the rapid loss of toxin binding sites and the maturation of  
cholinergic synapses, resulting in the suggestion that nicotinic 

receptors may guide incoming fibers for successful synapto- 
genesis (17,51). In mice, the decrease in a-[nSl]bungarotoxin 
binding coincides with the onset of  EEG activity (20). A sharp 
rise in choline acetylcholinesterase in the rat striatum (a mea- 
sure of  cholinergic innervation) occurs at the same time as the 
peak in toxin binding (10). Thus, the loss of  receptors appears 
to follow functional innervation. 

I f  receptor formation is important in synaptogenesis, pre- 
natal nicotine exposure could perturb this process. Chofine 
acetyltransferase and choline uptake activities peak at the time 
of  synaptogenesis in the rat (37). Prenatal nicotine treatment 
disrupted the development of  these activities, and it was specu- 
lated that there may have been premature stimulation of  some 
endogenous maturational signal. An early switchover from 
neurogenesis to differentiation would result in a deficit in 
brain cell number, and this effect has been observed in the 
cortices of  rats treated prenatally with nicotine (50). 

In conclusion, prenatal nicotine treatment altered the de- 
velopmental profiles of  [3H]nicotine but not ct-[ml]bungaro - 
toxin binding sites. Subtle differences in the developmental 
profiles that exist among the two inbred strains of  mice and 
subtler differences between the strains in nicotine effects sug- 
gest that genetic factors regulate the maturation of  the nico- 
tinic receptor. This is important, since not all children whose 
mothers smoked during pregnancy are measurably affected. 
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