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Abstract-The effects of nicotine on locomotor activity have been 
studied in neonate rats exposed to nicotine (1.5 mg kg-I day-') 
throughout the gestational period. Both 14 day old male and female 
offspring demonstrated an increase in spontaneous locomotor 
activity when compared with saline-exposed controls. However, 
systemic administration of (+)-amphetamine was effective in at- 
tenuating the hyperactivity of these nicotine-exposed pups. 
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Exposure of pregnant and lactating rats to nicotine has been 
shown to adversely alter the survival rate, growth and develop- 
ment of the offspring (Becker et al 1968; Dalby 1978; Peters et al 
1979; Peters & Tang 1982; Sershen et a1 1982). These effects can 
be attributed to the actions of nicotine, with or without 
contributing factors associated with hypoxia and ischaemia 
(Martin & Becker 1971; Slotkin et al 1986). 

In most studies examining the effect of maternal nicotine 
exposure on the offspring, nicotine was administered to preg- 
nant rats either by repeated parental injections once or twice 
daily or  in drinking water. These methods of nicotine adminis- 
tration may expose both the mother and foetuses to sudden spike 
concentrations of nicotine. It has been suggested that these 
spikes of nicotine can produce hypoxia in the foetus due to 
constriction of placental vasculature (Werler et a1 1985; Beno- 
witz 1986). 

To circumvent this problem of nicotine administration and to 
administer nicotine a t  a dose that closely mimics the amount of 
nicotine intake as with cigarette smoking in humans, nicotine 
was administered to pregnant rats via subcutaneous implan- 
tation of osmotic mini-pumps which delivered nicotine at  a dose 
of 1.5 mg kg-' day- '  (Murrin et a1 1987). Recent studies have 
shown that osmotic mini-pumps delivering that dose will 
produce plasma nicotine levels in rats similar to those found in 
humans smoking one pack of cigarettes per day (Hill et al 1983; 
Murrin et al 1987). Therefore, the animal model used in the 
present study will more closely resemble the human situation. 
The effects of prenatal exposure to nicotine on motor coordina- 
tion and spontaneous locomotor activity of the 14 day old male 
and female pups were examined. 

Materials and methods 

Animals. Sprague-Dawley rats (Sasco, Inc. Omaha, NE), ca 230 
g, were used. They were allowed free access to food (Purina Lab. 
Chow) and water and maintained on a normal 12 h light/l2 h 
dark cycle at  21 1°C. Male and female rats were paired for 
mating and sperm positive females were anaesthetized with 
Equithesin (0.25 mL/100 g wt). An incision was made in the skin 
posterior to the shoulder and an osmotic mini-pump Model 
2ML4 (Alza corp. Palo Alto, CA) containing sterile physiologi- 
cal saline or  nicotine (1.5 mg kg-' day- ')  was implanted 
subcutaneously. The incision was closed with a wound clip and 
covered with a mixture of benzocaine and Betadine to alleviate 
discomfort and to prevent infection. The model 2ML4 osmotic 
mini-pump contains 2 mL of solution and has a pumping life of 
28 days. Nicotine was administered as the free base, using 

nicotine tartrate (Sigma Chemical Co. St Louis, MO) dissolved 
in sterile physiological saline solution. The litter size, litter 
viability, birth weight and length of all pups in each litter were 
determined immediately after birth (postnatal day 1 ). The saline 
and nicotine-exposed pups were cross-fostered to drug free 
(surrogate) females who had delivered at  the same time. This was 
done to isolate the effect of nicotine to the prenatal period. Litter 
size was maintained at  8 pups (4 males and 4 females) per 
mother. Fourteen day old male and female saline and nicotine- 
exposed pups were used in this study. 

Assessment ofmotor coordination. For determining the degree of 
interlimb coordination and for assessing locomotor develop- 
ment, these tests which included position reflex, surface righting 
and negative geotaxic tests were used (Ryan & Pappas 1986). To 
pass the position reflex test, the pups had to assume a normal 
position within 10s when the hind leg was lowered over the edge 
of a horizontal table. To pass the surface righting test, the pup 
had to turn right-side up with all four limbs in a normal standing 
position within 15s when placed on its back in a supine position 
on a level surface. Pups were placed head downward on a 
textured surface with a 2 5  slope and were allowed a maximum 
of 60s to make a 180 turn to pass the negative geotaxic test. 
Control pups are able to pass all these tests by day 14. 

Determination of spontaneous locomotor acticity. Locomotor 
activity of pups was measured with a motor activity cage 
equipped with photocells and an automatic counter (Lehigh 
Valley Electronics, Allentown, NJ). Each pup was allowed to 
adapt to the cage for 10 min before the administration of saline 
(s.c.) or (+)-amphetamine ( I  mg kg-' s.c.). After drug injection, 
the locomotor activity of each pup was determined at 10 min 
intervals for 2 h. All behavioural studies were conducted 
between 0800 and 1600 h. 

Statistical analysis. For postnatal data, the pups of each dam 
were considered to represent a single determination. Chi square 
or Student's t-test was used to analyse characteristic of pups 
when appropriate. In locomotor studies, data were analysed by 
SAS followed by least significant difference test. For each sex, 
the data was analysed as a two way analysis of variance with 
(+)-amphetamine-nicotine interaction. Analysis of variance 
was performed with time as repeated measures. Wilkscriterion F 
statistics for time ( + )-amphetamine-nicotine interaction effect 
was F(11, 1 I ) =  11.56 formalesand F (1 I ,  11)=7.10 for females. 
Both values were significant at  the 0.01 levels. 

Results and discussion 
We monitored the gain in body weight, food and water 
consumption of all pregnant control and nicotine-treated 
females throughout the gestational period. In agreement with 
earlier studies, nicotine administered via osmotic mini-pumps at 
a dose of 1.5 mg kg-' day- '  had no effect on daily gain in body 
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weight, or daily food and water consumption of the animals 
(Murrin et al 1987). Although nicotine did not affect the birth 
weight and body length of pups (data not shown), the total 
number of pups born to nicotine-treated females (n = 10.3 0.4) 
was significantly reduced (P<0.05 Student's r-test) when com- 
pared with saline-treated controls (n = 12.7 50 .6 )  in the 30 litters 
studied. 

Both the saline and nicotine-exposed pups passed the criteria 
for the determination of surface righting, position reflex and 
negative geotaxic tests (data not shown). This suggests that 
prenatal exposure to nicotine may not alter the development of 
motor coordination in these offspring. However, both the 
nicotine-exposed male and female pups were found to be 
spontaneously hyperactive when compared with saline-treated 
controls. Interestingly, (+)-amphetamine was found to be 
effective in reducing this hyperactivity in nicotine-exposed pups, 
but stimulated the locomotor activity in saline-exposed pups 
(Figs I ,  2). Thus, delivering nicotine to rats via the osmotic mini- 
pumps creates an animal model which resembles attention 
deficit disorder (ADD) in human. A D D  is characterized by 
involuntary hyperactivity, restlessness, short attention span and 
a variety of cognitive and perceptual problems in children and 
can be treated with (+)-amphetamine (Brown et a1 1980; 
Wender 1984) 
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FIG. 1. Effect of (+)-amphetamine on locomotor activity of 14 day 
old male pups. Pregnant animals were implanted subcutaneo ]sly 
with osmotic mini-pumps containing either physiological saline or 
nicotine (1.5 mg kg-l day-I) for the gestational period. At birth, all 
pups were cross-fostered to drug free surrogate mother. Results are 
mean & s.e.m. of 7 pups. 0-0 pups were exposed prenatally to 
saline followed by saline injection, m-m pups were ex osed 

Injection, 0-0 pups were exposed prenatally to nicotine followed 
by saline injection, 0-0 pups were exposed prenatally to nicotine 
followed by (+)-amphetamine (1 mg kg-l s.c.) injection. * Signifi- 
cantly different from corresponding control group (P<O.O1,  Least 
significant difference test). 

prenatally to saline followed by (+)-amphetamine ( I  mg kg- ? s.c.) 
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FIG. 2. Effect of (+)-amphetamine on locomotor activity of 14 day 
old female pups. Pregnant animals were implanted subcutaneously 
with osmotic mini-pumps containing either physiological saline or 
nicotine (1.5 mg kg-' day-I) for the gestational period. At birth, all 
pups were cross-fostered to drug free surrogate mother. Results are 
mean & s.e.m. of 7 pups. 0-0 pups were exposed prenatally to 
saline followed by saline injection, m-m pups were ex osed 

injection, 0-0 pups were exposed prenatally to nicotine followed 
by saline injection, 0-0 pups were exposed prenatally to nicotine 
followed by (+)-amphetamine (1 mg kg-l s.c.) injection. * Signifi- 
cantly different from corresponding control group (*P < 0.05. 
**P<O.Ol,  Least significant difference test). 

prenatally to saline followed by (+)-amphetamine ( I  mg kg- ? s.c.) 

Several human studies indicate a strong correlation between 
exposure to nicotine in utero and the increased incidence of 
A D D  (Denson et al 1975; Dunn & McBurney 1977; Brown et a1 
1985). Although the specific etiology of A D D  remains unclear, 
nicotine has been implicated in this disorder by altering the 
normal development of nigrostriatal dopaminergic system. This 
is supported by observations that depletion of brain dopamine in 
development animals produced a hyperactivity pattern similar 
to that seen in ADD children (Shaywitz et al 1976; Concannon & 
Schechter I98 I). Furthermore, the cerebrospinal fluid of chil- 
dren with A D D  has significantly less homovanillic acid, a major 
metabolite of dopamine as compared with the level of normal 
children (Shaywitz et al 1977). 

The exact mechanism whereby prenatal exposure to nicotine 
caused hyperactivity in these pups remain uncertain. Acute and 
chronic administration of nicotine have been shown to alter the 
activity of dopaminergic neurons in the striatum (Westfall 1974; 
Andersson et al 1981; Lichtensteigen et al 1982; Fung & Lau 
1987). Furthermore, nicotine has been shown to exert a greater 
effect in releasing dopamine from the nucleus accumbens than 
the striatum in adult rats (Imperato et al 1986). If nicotine 
modifies the normal development of striatal dopaminergic 
neurons, a deficit in dopaminergic neuronal activity may reduce 
the modulatory effect of dopamine on excitatory noradrenergic 
activity, resulting in hyperactivity (Shaywitz et al 1976). The 
administration of (+)-amphetamine, which is thought to act by 
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stimulating the formation and release of newly synthesized 
dopamine from nerve terminals in the striatum and nucleus 
accumbens (Chiueh & Moore 1975; Jackson et al 1975; Fung & 
Uretsky 1982) may thus reduce the hyperactivity of the nicotine- 
exposed pups. The biochemical effects of nicotine on the pups 
appear to be complex and warrant further investigation. 

In conclusion, this study shows that prenatal exposure to 
nicotine induced hyperactivity in 14 day old rat pups. Admini- 
stration of (+)-amphetamine was effective in reducing this 
hyperactivity. Nicotine may induce this hyperactivity by altering 
dopaminergic function in the central nervous system. 

The author wishes to acknowledge J. Reed for her technical 
assistance, L. Pavlish for her assistance with the statistical 
analyses and K. Theesen for his graphic work. This study was 
supported by a grant (#88-13) from the Department of Health, 
State of Nebraska. 

References 
Andersson, K., Fuxe, K.,Agnati, L. F. (1981)Effectsofacutecentral 

and peripheral administration of nicotine on ascending dopamine 
pathways in the male rat brain. Evidence for nicotine induced 
increases of dopamine turnover in various telencephalic dopamine 
nerve terminals. Biol. 59: 170-176 

Becker, R. F., Little, C. R. D., King, J. E. (1968) Experimental 
studies on nicotine absorption in rats during pregnancy. Am. J. 
Obstet. Gynec. 100: 957-968 

Benowitz, N. L. (1986) Clinical pharmacology of nicotine. Ann. 
Rev. Med. 37: 21-32, 1986 

Brown, G. L., Elbert, M. H., Mikkelsen, E. J., Hunt, R. D. (1980) 
Behavior and motor activity response in hyperactive children and 
plasma amphetamine levels following a sustained release prep- 
aration. J. Am. Acad. Child Psych. 19: 225-239 

Brown, G. L., Ebert, M. H, Minichiello, M. D. (1985) Biochemical 
and pharmacological aspects of attention deficit disorder. In: 
Bloomingdale L. M. (ed) Attention Deficit Disorder. Spectrum 
Pub. Inc. Pergamon Press, New York, pp.168-170 

Chiueh, C., Moore, K. E. (1975) d-Amphetamine-induced release of 
newly synthesized and stored dopamine from the caudate nucleus 
in vivo. J. Pharmacol. Exp. Ther. 192: 642-653 

Concannon, J. T., Schechter, M. D. (1981) Hyperactivity in 
developing rats: sex difference in 6-hydroxydopamine and am- 
phetamine effects. Pharm. Biochem. Behav. 14: 5-10 

Dalby, J. T. (1978) Environmental effects on prenatal development. 
J. Ped. Psychol. 3: 105-109 

Denson, R., Nanson, J. L., McWatters, M. A. (1975) Hyperkinesis 
and maternal smoking. Can. Psychiatr. Assoc. 20: 183-187 

Dunn, H. G., McBurney, A. K. (1977) Cigarette smoking and the 
fetus and child. Pedratics 60: 772 

Fung, Y. K., Uretsky, N. J. (1982) The importance ofcalcium in the 
amphetamine-induced stimulation of dopamine synthesis in 
mouse striata in vivo. J. Pharmacol. Exp. Ther. 223: 477482 

Fung, Y. K., Lau, Y. S. (1987) Acute effect of nicotine on the striatal 
dopaminergic system in the rat. J. Pharm. Pharmacol. 38: 920-922 

Hill, P., Haley, N. J., Wynder, E. L. (1983) Cigarette smoking: 
Carboxyhemoglobin, plasma nicotine, cotinine and thiocyanate 
vs self-reported smoking data and cardiovascular disease. J. 
Chron. Dis. 36: 439-449 

Imperato, A,, Mulas, A,. Di Chiara, G .  (1986) Nicotine preferen- 
tially stimulates dopamine release in the limbic system of freely 
moving rats. Europ. J. Pharmacol. 132: 337-338 

Jackson, D. M., Anden, N. E., Dahlstrom. A. (1975) A functional 
effect of dopamine in the nucleus accumbens and in some other 
dopamine-rich parts of the rat brain. Psychopharmacol. 45: 139- 
I49 

Lichtensteiger, W., Hefti, F., Felix, D., Huwyler, T., Melamed, E., 
Schlumpf, M. (1982) Stimulation of nigrostriatal dopamine 
neurons by nicotine. Neuropharmacology 3 I : 963-968 

Martin, J. C., Becker, R. F. (1971) The effects of maternal nicotine 
absorption or hypoxic episodes upon appetitive behavior of rat 
offspring. Dev. Psychobiol. 4: 133-147 

Murrin, L. C., Ferrer, J. R., Zeng, W., Haley. N. J. (1987) Nicotine 
administration to rats. Methodological considerations. Life Sci. 
40: 1699- I708 

Peters, D. A. V., Taub, H., Tang, S. (1979) Postnatal effects of 
maternal nicotine exposure. Neurobehav. Toxicol. 1: 221-225 

Peters, D. A. V., Tang, S. (1982) Sex-dependent biological changes 
following prenatal nicotine exposure in the rat. Pharmacol. 
Biochem. Behav. 17: 1077-1082 

Ryan, C. L., Pappas, B. A. (1986) Intrauterine diazepam exposure: 
Effects on physical and neurobehavioral development in the rat. 
Neurobehav. Toxicol. Teratol. 8: 279-286 

Sershen, H., Reith, M. E. A,, Schwartz, B., Lajtha, A. (1982) Effects 
of prenatal administration of nicotine on amino acid pools, 
protein metabolism and nicotine binding in the brain. Neuro- 
chem. Res. 7: 1514-1522 

Shaywitz, B. A,, Yager, R. D., Klopper, J. H. (1976) Selective brain 
dopamine depletion in developing rats: An experimental model of 
minimal brain dysfunction. Sci. 191: 305-308 

Shaywitz, B. A,, Cohen, D. J., Bowers, M. B. Jr. (1977) CSF 
monoamine metabolites in children with minimal brain dysfunc- 
tion: evidence for alteration of brain dopamine. A preliminary 
report. J. Ped. 90: 67-71 

Slotkin, T. A,, Greer, N., Faust, J., Cho, H., Seilder, F. J. (1986) 
Effects of maternal nicotine injections on brain development in the 
rat: Ornithine decarboxylase activity, nucleic acids and proteins in 
discrete brain. Brain Res. Bull. 17: 41-50 

Wender, P. (1984) Diagnostic, cognitive and therapeutic under- 
standing. In: Bloomingdale, L. M. (ed) Attention Deficit Dis- 
order, Spectrum Pub. Inc. Pergamon Press, N.Y., pp 67-73 

Werler, M. M., Pober, B. R., Holmes, L. B. (1985) Smoking and 
pregnancy. Teratology 32: 473481 

Westfall, T. C. (1974) Effect of nicotine and other drugs on the 
release of 'H-norepinephrine and 'H-dopamine from rat brain 
slices. Neuropharmacol. 13: 693-700 


