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Abstract. Pretreatment of B6AF1/J mice with d- 
amphetamine EIC1 10 mg/kg, twice daily for 5 days, 
produced a 4-fold increase in the running response 
to a test dose of 5 mg/kg amphetamine. Amphetamine 
pretreatment decreased whole-brain norepinephrine 
levels to 50~  of control values and whole-brain 
dopamine to 85 ~o. The test dose of 5 mg/kg amphet- 
amine lowered whole brain norepinephrine levels 
of control mice from 0.50 gg/g to 0.28 ~tg/g in 2 h. In 
amphetamine-pretreated mice, this injection caused 
an increase in whole-brain norepinephrine levels 
from 0.22 gg/g to 0.55 gg/g at 30 rain, followed by a 
decrease to 0.22 gg/g at 60 min. No change in whole 
brain dopamine levels was observed in either group. 
Amphetamine sensitization and norepinephrine deple- 
tion were still evident 25 days after pretreatment. No 
cross sensitization to morphine or cocaine was ob- 
served. Reserpine pretreatment resulted in a 3-fold 
increase in locomotor activity following injection of 
d-amphetamine, 5 mg/kg. No sensitization or changes 
in catecholamine levels were observed in amphet- 
amine-treated A/J mice. These results suggest that the 
sensitization produced by amphetamine pretreatment 
may be related to the depletion of brain norepine- 
phrine. 
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Rand, 1963) effects of the drug. There have also been 
reports of sensitization to the central stimulant 
effects of amphetamine (Magos, 1969; Wallach and 
Gershon, 1971; Ranje and Ungerstedt, 1974). The 
central stimulant effects of amphetamine are thought 
to involve the release of loosely bound or newly 
synthesized catecholamines (Chuieh and Moore, 1975; 
Carr and Moore, ]970; Carlsson, 1970; Azzaro and 
Rutledge, 1973). 

Amphetamine produces a characteristic pattern of 
hyperactivity which is thought to be mediated by 
norepinephrine (Randrup and Munkvad, 1970; Welch 
and Welch, 1970) or dopamine (van Rossum, 1963; 
Ernst, 1969). There is also evidence favoring the 
involvement of both norepinephrine and dopamine 
in amphetamine-induced locomotor activity (Tseng 
and Lob, 1974). 

The prior implantation of d-amphetamine pellets 
into mice has been shown to enhance the running 
response to subsequent injections of amphetamine 
(Hitzemann et al., 1973). The response of rats to 
amphetamine is increased by amphetamine pretreat- 
ment (Segal, 1975a; Recfi et al., 1975). Pretreatment 
with reserpine has also been shown to potentiate the 
locomotor response of rats to amphetamine (Stolk 
and Rech, 1968). The purpose of our work has been 
to investigate the development of d-amphetamine 
sensitization in mice and to examine the relationship 
of brain catecholamines to this sensitization. 

INTRODUCTION 

Chronic amphetamine treatment has been shown to 
produce tolerance to the hypothermic (Harrison et al., 
1952), anorexigenic (Tormey and Lasagna, 1960), 
toxic (Lewander, 1968) and cardiovascular (Day and 

* To whom offprint requests should be sent. 

MATERIALS AND METHODS 

Animals. Unless otherwise stated, male B6AF1/Ja mice (Jackson 
Laboratories, Bar Harbor, Maine) 6 - 8  weeks old were used. The 
mice were housed in plastic cages lined with hardwood bedding and 
fed Purina chow and water ad libitum. The animal room was air- 
conditioned and maintained at 22~ with a lighting cycle of 12 h 
light and 12 h darkness. 

Locomotor Activity, Motor activity was measured by a modification 
of the method of Dews (]953). Food and water were removed just 
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Fig. 1. Running response of saline- and amphetamine-pretreated mice to different doses of d-amphetamine HCI. Amphetamine- 
pretreated mice (O O) were injected with 10 mg/kg d-amphetamine HC1, twice daily for 5 days. Saline-pretreated mice (O - - - O )  
received 0.15 M NaC1 on the same schedule. All testing was done 70 h after the last pretreatment injection. Each point is the mean 
running activity obtained from 8 mice _+ S.E. for the first 60 min after injection. All values for pretreated mice significantly different 
from controls (P _< 0.01) except at the dose of 1 mg/kg 

before testing. Mice were run individually in clear plastic cages, 
28 cmx 16 crux 13 cm deep, containing about 1 cm of bedding 
chips. Each cage was placed between a horizontal light source and 
photocell of an Autotron model S1AC photoelectric counter 
(Autotron, Inc., Danville, Ill.). Spontaneous activity was deter- 
mined for the first four 15-min periods after placing the mice 
in the cages. The mice were then injected intraperitoneally and 
activity recorded every 15 min for the next 2h. Comparative 
measurements of activity were carried out at the same time of day, 
usually between 1:00 p.m. and 4:00 p.m. 

Determination of Catecholamine Levels. Mice were killed by cervical 
dislocation. Whole brain concentrations of norepinephrine and 
dopamine were determined by the method of Ansell and Beeson 
(1968). The whole brain was homogenized at 4~ in acid-butanol, 
with ten strokes of a motor-driven glass-teflon homogenizer. 
Fluorescence was measured with an Aminco-Bowman spectro- 
photofluorometer. 

Measurement of Tyrosine Hydroxylase Activity in vitro. A modi- 
fication of the assay of Kuczenski and Segal (1974) was used. 
Whole brains were homogenized in 7.5 ml of ice cold 0.32 M 
sucrose. 80 gl of the brain homogenate were added to an incubation 
mixture, which contained in a final volume of 0.5 ml: 120 mM NaC1, 
5 mM KC1, 10 mM glucose, 2 mM ascorbic acid, 2 mM disodium 
EDTA,. 50 mM sucrose and 30 mM sodium phosphate, adjusted 
to give a final pH of 6.6. L-Tyrosine-l-C 1~ (5 gCi, 0.27 gmoles) was 
then added. The samples were inc~abated at 37~ for 30 rain in 
glass tubes sealed with serum caps. Filter discs saturated with 75 gl 
NCS, an organic amine used for trapping CO2, were suspended 
inside the tubes by means of a straight pin. After 30 rain, the reaction 
was stopped by injecting 0.5 ml of 10% TCA through the serum 
caps. The tubes were then incubated at 37~ for an additional 2 h. 
After incubation, the filter discs were placed in 5 ml of a toluene 

based scintillation fluid and counted in a Packard scintillation 
counter. 

Drugs and Reagents. Morphine sulfate (Merck and Company, Inc.) 
cocaine hydrochloride (Merck and Company, Inc.) and d-amphet- 
amine hydrochloride (Amend Drug and Chemical Company) were 
purchased from Gilman Bros., Boston, Mass. Norepinephrine 
bitartrate was purchased from Nutritional Biochemicals. Dopamine 
hydrochloride was purchased from the Regis Chemical Company. 
Certified A.C.S. iso-octane and ftuorometric grade 1-butabol were 
purchased from the Fisher Chemical Company. L-Tyrosine-l-C 14, 
specific activity 55.8 mCi/mM was purchased from New England 
Nuclear Corp., Boston, Mass. NCS was purchased from Amersham- 
Searle, Des Plaines, Ill. 

Statistical Analysis. Statistical significance of the difference between 
means was determined by the Mann-Whitney U test (Goldstein, 
1964). 

R E S U L T S  

The Development of  Sensitization to d-Amphetamine 
HCl. D o s e  r e s p o n s e  cu rves  for  c o n t r o l  a n d  a m p h e t -  

a m i n e - p r e t r e a t e d  m i c e  (10 m g / k g ,  twice  da i ly  fo r  5 

days)  w e r e  d o n e  in o r d e r  to  d e m o n s t r a t e  t he  effect  o f  

a m p h e t a m i n e  p r e t r e a t m e n t  o n  a s u b s e q u e n t  i n j ec t ion  

o f  a m p h e t a m i n e  (Fig.  1). A m p h e t a m i n e  p r e t r e a t m e n t  

caused  a shif t  in t he  d o s e  r e s p o n s e  cu rve  to  the  lef t  

a n d  an  inc rease  in the  m a x i m a l  l o c o m o t o r  ac t iv i ty .  
Th i s  resu l t  shows  tha t  p r e t r e a t m e n t  w i t h  a m p h e t -  
a m i n e  e n h a n c e s  the  a m p h e t a m i n e - i n d u c e d  r u n n i n g  
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Fig. 2 
Running response to daily injections of amphetamine. 
Mice were injected twice a day for 5 days with 
10 mg/kg d-amphetamine HC1. Injections were given 
at approximately 9:00 a.m. and 2:00 p.m. All testing 
was done following the 2:00 p.m. injection. The 
running activity during the first 15 min after injection 
was plotted against the cumulative dose of 
d-amphetamine administered prior to testing. Each 
point represents the mean value _+ S.E. from 10 mice. 
Total drug dose is directly related to the number of 
days of administration 
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response of B6AF1/J mice. The decreased running 
response seen with 10 mg/kg d-amphetamine in am- 
phetamine-pretreated mice could be a result of sensi- 
tization. In this case, the 10 mg/kg test dose could be 
too high for maximal stimulation of locomotor 
activity (Randrup and Munkvad, 1972; Hitzemann 
et al., 1973). Starvation-induced weight losses of 
approximately 20~,  have been shown to enhance 
the amphetamine-induced running response of rats 
(Campbell and Fibiger, 1971). Weight loss due to 
amphetamine pretreatment was never more than 5 
at the time of testing in any of the experiments 
described here, and was not considered a major factor 
in the response of amphetamine-pretreated mice to 
amphetamine. 

In order to examine the development of sensiti- 
zation to amphetamine, mice were injected twice a 
day for 5 days with 10 mg/kg d-amphetamine. On 

each day, locomotor activity was measured after the 
second injection. The amphetamine-induced loco- 
motor activity increased with each day of treatment. 
The increase in locomotor activity was also directly 
proportional to the cumulative dose of amphetamine 
administered (Fig.2). Similar results have recently 
been reported in rats (Segal, 1975 a). Baseline responses 
of control mice were either equivalent to or higher 
than the baseline responses of amphetamine pre- 
treated mice. Under the same test conditions as 
described in Methods, repeated injections of saline 
resulted in either no change or a decrease in locomotor 
activity, as a result of habituation to handling, injec- 
tions and the test situation. The activity of saline- 
injected control mice was approximately 40 counts 
or less in 60 min (Shuster et al., 1975). 

Specificity of Amphetamine Sensitization. Mice were 
pretreated with morphine, cocaine or reserpine and 

Table 1. Specificity of sensitization to d-amphetamine 

Pretreatment n Running response 
to amphetamine 5 mg/kg 
Counts/60 rain 

Satine, twice daily for 5 days 10 661 + 123 

Morphine 25 mg/kg, once 
daily for 5 days 8 520 -+ 90* 

Cocaine 20 mg/kg, once 
daily for 5 days 10 690 ,+ 88* 

Amphetamine 10 mg/kg, twice 
daily for 5 days 10 2040 _+ 66** 

Saline, one injection 5 624 ,+ 196 

Reserpine 5 mg/kg, 
one injection 5 1334 ,+ 163"** 

* P > 0.05 for the difference from saline controls. 
** P = 0.025 for the difference from saline controls. 
*** P = 0.01 for the difference from saline controls. 

tested with 5 mg/kg d-amphetamine 3 days after 
pretreatment. These drugs were used because in com- 
mon with amphetamine they are thought to affect 
catecholaminergic neurons in the CNS. The results 
of these experiments along with data from saline- 
pretreated and amphetamine-pretreated controls are 
summarized in Table 1. Neither morphine nor cocaine 
enhanced the running response to 5 mg/kg d-amphet- 
amine. The slight depression of amphetamine-induced 
locomotor activity seen with morphine pretreatment 
is consistent with the findings of Fog (1970), who 
showed that acute and chronic injections of morphine 
antagonized amphetamine-induced stereotypic behav- 
ior in rats. A single injection of reserpine 5 mg/kg, 
3 days before testing, increased significantly the 
amphetamine-induced running response. 
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Fig. 3 A - C .  Running response and catecholamine changes after 
injection of 5 mg/kg d-amphetamine HCI. Thirty mice were pre- 
treated with I0 mgikg d-amphetamine HC1, twice a day for 5 days. 
Control mice were pretreated with 0.15 M NaC1. All testing was 
done with 5 mg/kg d-amphetamine He1, 3 days after the last 
pretreatment injection�9 (A) Running response of saline (O - - - O )  
and amphetamine ( I - - I )  pretreated mice. Where standard 
errors are shown, n = 10, and P <_ 0.01 for the difference between 
sensitized and control groups. Where standard errors are not shown, 
n = 6 and P > 0�9 (B) Effect of 5 mg/kg d-amphetamine He1 
on brain norepinephrine levels. Each point represents the mean of 
3 mice • S.E. The shaded area represents the normal level • S.E., 
based on catecholamine determinations in 15 untreated B6AF~/J 
mice. (C) Effect of 5 mg/kg d-amphetamine He1 on brain 
dopamine levels. Each point represents the mean of 3 mice • S.E. 
The shaded area represents the normal level • S.E. 
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F i g . 4 A - C .  Running response and catecholamine changes after 
injection of 10 mg/kg d-amphetamine He1. Amphetamine pre- 
treated mice (O t )  were injected with 10 mg/kg d-amphetamine 
HC1, twice a day for 5 days. Control mice (O . . . .  �9 were 
pretreated with 0.15 M NaC1. All testing was done with 10 mg/kg 
d-amphetamine HC1, 3 days after pretreatment. (A) Running 
response of saline- and amphetamine-pretreated mice. Each point 
represents the mean of 10 mice • S.E. (13) Effect of 10 mg/kg 
d-amphetamine HC1 on brain norepinephrine levels. Each point 
represents the mean of 3 mice • S.E. The shaded area represents 
the normal level • S.E., based on catecholamine determinations 
in 15 untreated B6AF~/J mice. (C) Effect of 10 mg/kg d-amphet- 
amine HCI on brain dopamine levels. Each point represents the 
mean of 3 mice • S.E. The shaded area represents the normal 
level • S.E. 
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The Effect of Amphetamine Pretreatment on Amphet- 
amine-Induced Changes in Catecholamine Levels. Mice 
were injected with d-amphetamine 10 mg/kg twice a 
day for 5 days. Control mice were injected with 
0.15 M NaC1 on the same schedule. Three days after 
pretreatment, both groups of mice received d-amphet- 
amine 5 mg/kg. Locomotor activity was measured as 
described in Methods. Catecholamine levels were 
determined at 15-rain intervals. The results are sum- 
marized in Figure 3. Both amphetamine-pretreated 
and control mice exhibited maximal locomotor activ- 
ity 30 -45  rain after injection of the amphetamine 
test dose. The running response of amphetamine- 
pretreated mice was significantly higher than that of 
the saline-pretreated controls. 

Amphetamine pretreatment produced a 50 ~ de- 
pletion of whole-brain norepinephrine levels and a 
15~ depletion of whole-brain dopamine levels. The 
5 mg/kg d-amphetamine injection caused whole-brain 
norepinephrine levels of control mice to decline from 
0.50 gg/g to 0.28 gg/g in 2 h. In the amphetamine- 
pretreated mice, this injection caused whole brain 
norepinephrine levels to increase from 0.22 gg/g to 
0.55 gg/g in 30 min. Norepinephrine levels then 
declined to 0.22 ~tg/g by 60 min and remained at this 
level for the next hour. No significant changes in 
whole brain dopamine levels were observed in either 
group. 

Locomotor activity and changes in catecholamine 
levels were also measured in control and amphetamine- 
pretreated mice following an injection of 10 mg/kg 
d-amphetamine (Fig. 4). Locomotor activity in control 
mice was maximal at 45 rain after injection. The 
amphetamine-pretreated mice exhibited a biphasic 
running pattern with peak responses at 15 and at 
120 min after injection. The decline in the running 
activity after the first phase was associated with an 
increase in stereotypy in the form of rearing, sniffing 
and licking. As the stereotypy declined, there was a 
secondary increase in running activity. Similar results 
have recently been reported with rats (Segal, 1975b). 
Five mg/kg d-amphetamine was more effective than 
10 mg/kg d-amphetamine in stimulating the running 
response of amphetamine-pretreated mice. No differ- 
ence was observed between the two doses in control 
mice. These results suggest that 10 mg/kg d-amphet- 
amine was too high a dose to stimulate optimally the 
locomotor activity in amphetamine-pretreated mice. 

The 10 mg/kg d-amphetamine test dose caused no 
change in norepinephrine levels of amphetamine- 
pretreated mice. They remained at the depleted level 
of 0.31 gg/g for the entire testing period. This test 
dose caused norepinephrine levels of control mice to 
decline from 0.50 gg/g to 0.30 gg/g in 2 h. 

The 10 mg/kg d-amphetamine test dose produced 
no significant changes in the whole brain dopamine 
levels of control mice. In the amphetamine-pretreated 
mice, this injection produced flucutations in whole 
brain dopamine levels, but there was no obvious 
correlation with the running pattern. By 90 min after 
injeci~ion, dopamine levels of the amphetamine-pre- 
treated mice were significantly below normal. They 
stayed below normal for the remainder of the testing 
period. 

Duration of Amphetamine Sensitization and Catechol- 
amine Depletion. Forty mice were pretreated with 
d-amphetamine 10 mg/kg, twice a day for 5 days. At 
3, 8, 14, 18 and 25 days after the last pretreatment, 
5 mice were injected with d-amphetamine 5 mg/kg 
and their locomotor activity was measured for 30 min. 
Immediately afterwards, 3 of the mice were killed 
and whole-brain catecholamine levels were deter- 
mined. On each day of testing, 3 additional amphet- 
amine-pretreated mice were killed and catecholamine 
levels measured. These mice were used to determine 
the duration of norepinephrine depletion following 
amphetamine pretreatment. 

Locomotor activity in response to 5 mg/kg d- 
amphetamine declined from day 3 to day 25 (Fig. 5). 
However, on day 25, the running response to 5 mg/kg 
d-amphetamine was still 3 times the control value. 
As a result of amphetamine pretreatment, whole- 
brain norepinephrine levels were depleted to 55 ~ of 
normal values. They gradually recovered to 88 ~ of 
normal values by day 25. In addition, the increase 
in norepinephrine normally seen 30 rain after the 
administration of 5 mg/kg d-amphetamine to amphet- 
amine-pretreated mice gradually disappeared. By 
day 25, no difference was observed in the whole-brain 
norepinephrine levels of amphetamine-pretreated 
mice before or 30 rain after an injection of 5 mg/kg 
d-amphetamine. Amphetamine pretreatment caused 
no significant change in whole-brain dopamine levels. 
However, as norepinephrine levels began to recover, 
dopamine levels began to decline, suggesting the 
operation of some type of feedback mechanism (Costa 
and Meek, 1974). 

Repeated testing of a group of amphetamine- 
pretreated mice with 5 mg/kg d-amphetamine main- 
tained their sensitization for as long as 43 days after 
pretreatment (Table 2). This table also shows that 
several different schedules of pretreatment with d- 
amphetamine (5 mg/kg, once daily for 5 days, ~0 mg/ 
kg, twice daily for 5 days, or 15 mg/kg, twice daily 
for 3 days) increased significantly the running response 
to d-amphetamine 5 mg/kg. 

Tyrosine Hydroxylase Activity in Control and Pre- 
treated Mice. Tyrosine hydroxylase activity was deter- 
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Table 2. Duration of sensitization to d-amphetamine 
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Pretreatment schedule n Days 
after 
pretreatment 

Running response to 5 mg/kg amphetamine 

Counts/15 rain • S.E. Counts/60 rain • S.E. 

Saline, twice daily for 5 days 
Amphetamine 10 mg/kg, twice daily for 5 days ~ 

Saline, once daily for 5 days 
Amphetamine 5 mg/kg, once daily for 5 days" 

10 3 87 • 9 672 • 82 
10 3 373 • 35 1524 • 174 

5 300 • 19 1271 • 106 
10 327 • 21 1110 • 82 
17 337 • 36 1034 • 59 

10 3 69 • 13 699 • 95 
10 3 234 • 27 1401 • 182 

7 274 • 15 1042 • 100 
29 280 • 18 988 • 69 
43 268 • 25 930 • 132 

Saline, twice daily for 3 days 5 3 
Amphetamine 15 mg/kg, twice daily for 3 days 5 3 

96 • 12 611 • 86 
244 • 33 909 • 67 

The response of all amphetamine-pretreated mice to 5 mg/kg d-amphetamine HC1 was significantly greater than 
pretreated controls (P _< 0.01). 

Following pretreatment these mice were tested repeatedly with 5 mg/kg d-amphetamine on the days specified. 

that of saline- 
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Fig. 5. Duration of amphetamine sensitization and associated 
catecholamine changes. 40 B6AF~/J mice were injected with 
10 mg/kg d-amphetamine HC1, twice a day for 5 days. At 3, 8, 14, 
18 and 25 days after pretreatment, the running response to 5 mg/kg 
d-amphetamine HC1 and catecholamine levels before (e  e )  
and 30 min after (O-----O) injection of 5 mg/kg d-amphetamine 
HC1 were measured. Each point for locomotor activity (counts/ 
30 rain) represents the mean value of 5 mice +_ S.E. All catecholamine 
determinations represent the mean values of 3 mice • S.E. 
Shaded areas represent the normal levels • S.E. 

mined in brain homogenates from control and amphet- 
amine-pretreated mice, before and 30 rain after an 
injection of 5 mg/kg d-amphetamine. There was no 
significant difference among the four groups of mice 
examined. This finding suggests that the increase in 
amphetamine-induced locomotor activity seen follow- 
ing amphetamine pretreatment is not due to an increase 
in whole brain tyros• hydroxylase activity as mea- 
sured in vitro. In another experiment, reserpine, 
5 mg/kg, given 2 h before the mice were killed, pro- 
duced a 60 ~ increase in tyrosine hydroxylase activity 
(160 • 8 cpm/mg vs. 103 + 8 cpm/mg for saline- 
pretreated controls). 

Genetic Differences in Sensitization to Amphetamine. 
The parental strains of the B6AFI/J hybrids used in 
these experiments were also tested for sensitization to 
amphetamine. C57B1/6J and A/J male mice were 
injected twice a day for 5 days with 10 mg/kg 
d-amphetamine. Three days after pretreatment, the 
running response to 5 mg/kg d-amphetamine was 
measured ani:l compared with the response of saline- 
pretreated mice of the same strains. The A/J mice 
showed only a slight difference (P = 0.05) in running 
response (counts/30 rain) between control (252 +_ 42) 
and amphetamine pretreatment (366 • 41). The 
C57B 1/6J mice pretreated with amphetamine exhib- 
ited a 2.5-fold increase (P = 0.01) in locomotor activity 
from 183 _+ 107 for controls to 519 +_ 46 counts/ 
30 rain for the amphetamine-pretreated group. 
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Table 3. d-Amphetamine sensitization and catecholamine changes in A/J and B6AF1/J mice 

65 

Strain Pretreatment Running response Catecholamine levels b 
to amphetamine 
5 mg/kg" Control 

(gg/g whole brain) 

30 min after 5 mg/kg 
amphetamine 
(lag/g whole brain) 

Counts/30 min NE DA NE DA 

A/J Saline 252 • 42 0.42 4- 0.03 
Amphetamine 366 _+. 41 0.46 4- 0.05 

(e = 0.05) 

B6AF1/J Saline 145 4-. 44 0.51 4- 0.03 
Amphetamine 773 • 68 0.33 4- 0.02 

(P < 0.005) 

0.63 _ 0.04 
0.69 _ 0.05 

0.82 + 0.06 
0.74 _+ 0.10 

0.41 + 0.03 
0.45 + 0.05 

0.48 +_ 0.05 
0.64 • 0.03 c 

0.67 4- 0.06 
0.63 4- 0.03 

0.69 4- 0.09 
0.70 _ 0.07 

a n = 5 .  
b n = 3 .  
c Significantly different from amphetamine-pretreated controls (P = 0.01). 

Whole-brain catecholamines of control and am- 
phetamine-pretreated A/J mice were measured before, 
and 30 min after, the injection of 5 mg/kg d-amphet- 
amine. These data were compared with those obtained 
from similarly-treated B6AF1/J :mice (Table 3). In 
A/J mice, where no sensitization was observed, 
amphetamine pretreatment did not produce norepine- 
phrine depletion. The 5 mg/kg d-amphetamine test 
dose also had no effect on norepinephrine levels of 
A/J mice. In B6AF1/J mice, where there was sensitiza- 
tion, amphetamine pretreatment produced depletion 
of norepinephrine. Also, the test dose caused an 
increase in norepinephrine levels from 0.33 pg/g to 
0.64 gg/g at 30 min after injection.These results suggest 
that the development of sensitization to amphetamine 
is correlated with the depletion of brain norepine- 
phrine. 

Running Response and Catecholamine Levels after 
Amphetamine in Reserpine-Pretreated Mice. Mice were 
given I injection of reserpine, 5 mg/kg. Three days 
later, they were injected with 5 mg/kg d-amphetamine. 
Locomotor activity was measured for the first 30 min 
following injection. Immediately afterwards, 3 mice 
were killed and catecholamine levels determined. The 
single injection of reserpine caused a 2.5-fold increase 
in the running response to 5 mg/kg d-amphetamine, 
based on a comparison with naive mice. The single 
injection of reserpine 5 mg/kg also resulted in a 70 
depletion of norepinephrine and a 55 ~ depletion of 
dopamine. The 5 mg/kg d-amphetamine injection 
caused a 3.5-fold increase in norepinephrine (from 
0.126 + 0.023 pg/g to 0.426 _ 0.067 gg/g) and a 5.5- 
fold increase in dopamine (from 0.34 _+ 0.09 gg/g to 
1.89 _+ 0.41 gg/g). 

DISCUSSION 

The results presented here show that it is possible 
to produce long-lasting sensitization to the amphet- 
amine-induced running response in mice. Sensitization 
to the amphetamine-induced running response was 
found to last for as long as 25 days after the final pre- 
treatment injection. Similar results have recently been 
reported with rats (Segal, 1975a; Rech et al., 1975). 
No cross-sensitization to morphine or cocaine was 
observed in our mice, suggesting that the mechanism 
of sensitization to amphetamine is different from that 
for either morphine or cocaine (Shuster et al., 1975; 
Shuster and Yu, manuscript in preparation). Villarreal 
et al. (1973) have also concluded that the mechanism 
by which morphine increases motor activity is different 
from that for amphetamine. 

Administration of amphetamine to mice in doses 
of 5 mg/kg or higher has been shown to deplete brain 
norepinephrine (Axlerod, 1970). We have found that 
when mice are injected repeatedly with d-amphetamine 
HC1, in doses of 5 mg/kg or higher, sensitization 
develops to the amphetamine-induced running re- 
sponse. The development of sensitization to amphet- 
amine was correlated with a depletion of brain 
norepinephrine. In addition, 30 rain after administra- 
tion of a 5 mg/kg test dose of d-amphetamine to 
sensitized mice, norepinephrine levels rose from 50 
below normal to 10~  above normal (0.22 pg/g to 
0.55 gg/g). Sensitization to amphetamine and the 
associated catecholamine changes were also obtained 
following depletion of norepinephrine levels with 
reserpine. This observation is consistent with previous 
findings that reserpine pretreatment enhanced the 
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amphetamine induced running response in rats (Stolk 
and Rech, 1968) and in mice (Smith, 1963). 

At 25 days after the last pretreatment injection, 
norepinephrine levels had returned to 88 ~o of normal. 
With the recovery of norepinephrine levels, there was 
a decline in the amphetamine-induced running re- 
sponse and a gradual loss of the increase in norepine- 
phrine following the injection of 5 mg/kg d-amphet- 
amine. Under these conditions, there was little change 
in dopamine levels. The decrease in dopamine levels 
that was observed as norepinephrine levels returned 
to normal may reflect feedback regulation of catechol- 
amine synthesis by norepinephrine (Costa and Meek, 
1974). These results also suggest that the role of 
dopamine cannot be ignored in the response of 
amphetamine-pretreated mice to amphetamine (Tseng 
and Loh, 1974; Segal, _1975 a). 

Genetic differences have been reported in the 
response of different strains of mice to a single injec- 
tion of amphetamine (Moisset and Welch, 1973; 
Oliverio et al., 1973). We have also found genetic 
differences in the ability of mice to become sensitized 
to amphetamine. In those strains where sensitization 
to amphetamine was observed, norepinephrine levels 
were depleted as a result of pretreatment. The 
norepinephrine levels were also found to increase 
30 min after injection of d-amphetamine 5 mg/kg. In 
A/J mice, where no sensitization was observed, there 
was no change in norepinephrine levels, either follow- 
ing pretreatment or after the 5 mg/kg d-amphetamine 
test dose. We are currently investigating the genetics 
of the amphetamine response in the F2 generation 
obtained by crossing B6AF1/J mice. We are also 
examining the amphetamine response of the recom- 
binant-inbred lines of Bailey (1971). 

Amphetamine is thought to act by releasing loosely 
bound or newly synthesized norepinephrine and 
dopamine (van Rossum, 1963; Chuieh and Moore, 
1975; Cart and Moore, 1970). Administration of 
5 mg/kg d-amphetamine HC1 to amphetamine-sensi- 
tized mice produced similar changes in the running 
pattern and whole-brain norepinephrine levels. No 
obvious correlation between the running pattern and 
dopamine changes was observed. 

No changes in whole brain tyrosine hydroxylase 
activity were observed following either amphetamine 
pretreatment or the 5 mg/kg d-amphetamine test 
dose. Similar results have also been reported following 
chronic amphetamine treatment in rats (Hulme et al., 
1974) and acute amphetamine treatment in mice 

�9 (Smith et al., 1972). Harris et al. (1975) have shown 
that a single injection of amphetamine can cause 
increases in tyrosine hydroxylase in several brain 
areas while causing a decrease in corpus striatum. 

With reserpine pretreatment, there was a 60~  
increase in the activity of whole brain tyrosine 
hydroxylase. Similar increases have been reported by 
Mueller et al. (1969). The catecholamine changes 
following administration of amphetamine to reserpine- 
pretreated mice were different from those observed 
with amphetamine-pretreated mice. Both groups of 
mice showed increases in norepinephrine levels follow- 
ing injection of amphetamine, but increases in dopa- 
mine levels were observed only in the reserpine- 
pretreated mice. Also, reserpine-pretreatment caused 
marked depletion of both dopamine and norepine- 
phrine, while amphetamine-pretreatment caused 
depletion of only norepinephrine. These findings 
suggest that the mechanism of sensitization to amphet- 
amine after reserpine may be different from that 
involved in amphetamine pretreatment. 

The purpose of our work was to examine the 
development of sensitization to the locomotor effects 
of amphetamine and to determine whether or not 
neurochemical correlates exist. For this purpose, the 
measurement of whole-brain catecholamine levels 
was sufficient. Recently, the pons-medulla has been 
shown to be the brain area with the most profound 
catecholamine changes following amphetamine ad- 
ministration (Cook and Schanberg, 1975). We are 
planning to examine catecholamine levels and tyrosine 
hydroxylase activity in discrete brain regions of control 
and amphetamine-sensitized mice. The possibility of 
changes in the rate of amphetamine metabolism after 
amphetamine pretreatment will also be investigated. 

The results reported here may have some implica- 
tions for the study of post-amphetamine depression 
in man. Following chronic amphetamine use in man, 
there is a period of lethargy that may last until the 
next intake of amphetamine (Goodman and Gilman, 
1970). Our observations suggest that post-amphet- 
amine depression in man may be related to either the 
depletion of norepinephrine that is seen immediately 
following chronic amphetamine administration, or 
the depletion of dopamine that is observed after 
norepinephrine levels have returned to normal. 
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