
At this stage there appears to be no 
relationship between the severity of de- 
pression as estimated by the Hamilton 
score and the parameters for [3H]imip- 
ramine binding (Table 1); however, 
more patients should be studied before 
conclusions about this relationship are 
drawn. 

Recent studies have demonstrated 
[3H]imipramine binding sites in post- 
mortem and neurosurgical samples of 
human brain (9). In the regions studied in 
detail-A34 (hippocampus), Ao1 (cortex), 
hypothalamus, and caudate nucleus- 
the Kd and Bmax values closely resemble 
those found in rat brain (9). Thus the de- 
crease in [3H]imipramine binding sites 
seen in the platelets of depressed sub- 
jects may be a reflection of similar 
changes in the brain. It has been recently 
demonstrated that changes in platelet 
monoamine oxidase activity are corre- 
lated with the levels of 5-hydroxyin- 
doleacetic acid in cerebral spinal fluid in 
human control volunteers (10), suggest- 
ing that changes in platelets may indeed 
reflect similar changes in the central nter- 
vous system. 

[3H]Imipramine binding in platelets 
from depressed patients may be de- 
creased in response to the biochemical 
or humoral changes that trigger or main- 
tain the depressive state. It is tempting to 
speculate that the differences in the bind- 
ing of [3H]imipramine observed in plate- 
lets may reflect sensitivity changes re- 
sulting from altered levels of a circulat- 
ing substance having a role in mood 
regulation. This unknown substance 
could act directly on the [3H]imipramine 
binding site. Compatible with the pos- 
sible existence of a mood-regulating en- 
dogenous ligand for the [3H]imipramine 
binding site is the fact that similar endog- 
enous ligands have been found for (i) the 
[3H]morphine binding site (I1), now ac- 
cepted to be the opiate receptor, and, 
more recently, for (ii) the [3H]diazepam 
binding site (12), thought to be involved 
in the anxiolytic effect. 

Although the significance of [3H]imip- 
ramine binding is not yet clear, several 
possibilities can be suggested. (i) The 
binding site may be a specific receptor 
for an endogenous ligand. (ii) A direct or 
indirect relationship with the site of neu- 
ronal serotonin uptake has been sug- 
gested (5) on the basis of the high affinity 
of certain serotonin-uptake blockers. (iii) 
Finally, the [3H]imipramine binding site 
could be a modulatory site for one of the 
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binding is significantly lower in the plate- 
lets of untreated depressed patients than 
in the control group, whereas the affinity 
constant is unchanged. The study of 
[3H]imipramine binding in depressed pa- 
tients (before treatment and after treat- 
ment with tricyclic or atypical drugs, 
electroconvulsive shock, lithium, and 
even social and psychological therapies) 
represents a new approach in biological 
psychiatry. At this stage there are still 
many questions to be answered con- 
cerning the pathogenesis and therapy of 
depression, but it would appear that 
[3H]imipramine binding both in platelets 
and in postmortem brain samples will be 
a powerful tool in our attempts to answer 
them. 
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amphetamine. 

Certain analogs of amphetamine are 
neurotoxic. For example, when a single 
dose ofp-chloroamphetamine is injected 
into rats, the concentration of cerebral 
serotonin is decreased and remains de- 
creased for months (1). Along with this 
reduction, there are long-lasting reduc- 
tions in 5-hydroxyindoleacetic acid con- 
centration, tryptophan hydroxylase ac- 
tivity, and high-affinity serotonin uptake 
(1), all of which imply the destruction of 
serotonin-containing neurons. Support- 
ing this idea are histological findings that 
cell bodies degenerate in the serotonin- 
rich raphe region of rat brain (2). 

Two characteristics of p-chloroam- 
phetamine seem necessary for this 
neurotoxic effect on serotonin neurons: 
persistence of p-chloroamphetamine for 
many hours because of its slow rate of 
metabolic removal, and continued active 
accumulation ofp-chloroamphetamine in 
serotonin neurons during this time be- 
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cause of its high affinity for the mem- 
brane uptake system on the neurons (3, 
4). Amphetamine itself has a high affinity 
for the membrane uptake system on do- 
pamine neurons (4, 5). Amphetamine is 
metabolized more rapidly than p-chlo- 
roamphetamine in the rat because am- 
phetamine is hydroxylated in the para 
position of the phenyl ring, the position 
occupied by the chlorine substituent in 
p-chloroamphetamine (6). This hydrox- 
ylation can be inhibited by drugs like 
iprindole; in iprindole-treated rats the 
persistence of amphetamine in tissues re- 
sembles that of p-chloroamphetamine 
(7). 

We conducted the present experi- 
ments to ascertain whether a single dose 
of amphetamine causes long-lasting ef- 
fects on dopamine neurons in iprindole- 
treated rats (8). It has been shown that, 
although depletion of serotonin by hal- 
ogenated amphetamines is initially re- 
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versible by inhibiting uptake of the drug, 
the depletion becomes irreversible with- 
in 24 to 36 hours (9). A similar time 
course would probably be followed if 
amphetamine caused long-lasting deple- 
tion of dopamine. Therefore iprindole 
should prevent metabolism of ampheta- 
mine for at least 24 hours. A preliminary 
experiment showed that iprindole (10 
mg/kg, intraperitoneally) inhibited am- 
phetamine metabolism for up to 48 
hours, as determined by the ability of 

iprindole pretreatment to increase brain 
levels of amphetamine measured 2 hours 
after amphetamine injection (10). Thus 

iprindole can inhibit amphetamine me- 
tabolism throughout the time that would 
be required for long-lasting effects of am- 
phetamine to be produced. 

The effect of a single injection of am- 

phetamine on dopamine concentration in 
rat cerebral hemispheres after 1 week is 

given in Table 1. Amphetamine given 
alone produced no significant change in 

dopamine concentration, but when given 
to rats treated concurrently with iprin- 
dole, it caused a 31 percent decline in 
dopamine concentration. (Iprindole giv- 
en alone had no effect on dopamine con- 
centration.) In this experiment, dopa- 
mine concentration in the hypothalamus, 
brainstem, and midbrain was unchanged 
after amphetamine treatments with or 
without iprindole. In a second experi- 
ment, we analyzed a smaller dopamine- 
rich region in the cerebral hemispheres, 
the striatum (Table 1). All rats in this ex- 
periment were treated concurrently with 

iprindole. Again, amphetamine caused a 
28 percent decrease in dopamine concen- 
tration after I week. The decreases in 
dopamine concentration induced by am- 
phetamine after 1 week are similar to 
(perhaps slightly smaller than) the de- 
creases in serotonin concentration usual- 
ly seen 1 week after injection of p-chlo- 
roamphetamine at an equimolar dose. 

In the case of p-chloroamphetamine, 
the decrease in serotonin concentration 
is antagonized by an inhibitor of uptake 
into serotonin neurons (3). Therefore we 
examined the effect of amfonelic acid, an 
inhibitor of uptake into dopamine neu- 
rons (11), on the decline in dopamine 
concentration after amphetamine injec- 
tion. As shown in Table 2, the long-last- 
ing, amphetamine-induced depletion of 
striatal dopamine was antagonized by in- 
hibition of uptake into dopamine neu- 
rons. Amfonelic acid given alone caused 
no significant effect on dopamine con- 
centration in the striatum or the hypo- 
thalamus. The depletion of dopamine by 
amphetamine in the striatum was, how- 
ever, significantly antagonized by amfo- 
nelic acid. In this experiment, the nor- 

306 

Table 1. Amphetamine-induced depletion of 
dopamine concentration in rat cerebral hemi- 
spheres and striata. (+)Amphetamine sulfate 
(18.4 mg/kg) and iprindole hydrochloride (10 
mg/kg) were injected intraperitoneally 1 week 
before the rats were killed. Data are mean val- 
ues for five or six rats per treatment. 

Dopamine 
Treatment concentration 

(nmole/g) 

Dopamine measured in 
cerebral hemispheres 

None 3.57 + 0.05 
Amphetamine 3.44 ? 0.17 
Iprindole 3.62 + 0.09 
Amphetamine + iprindole 2.45 ? 0.10* 

Dopamine measured in striata 
of iprindole-treated rats 

None 48.2 ? 1.9 
Amphetamine 34.5 + 1.4* 

*Significant depletion compared to controls (P < 
.005, Student's t-test). 

epinephrine concentration in the stria- 
tum and the norepinephrine and 
epinephrine concentrations in the hypo- 
thalamus were also measured. No signif- 
icant change was induced by ampheta- 
mine or amfonelic acid. 

These results extend earlier findings of 
persistent dopamine depletion after long- 
term administration of amphetamine. El- 
lison et al. (12) reported chronic bio- 
chemical and histologic changes in do- 
paminergic innervation of rat caudate 
nucleus after removal of subcutaneous 
pellets containing amphetamine. Hotch- 
kiss et al. (13) found persistent decreases 
in tyrosine hydroxylase, the rate-limiting 
enzyme in dopamine biosynthesis, in the 
neostriatum of rats treated with five suc- 
cessive doses of methamphetamine. 
Wagner et al. (14) reported long-lasting 
decreases in dopamine concentration in 

Table 2. Antagonism of the amphetamine-in- 
duced decrease in striatal dopamine by amfo- 
nelic acid. (+)Amphetamine sulfate (18.4 mg/ 
kg) and amfonelic acid (5 mg/kg) were injected 
intraperitoneally 1 week before the rats were 
killed. All rats received iprindole hydro- 
chloride (10 mg/kg, intraperitoneally) at zero 
time. Data are mean values for five or six rats 
per treatment. 

Dopamine concentration 
(nmole/g) 

Treatment 
Striatum Hypo- thalamus 

None 47.6 + 1.4 1.17 ? 0.02 
Amphetamine 35.3 + 2.7* 1.13 ? 0.09 
Amphetamine 42.7 ? 1.7*t 1.17 + 0.06 

+ amfonelic 
acid 

Amfonelic 46.0 ? 2.8 1.15 + 0.02 
acid 

*Significant depletion compared to controls (P < 
.05). tSignificant antagonism of amphetamine ef- 
fect (P < .05). 

rat striatum after repeated administra- 
tion of methamphetamine. Thus am- 
phetamine and related drugs may cause 
long-lasting effects on dopamine neurons 
in much the same way as halogenated de- 
rivatives of amphetamine cause long- 
lasting effects on serotonin neurons. 
Single injections cause these changes, 
provided the drugs are not metabolized 
too rapidly, and the effects are depen- 
dent on neuronal membrane uptake 
mechanisms. The structural depen- 
dence, total duration, stereospecificity, 
and irreversibility of the effect of am- 
phetamine on dopamine neurons remain 
to be studied. 

Amphetamine is widely abused. The 
recognition that a single dose of am- 
phetamine can cause long-lasting, possi- 
bly neurotoxic changes in certain brain 
neurons may be of value in exploring a 
neurochemical basis for persistent be- 
havioral changes in chronic ampheta- 
mine abusers. 

RAY W. FULLER 
SUSAN HEMRICK-LUECKE 

Lilly Research Laboratories, 
Eli Lilly and Company, 
Indianapolis, Indiana 46285 
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Although it is well known that angio- 
tensin II (AII), potassium ion, and adre- 
nocorticotropic hormone (ACTH) stimu- 
late aldosterone secretion, it has become 
evident that all aspects of the regulation 
of aldosterone secretion cannot be fully 
explained by the known stimulators. Pre- 
vious reports (1, 2) suggest that non- 
ACTH pituitary factors may play a role 
in regulation of aldosterone secretion. In 
1965, 3-lipotropin (,/-LPH) was isolated 
from the ovine pituitary gland (3). Both 
ACTH and /3-LPH are contained in a 
common precursor molecule present in 
the pituitary gland (4). Recently /3-LPH 
became the focus of interest as a pro- 
hormone of opioid peptides, but there is 
no information available regarding the 
effect of /3-LPH on the adrenal gland. In 
this report, we discuss the effect of sheep 
and human /3-LPH on adrenal steroido- 
genesis in rat adrenal collagenase-dis- 
persed capsular and decapsular cells. 
Results indicate that /3-LPH has a potent 
effect on aldosterone production. 

For each experiment, 18 to 20 female 
Sprague-Dawley rats (180 to 220 g), fed a 
regular sodium diet for at least 2 weeks, 
were used (5). After the animals were de- 
capitated, the adrenal glands were re- 
moved and separated into capsular 
(mainly glomerulosa cells) and decapsu- 
lar (fasciculata, reticularis, and medul- 
lary cells) portions. Each portion was 
minced with scissors, washed with medi- 
um 199 (6), and incubated with collagen- 
ase (2 mg per milliliter of medium 199) 
for 20 minutes at 37?C under 95 percent 
02 plus 5 percent CO2. To disperse cap- 
sular and decapsular cells, medium 199 
containing bovine serum albumin (BSA; 
2 mg/ml) was added to the collagenase- 
treated tissues, which were then agitated 
with a Pasteur pipette. The cell suspen- 
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sions were filtered through gauze into a 
50-ml polyethylene centrifugation tube. 
The dispersed cells were pooled and cen- 
trifuged at 100g for 15 minutes, and the 
sedimented cells were resuspended in 
fresh medium 199 containing BSA (2 mg/ 
ml). After the capsular and decapsular 
cells were harvested, these cell suspen- 
sions (average cell count, 100,000 per 
tube) were incubated in 1 ml of medium 
199 containing BSA (2 mg/ml), with vari- 
ous amounts (10-11 to 10-5M) of sheep 
and human 3-LPH, for 2 hours at 37?C 
under 95 percent 02 and 5 percent CO2. 
The /3-LPH was isolated from sheep or 
human pituitary glands as described (7). 
Amino acid sequences of sheep and hu- 
man 3-LPH have been elucidated (3, 8). 
The purity of the 8/-LPH preparations 
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was verified; a single band was noted 
when disc electrophoresis on 7 percent 
polyacrylamide gel at pH 4.5 was used, 
and glutamic acid was the only amino 
terminal residue noted by the dansyl 
method (9). The 8-LPH concentration 
was determined by ultraviolet absorp- 
tion. In suspensions of capsular cells, the 
production of aldosterone in response to 
synthetic [Aspl-Ile5]AII (10-4M) (Asp, 
aspartic acid; Ile, isoleucine) and pore' . 
ACTH (86 I.U./mg; 4 x 10-6M) were 
compared in each experiment. The maxi- 
mum steroidogenic response to synthetic 
human ACTH was the same as it was to 
porcine ACTH. These concentrations 
are well above the maximum stimulating 
doses (5). In suspensions of decapsular 
cells, response to the same dose of por- 
cine ACTH was compared in each exper- 
iment. Aldosterone and corticosterone 
were measured directly by radioimmu- 
noassay (5, 10). 

At 10-8 to 10-7M, sheep /3-LPH stimu- 
lated production of aldosterone by the 
capsular cells, but not that of corticoster- 
one by the decapsular cells (Fig. 1). Hu- 
man /3-LPH produced a similar effect. In 
a single experiment with synthetic sheep 
/3-LPH (11), aldosterone stimulation was 
similar to that caused by the natural 
product. A significant increase in al- 
dosterone production was obtained with 
10-9M ,-LPH [from the control value of 
32.9 + 1.9 (standard error) ng per 
100,000 capsular cells to 38.6 + 2.0 ng 
per 100,000 capsular cells; P < .02]; the 
half-maximum increase in aldosterone 
production was obtained at a /-LPH 
concentration between 3 x 10-8M and 
10-7M (Fig. 2). The maximum response 

was verified; a single band was noted 
when disc electrophoresis on 7 percent 
polyacrylamide gel at pH 4.5 was used, 
and glutamic acid was the only amino 
terminal residue noted by the dansyl 
method (9). The 8-LPH concentration 
was determined by ultraviolet absorp- 
tion. In suspensions of capsular cells, the 
production of aldosterone in response to 
synthetic [Aspl-Ile5]AII (10-4M) (Asp, 
aspartic acid; Ile, isoleucine) and pore' . 
ACTH (86 I.U./mg; 4 x 10-6M) were 
compared in each experiment. The maxi- 
mum steroidogenic response to synthetic 
human ACTH was the same as it was to 
porcine ACTH. These concentrations 
are well above the maximum stimulating 
doses (5). In suspensions of decapsular 
cells, response to the same dose of por- 
cine ACTH was compared in each exper- 
iment. Aldosterone and corticosterone 
were measured directly by radioimmu- 
noassay (5, 10). 

At 10-8 to 10-7M, sheep /3-LPH stimu- 
lated production of aldosterone by the 
capsular cells, but not that of corticoster- 
one by the decapsular cells (Fig. 1). Hu- 
man /3-LPH produced a similar effect. In 
a single experiment with synthetic sheep 
/3-LPH (11), aldosterone stimulation was 
similar to that caused by the natural 
product. A significant increase in al- 
dosterone production was obtained with 
10-9M ,-LPH [from the control value of 
32.9 + 1.9 (standard error) ng per 
100,000 capsular cells to 38.6 + 2.0 ng 
per 100,000 capsular cells; P < .02]; the 
half-maximum increase in aldosterone 
production was obtained at a /-LPH 
concentration between 3 x 10-8M and 
10-7M (Fig. 2). The maximum response 

2500- 2500- 

Porcine ACTH 
She 

Sheep 

Porcine ACTH 
She 

Sheep 

-LPH 

/ , I , ,I 
10-1"1 10-9 10-7 10-5 

-LPH 

/ , I , ,I 
10-1"1 10-9 10-7 10-5 

co 

. L- 
, 2000 - 

CO 
0 

,~ o 1500- 
0 

AII 9 
o 
o 
- 
) 1000- 

c 

a) 
c 

0 
X 500- 
o 

o 0 
0) 

co 

. L- 
, 2000 - 

CO 
0 

,~ o 1500- 
0 

AII 9 
o 
o 
- 
) 1000- 

c 

a) 
c 

0 
X 500- 
o 

o 0 
0) 

10-1l 10-9 10-7 10-5 10-1l 10-9 10-7 10-5 
01 01 

Peptide concentration (M) 

Fig. 1. Aldosterone and corticosterone production by sheep /3-LPH in capsular and decapsular 
cells in a representative experiment. Each point represents the mean of duplicate incubations. 
Peptide concentrations are expressed as moles per liter of incubation medium. 
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,f-Lipotropin: A New Aldosterone-Stimulating Factor 

Abstract. -Lipotropin stimulated the production of aldosterone in collagenase- 
dispersed rat adrenal capsular cells. The maximum response obtained with 3-lipo- 
tropin was the same as the response obtained with corticotropin and was greater 
than that obtained with angiotensin II. These data suggest that f-lipotropin may play 
a role in aldosterone regulation. 
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