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unit-dependent activity of adenylate cy- 
clase in the brain. An enhanced physical 
association between the adenylate cy- 
clase G unit and the catalytic moiety may 
be responsible for this effect. 

Adult male albino rats (Charles River) 
weighing 225 to 300 g were treated for 15 
to 20 days with daily intraperitoneal in- 
jections of 10 mg of amitriptyline (Merck 
Sharpe & Dohme), desipramine (USV 
Pharamaceuticals), iniipramine (Ciba- 
Geigy), or iprindole (Wyeth) per kilo- Guanosine Triphosphate Activation of Brain Adenylate Cyclase: gram. Controls received iniections 

Enhancement by Long-Term Antidepressant Treatment of 0.9 percent saline in the s~me"vo~ume 
(1 mVkg). Animals receiving long-term 

Abstract. Activation of adenylate cyclase by a stable guanosine 5'-triphosphate treatment were killed 22 to 28 hours after 
analog was augmented in brain membrane preparations from rats treated on a long- the last injection. Animals receiving sin- 
term basis with tricyclic antidepressants or electroconvulsive shock. These treat- gle injections were killed 60 mihutes lat- 
ments may facilitate cyclase activation by promoting the interaction of the regula- er. 
tory and catalytic subunits of the enzyme. This finding suggests a possible mecha- Electroconvulsive treatment was ad- 
nism for the changes in sensitivity to various neurotransmitters seen after antide- ministered with sinusoidal current (80 
pressant administration. mA, 60 Hz, 0.1 second) through saline- 

moistened corneal electrodes. This treat- 
A clinical response to antidepressant hormone-stimulated accumulation of cy- ment reliably produced convulsions with 

therapy typically does not develop until clic AMP. Accordingly, it is of interest to tonic extension, followed by clonus per- 
one or more weeks after the initiation of examine the effects of antidepressant sisting for 10 to 25 seconds (10). One 
treatment (I). Accordingly, investigators treatment on the regulation of adenylate group received ECT on alternate days 
of antidepressant mechanisms have re- cyclase through the G unit. We report for a total of five to seven treatments; a 
cently focused on biochemical and phys- that long-term, but not short-term, treat- second group was given a single treat- 
iological changes induced by long-term ment of rats with tricyclic antidepres- ment, and a third received sham ECT 
treatment that may be correlated with sants or ECT produces an increase in G (electrodes applied without current). All 
the delayed therapeutic effect (2,3). Spe- 
cifically, altered sensitivity of neuro- 
transmitter receptors has been detected - Cor i rx  H y p o t h a l a m u s  Fig. I .  (A) Effects of 
in a variety of systems and has been long- and short-term 
proposed as a common mechanism un- Amttrlpryl lno . antidepressant treat- 
derlying the clinical response to various ment on Gpp(NH)p 

activation of adenyl- 
antidepressant therapies in humans (2). ' ate cyclase in mem- 

Much of the current interest in anti- :: 500 / brane particles from 
depressant-induced receptor changes 2 the cerebral cortex or 
stems from early observations that both 5 hypothalamus. Hypo- 
tricyclic antidepressants and electrocon- -: 2 o 8 7 6 5 thalamic membranes 

M) were prepared as de- 
vulsive treatment (ECT) can reduce the * "  , I L L -  " z i L c  

%.. L 2 -  
scribed by Wheeler et 

norepinephrine-stimulated production of - - E - - - - al. (29). Hypothalami 
adenosine 3'3'-monophosphate (cyclic A 6 0  B were homogenized 4 0 

1 :20 (weight to vol- AMP) in rat brain 'lice' (49 ume) in ice-cold 2 mM tris maleate with 0.8 mM EGTA (pH 7.4) by a Teflon-on-glass 
AMP has been proposed in homogenizer at 1000 revlmin. Homogenates were centrifuged for 5 minutes at 600g and the 
synaptic transmission as a "second mes- pellet was discarded. Supernatants were centrifuged for 10 minutes at 7500g and the resulting 
senger," perhaps mediating the action of pellets were resuspended in 0.32M sucrose with 50 mM tris maleate (pH 7.8), 5 mM MgS04, I 

certain neuro~umors at a postreceptor mM EDTA, and I mM dithiothreitol. Following two cycles of centrifugation (7500g for 10 
minutes) and washing, the pellets were resuspended in the same media to a protein concentra- level The activation of adenylate tion of 1 to 2 mg/ml and stored under liquid nitrogen until assay. Adenylate cyclase assays (13) 

cyclase, the plasma mx'~'~bran*associat- were performed in 50 p1 of a reaction mixture containing 80 mM tris maleate @H 7.4), 1 mM 
ed enzyme that catalyzes the formation isobutylmethylxanthine, 2 mM MgSO.,, 0.5 mM adenosine triphosphate (ATP) with 60 mM 
of cyclic AMP from adenosine triphos- phosphenol pyruvate and pyruvate kinase (0.5 mglml), 0.5 mM dithiothreitol, and 0.4 mM 
phate, is regulated by a guanosine 5,- EGTA. Hypothalamic membranes (1 to 2 mg of protein per milliliter) were incubated with 5 pM 

Gpp(NH)p for 10 minutes before the reaction mixture was added. Reactions were allowed to 
triphOsphate (GTP)-binding protein (G proceed for 10 minutes and were then stopped by boiling for 4 minutes. Cortical membrane 
unit) that couples the catalytic moiety particles were prepared in a similar manner (13), and the adenylate cyclase assay was identical 
with neurotransmitter (or other her- except fbr the concentration of Gpp(NH)p, which was 2 pM. Reaction rates in both cases were 
mane) receptors (7, 8). D~~~~~~~~ in p- linear for 20 minutes. In the presence of the ATP-regenerating system, ATP concentrations 

were unchanged for up to 20 minutes (13). Accumulated cyclic AMP was assayed by a density after long-term modification of the method of Brown et a/.  (30) involving a binding protein from rabbit skeletal 
Pressant treatment have been correlated muscle. Protein content was determined in accordance with the method of Bradford (31). 
with decreases in isoproterenol-induced Values are means 2 standard deviations for one of at least four experiments performed in 
cyclic AMP accumulation (9). In several duplicate (cortex) or triplicate (hypothalamus). (B) Effect of varying the concentration of 

cases (2), however, altered receptor Gpp(NH)p on the activation of adenylate cyclase in hypothalamic membranes from animals 
given repeated saline or amitriptyline treatments. Tissue was prepared and assays were camed 

binding following antidepressant treat- out as described in (A), except that Gpp(NH)p and the reaction mixture were added to the 
ment cannot fully account for changes in membranes simultaneously. Standard deviations are less than 10 percent of the means graphed. 
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Fig. 2. Effect of cis- c 3 l o o o  

vaccenic acid and col- ': 2 
chicine on Gpp(NH)p- 
activated adenylate cy- $ 
clase in cortical mem- $ 
branes from control 1 500 
and antidepressant- 2 g 
treated animals. (A) 2 D 

Activation of adeny- 5 :  
late cyclase by 2 pM a 
Gpp(NH)p in the vari- 5 m  m  m +  m a w +  

.E 5 .C 0 .C E 5 0 
m  m l -  

ous long-term treat- - - - - .E 5 o 
m > s u  < u > E w  - 

ment groups. The m Z L  ti) z a 2 . E W  

same experiment was 5 ,a L .a .- Vl Y) '0 

repeated in the pres- E x m  a 0 o 
ence of 100 FM cis- 
vaccenic acid (B) and 2.0 pM colchicine (C). The detection assay was performed as described in 
the legend to Fig. 1A. Values are means ? standard deviations. 

the rats were killed 24 hours after the last 
convulsion. 

After treatment with drugs or ECT, 
the rats were decapitated and their 
brains were rapidly dissected on ice. 
Cerebral cortical tissue rostra1 to a cor- 
onal section through the optic chiasm 
was separated from the striatum and 
immediately transferred to ice-cold buff-  
er. The hypothalamus was also excised 
(11). 

G unit-dependent activation of  ade- 
nylate cyclase was measured with the 
nonhydrolyzable GTP analog guanylyli- 
midodiphosphate (Gpp(NH)p) (8).  Fig- 
ure IA shows the effect o f  long- and 
short-term antidepressant treatment on 
Gpp(NH)p-activated adenylate cyclase 
in membranes from the cerebral cortex 
or hypothalamus. In both areas, long- 
term but not single-injection treatment 
with the tricyclics amitryptyline, desi- 
pramine, and imipramine markedly en- 
hanced the Gpp(NH)p response. Long- 
term treatment with the atypical antide- 
pressant iprindole was effective in hypo- 
thalamic, but not cortical, membranes. 
Long-term ECT elevated the cyclase re- 
sponse to Gpp(NH)p in the cortex but 
was without effect in the hypothalamus. 
The effect o f  ECT. like that o f  the tricy- 
c l i c ~ ,  appears to depend on long-term 
treatment, since a single shock had no 
significant effect (Fig. IA).  Adenylate 
cyclase activation in rats given sham 
ECT resembled that in controls given 
saline. 

The drug-enhanced G unit activation 
o f  adenylate cyclase in hypothalamic 
membranes was studied over a range o f  
Gpp(NH)p concentrations. Long-term 
amitriptyline treatment elevated the cy- 
clase response to Gpp(NH)p present at 
concentrations from to I O - ~ M  (Fig. 
1B). A similar response was found at 
I O - ~ M  Gpp(NH)p in cortical membranes 
from imipramine-treated rats (12). These 
findings are consistent with the possibili- 
ty that long-term treatment with antide- 

pressants increases the ability o f  the 
nucleotide-bound G unit to activate the 
catalytic moiety, although an enhanced 
binding of  Gpp(NH)p to the G unit or an 
increase in the number o f  G units cannot 
be ruled out. 

G unit-dependent adenylate cyclase 
activity can also be assessed with fluo- 
ride ions (13, 14). Activation of  adenyl- 
ate cyclase by NaF was enhanced in 
cortical membranes from rats given long- 
term treatment with antidepressants. By 
contrast, direct activation o f  the adenyl- 
ate cyclase catalytic moiety by Mn2i 
(13-15) was not altered in cortical mem- 
branes from treated animals, suggesting 
that the antidepressant effect requires 
the regulatory unit o f  the enzyme com- 
plex. 

To investigate the tissue specificity o f  
this action, we also examined G unit- 
dependent activation o f  adenylate cy- 
clase in membrane preparations from 
kidney and liver. In contrast to the e f -  
fects in brain tissue, activation o f  the 
kidney or liver enzyme by Gpp(NH)p or 
NaF was unaffected by antidepressant 
treatment. 

Free fatty acids, such as cis-vaccenic 
acid, may facilitate G unit activation o f  
adenylate cyclase, presumably by fluid- 
izing the membrane and allowing greater 
interaction between the G unit and the 
catalytic moiety (15, 16). Microtubule- 
disrupting agents, such as colchicine or 
vinblastine, may enhance G unit activa- 
tion o f  adenylate cyclase by releasing 
cytosktletal constraints on the G unit- 
catalytic moiety interaction without al- 
tering membrane fluidity (17). T o  evalu- 
ate possible mechanisms whereby anti- 
depressant treatment might facilitate G 
unit activation o f  adenylate cyclase, we 
investigated the effect o f  membrane flu- 
idizers and microtubule disrupters on 
enzyme preparations from control and 
treated animals. 

Treatment o f  control cortical mem- 
branes with cis-vaccenic acid or colchi- 

cine increased the Gpp(NH)p activation 
o f  adenylate cyclase (15) approximately 
to the level seen in antidepressant-treat- 
ed animals (Fig. 2 ) .  By contrast, cis- 
vaccenic acid or colchicine treatment o f  
membranes from animals given long- 
term treatment with amitriptyline, desi- 
pramine, or ECT produced only a mini- 
mal further enhancement o f  Gpp(NH)p 
activation o f  adenylate cyclase. Thus, in 
the presence o f  cis-vaccenic acid or col- 
chicine, the difference in G unit activa- 
tion of  adenylate cyclase between con- 
trol and antidepressant-treated animals 
was abolished (Fig. 2). Similar results 
were obtained with other fluidizing or 
microtubule-disrupting agents, such as 
linoleic acid or vinblastine 

These results suggest that long-term 
treatment o f  rats with antidepressants or 
ECT may enhance G unit-catalytic moi- 
ety interaction in a manner similar to that 
produced by addition of  colchicine or 
cis-vaccenic acid in vitro. T o  further 
examine this possibility, we made direct 
measurements o f  membrane fluidity in 
membranes from control and treated ani- 
mals with the technique o f  fluorescence 
depolarization (18). The technique, in 
which 1,6-diphenylhexatriene is used as 
a fluorescent probe, failed to show an 
effect o f  antidepressant treatment on 
cortical membrane fluidity. Thus, the 
effect o f  antidepressant administration is 
analogous to that o f  colchicine, rather 
than that o f  cis-vaccenic acid, in that 
both enhance G unit-catalytic moiety 
interaction without producing a gross 
alteration in membrane fluidity. 

W e  have shown that antidepressant 
treatment enhances G unit activation o f  
adenylate cyclase in membrane particles 
from the cerebral cortex and hypothala- 
mus (19). The effect requires long-term 
antidepressant treatment (Fig. 1 )  and, in 
the case o f  the tricyclic antidepressants, 
is probably not a result o f  drug accumu- 
lation, since concentrations o f  these 
compounds in the brain are higher 1 hour 
after a single injection than 24 hours after 
the final injection in a sequence (5).  
Moreover, addition o f  tricyclic antide- 
pressants in vitro, even at high concen- 
trations, fails to alter Gpp(NH)p activa- 
tion o f  adenylate cyclase (20). Short- 
term treatment with amitriptyline mark- 
edly elevates cortical levels o f  cyclic 
AMP in vivo (21); whether altered G 
unit-catalytic moiety interaction is in- 
volved in this phenomenon remains to be 
established. 

Some evidence suggests that an en- 
hanced physical association o f  the G unit 
with the catalytic moiety may underlie 
the augmented activation o f  adenylate 
cyclase by Gpp(NH)p and NaF observed 
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after antidepressant treatment. The abili- 
ty of cis-vaccenic acid or colchicine to 
increase Gpp(NH)p activation of cyclase 
in membranes from control but not treat- 
ed animals is consistent with the idea 
that G unit-catalytic moiety interaction 
is already enhanced in the latter. 

The possibility that such an enhanced 
interaction is associated with antidepres- 
sant action is suggested by the finding 
that the effect is induced by typical and 
atypical tricyclic antidepressants as well 
as by ECT. Moreover, long-term treat- 
ment is required for the effect to become 
manifest. 

Since a facilitated G unit-catalytic 
moiety interaction is generally associat- 
ed with enhanced hormone responsive- 
ness (16), the present results appear to 
be inconsistent with the observation that 
ECT or tricyclic antidepressants de- 
crease norepinephrine-stimulated accu- 
mulation of cyclic AMP in brain slices (4, 
5). However, the a2-adrenergic receptor 
system is regulated by guanyl nucieo- 
tides (22) and may inhibit adenylate cy- 
clase in a GTP-dependent manner (23). 
Thus, enhanced G unit-catalytic moiety 
interaction might augment a*-adrenergic 
inhibition of cyclase by norepinephrine 
and thereby reduce the net stimulation of 
cyclic AMP accumulation in brain slices 
by norepinephrine (24). 

Repeated ECT markedly enhances the 
stimulation of cyclic AMP levels in corti- 
cal slices by norepinephrine in the pres- 
ence of adenosine (25). Similarly, recent 
electrophysiological and behavioral 
studies have shown enhanced a-adrener- 
gic (26), serotonergic (27), and dopamin- 
ergic (28) responsiveness in the brain 
after long-term antidepressant treat- 
ment. It would be of particular interest to 
examine the role of G unit alterations in 
these effects as  a means of integrating 
data on receptor binding with data on the 
physiological and behavioral effects of 
antidepressant treatment. 
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Abstract. The biologicully active fragment of parathyroid hormone, consisting of 
residues 1-34, and its in vitro antagonist, fragment 3-34, were ildministered 
separately or in combination to chronically thyroparathyroidectomized dogs. These 
fragments were a l ~ o  studied in vitro with dog renal cortical membranes. Fragment 3- 
34 inhibited the stimulation of adenylate cyclase by fragment 1-34 in vitro, but had 
no agonist or antagonistic e fec t s  on renal phosphate transport in vivo. 

The native bovine parathyroid hor- 
mone (bPTH) molecule is a single-chain 
polypeptide of 84 amino acids. Many of 
its biological effects, however, can be 
reproduced by the first 34 residues at  the 
amino terminus, bPTH-(1-34) (1, 2). The 
1-34 fragment can thus increase urinary 
phosphate excretion ( I ) ,  increase the ex- 
cretion of adenosine 3',5'-monophos- 
phate (cyclic AMP) (I) ,  mobilize calcium 
from bone (1, 2), and stimulate the ade- 
nylate cyclase system in vitro in both rat 
renal cortex and calvaria (1, 2). Further- 
more, its potency is equal to that of the 
native molecule (on a molar basis) in 

most bioassays of parathyroid hormone 
action. Removal of the first two amino 
acid residues, to produce bPTH-(3-34), 
not only results in the loss of these 
agonist properties of the molecule, but 
produces a fragment that is antagonistic 
in vitro to both the 1-34 and 1-84 hor- 
mone molecule. This inhibitory effect 
has been demonstrated in the rat renal 
cortex adenylate cyclase system of the 
rat renal cortex (3, 4). Modification of 
the 3-34 fragment, [Nle-8, Nle-18, Tyr- 
34lbPTH-(3-34)-amide [sub-bPTH-(3- 
34)], produces a more potent and more 
stable antagonist (4). 
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