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F o r  m a n y  y e a r s  o u r  u n d e r s t a n d i n g  o f  h o w  i m i p r a -  

m i n e  r e l i eves  s o m e  s y m p t o m s  o f  d e p r e s s i o n  a n d  o u r  

t h e o r i e s  o n  t he  e t i o l o g y  o f  a f f e c t i v e  d i s o r d e r s  h a v e  

p r o g r e s s e d  ' p a r i  p a s s u ' ,  a l m o s t  as i f  p h a r m a c o l o g y  

was  l e a d i n g  t h e  way .  T h i s  a s s o c i a t i o n  b e g a n  w h e n  it 

was  d i s c o v e r e d  t h a t  i m i p r a m i n e  b l o c k s  t h e  u p t a k e  o f  

c a t e c h o l a m i n e s  a n d  r e l i eves  t h e  s y m p t o m s  o f  d e p r e s -  

s ion.  T h i s  o b s e r v a t i o n  s u g g e s t e d  t h a t  i m i p r a m i n e  
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relieves the symptoms of depression because it inhi- 
bits norepinephrine (NE) uptake 1,2, thereby implying 
that a functional deficiency of adrenergic synapses is 
the cause of the symptoms 3. When it was reported 
that chlorimipramine, which blocks serotonin (5HT) 
uptake with some selectivity also relieves the symp- 
toms of depression, it was suggested that perhaps in 
certain forms of depression a deficit in serotonergic 
transmission 4 could be operative. Both theories lost 
appeal when it was considered that antidepressants 
block monoamine uptake almost instantaneously af- 
ter their injection, but it takes 2-3 weeks of treatment 
before they ameliorate the symptoms of depression 1. 
This realization gave relevance to the time constant as 
a factor to be considered in the correlation between 
pharmacological activity and mechanism of the 
therapeutic action of antidepressants. Since then, any 
new model to study the biochemical mechanism 
mediating the therapeutic action of antidepressants 
requires that the imipramine action to be considered 
appears after a latency of at least 10 days of treatment 
with daily doses of the drug. 

It has been reported by various laboratories that in 
the brain of rats receiving repeated daily treatments 
with various typical antidepressants including imipra- 
mine, there is an attenuation of the increase in the 
activity of adenylate cyclase elicited by the addition to 
cortical slices or plasma membranes of isoproterenol 
or NE 5 9. Furthermore, a long term treatment sche- 
dule with antidepressants can decrease the density of 
beta-adrenergic binding sites located in crude synap- 
tic membranes prepared from brain 5-18. This attenua- 
tion of beta-adrenergic receptor function appears 
after a time latency similar to that for the therapeutic 
action of various antidepressants therapies. A reduc- 
tion in brain beta-adrenergic receptors function is 
elicited also by other therapies effective in the treat- 
ment of depression, such as the administration of 
MAO inhibitiors 12,14,18, electroconvulsive shock 6 and 
deprivation of rapid eye movement sleep 6. 

The discovery by Langer and his collaborators that 
specific and high affinity binding sites for 3H-imipra- 
mine are located in brain synaptic membranes ~9-2~ 
has provided a novel approach to study the molecular 
mechanisms that are operative in the imipramine 
action. These high affinity binding sites for 3H-imip- 
famine are recognized also by structurally related 
typical tricyclic antidepressants such as desipramine, 
amitryptiline, etc. 19-al, but are different from any of 
the high affinity recognition sites for known putative 
neurotransmitters x9,2~ When it was shown that imip- 
ramine binding sites are located on serotonergic 
axons 22,23 where they might be associated with the 
5HT uptake mechanism 9,24, it became clear that the 
primary action of imipramine was on serotonergic 
transmission. The uptake of 5HT regulates receptor 
function by terminating the occupancy by the endoge- 

nous effector of the 5HT recognition sites located 
postsynaptically. This background information 
prompted studies to establish whether the imipramine 
modulation of the beta-adrenergic synapses required 
both the 5HT and NE axons. The necessity of intact 
NE axons was documented by showing that in rats 
with unilateral destruction of locus coeruleus 25 the 
down regulation of beta-adrenergic receptors caused 
by desipramine or iprindole was abolished unilateral- 
ly. The necessity of intact 5HT axons was documented 
by showing that in the cortex and hippocampus of rats 
with selective lesions of brain 5HT axons, there was 
no down regulation of beta-adrenergic receptor func- 
tion following a long term treatment with desipra- 
mine 5 or imipramine 9. The lesion of serotonergic axon 
terminals was elicited by a treatment with 5,7-dihy- 
droxytryptamine given 40 min after an injection of 
desipramine or nisoxetine. The latter treatment was 
necessary to emphasize the selectivity of the lesion by 
inhibiting the toxin uptake by noradrenergic axons 26. 
This information prompted studies of the molecular 
nature of the action of imipramine; obviously a great 
attention was centered on the site where imipramine 
binds with high affinity. 

Several lines of evidence strongly suggest that 3H- 
imipramine does not bind to the molecule that recog- 
nizes 5HT in the uptake process; perhaps, imipramine 
binds to a regulatory site that interacts with the 5HT 
carrier transport protein 9. This view is supported by 1. 
the greater potency of imipramine in displacing 
3H-imipramine from synaptic membrane binding sites 
when compared with its potency to displace bound 
3H-5HT24; 2. the dissociation between the number of 
5HT uptake sites and Bm~ X of imipramine binding in 
the platelets of alcoholic cirrhotic patients27; 3. the 
consistent association between the reduction in the 
number of imipramine binding sites elicited by daily 
injections of imipramine 9, J6,28 or desipramine 9,28,29 
and the increase in the Vmax for 5HT uptake 9. All 
these observations taken together suggest that imipra- 
mine might act and label an allosteric site where an 
endogenous effector may act to control the uptake of 
5HT in a negative manner. This endogenous effec- 
tor(s) may be released intermittently from 5HT nerve 
terminals or other axons, to inhibit the uptake of 5HT 
into 5HT terminals 9. Identification and purification of 
this endogenous effector is now in progress in our 
laboratory. The question then arises as to the quality 
of the action on serotonergic synaptic function elicited 
by long term daily injections of imipramine. The data 
available seem to indicate that this action is biphasic. 
Immediately after the first injection of imipramine the 
5HT uptake is inhibited and presumably the transmis- 
sion in serotonergic synapses could be enhanced. 
After  daily injections, the drug reduces the number of 
specific binding sites for 3H-imipramine and presum- 
ably the sites that mediate the physiological action of 
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the endogenous modulator of 5HT uptake are also 
reduced. Since the number of modulatory sites is 
reduced the overall reuptake of 5HT could be facili- 
tated because one might infer that when a number of 
5HT uptake sites are deprived of the site where the 
endogenous inhibitory modulator acts, a given quan- 
tum of 5HT released from a terminal causes a reduced 
postsynaptic response because a greater amount of 
5HT is promptly taken up into 5HT axons. It can be 
argued that this decrease in serotonergic transmission 
elicited by a long term treatment with imipramine is 
responsible for the attenuation of the beta-adrenergic 
synaptic function caused by long term treatment with 
this drug. The question then comes as to why a 
destruction of 5HT terminals fails to change the beta- 
adrenergic receptor function 5,3~ whereas a reduction 
of serotonergic function elicited by imipramine atten- 
uates beta-adrenergic transmission. At this time, we 
do not have all the elements to explain this apparent 
discrepancy but we can postulate a working model to 
study this process (fig.). This model assumes that an 
interneuronal system links 5HT and NE neurons. 
Since it is currently believed that the serotonergic 
neurons function as pace makers 3~, they may tonically 
sustain the intermittent firing rate of  the interneuron 
which, in turn, excites noradrenergic cells. This infer- 
ence imposes that without the serotonergic action, the 
interneuron will be inert, and NE axons will be 
modulated by other inputs. 
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The model of the figure takes into consideration the 
possibility that serotonergic axons produce 2 chemical 
signals and each signal acts on a different synaptic 
complex. One synapse is serotonergic, the other has 
2 specific recognition sites, one for the signal pro- 
duced by the 5HT axon and another to which bind 
ketanserin or spiroperidol, etc. The latter is called 
5HT 2 receptor and is modulated by the effector 
produced by 5HT axons which binds on mianserin 
binding site. This model is in keeping with the 
increase in the Bma x of  mianserin binding caused by a 
lesion of the serotonergic axons 22~32 and with the 
decrease in the Bm~x of 5HT2 binding site caused by 
several antidepressants 18. Mianserin is another anti- 
depressant which like imipramine down regulates 
beta-adrenergic receptor function 6 but it acts postsy- 
naptically to 5HT axons 22. Thus the supramolecular 
structure of 5HT synapses may include 2 units each 
one formed by a number  of subnnits. The 2 units are 
located in the membrane of the interneuron but only 
one of  these units (fig., No. 1) is under the control of 
the 5HT uptake system which is affected by imipra- 
mine. The other (fig., No. 2) receives a chemical signal 
(cotransmitter?) from the 5HT axons which acts on 
the mianserin binding sites to modulate the 5HT 2 
recognition site (fig., No. 3). An excessive activation of 
receptor No.2 of the figure, induced by long term 
imipramine through a release of the putative cotrans- 
mitter, causes a down regulation of 5HTa recognition 
sites. Mianserin and perhaps iprindole down regulate 
5HT 2 because they mimic the cotransmitter which the 
model of the figure assumes to be released from the 
5HT axons. One can infer that the pace maker 
function promoted by the serotonergic innervation is 
mediated by the cotransmitter produced by the sero- 
tonergic axons that acts on mianserin recognition sites 
(fig., No.2). When the 5HT uptake is increased as a 
result of long term treatment with imipramine, the 
firing rate of 5HT axons may be increased to compen- 
sate the rapid regulation of 5HT. Hence the release of 
the endogenous agonist for the mianserin recognition 
site might be increased and thereby the pace maker 
function results accentuated. Accentuation of the pace 
maker function causes an excessive increase of sympa- 
thetic tone and an attenuation of beta-adrenergic 
receptor responsiveness. If  there are no 5HT axons 
because they are destroyed there is no pace maker 
function and the NE receptor is not down regulated 
because the sympathetic tone is not increased 5. 
However, even in the absence of 5HT axons the 
interneuron of the figure will still be activated by 
mianserin. The identification of the endogenous effec- 
tor of the mianserin recognition site which may play a 
pivotal role in noradrenergic axon modulation, is 
currently being pursued in this laboratory. 
Recently, Janowsky and coworkers 33 have confirmed 
that a lesion of  brain serotonergic axon terminals with 
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5,7-dihydroxytryptamine prevents the down regula- 
tion of beta-adrenergic receptor binding sites elicited 
by desipramine. However, they reported that in rats 
receiving desipramine the down regulation of the 
isoproterenol sensitive adenylate cyclase could not be 
modified by the lesion. It is important to note that in 
Janowsky's report 33 the 5HT lesion increases the 
number of  beta-adrenergic receptors. We fail to un- 
derstand how an increase in the number of beta- 
adrenergic receptors is associated with a decrease in 
the receptor response to NE; such a dissociation was 
never reported to occur by other authors and goes 
against the present understanding of receptor func- 
tion. 
In conclusion the attenuation of cortical and hippo- 
campal beta-adrenergic receptor function elicited by 
imipramine or desipramine requires the function of 
intact 5HT nerve endings 5. Since a long term adminis- 
tration of  imipramine or desipramine decreases the 
density of imipramine binding sites located on sero- 
tonergic axon-terminals and as a result enhances the 
uptake of 5HT into brain minces 9, one may surmise 
that a long term daily treatment with imipramine or 
desipramine decreases the amount of 5HT available 
at the synaptic cleft. Consequently, a smaller fraction 
of the 5HT released by the nerve impulse is available 
to activate the postsynaptic receptors, resulting in a 
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decrease in the serotonergic transmission. The model 
of the figure implies that a decrease in serotonergic 
transmission triggers a compensatory increase in 5HT 
neuronal firing. Thus, 5HT and its cotransmitter are 
released at higher rates from serotonergic axons. The 
cotransmitter acts on mianserin binding sites and is 
the effector of the pace maker function that activates 
the interneuronal system that connects the 5HT with 
NE neurons (fig.). The release of  this effector is 
obligatory for the down regulation of brain beta- 
adrenergic receptors elicited by imipramine, desipra- 
mine and other drugs acting on presynaptic imipra- 
mine binding sites. However mianserin mimics this 
activator and acts also without 5HT axons. According 
to the model of the figure, the function of the inter- 
neurons that modulate the interaction between NE 
and 5HT neurons leads to a balanced mood; depres- 
sion may be associated with an impairment in the 
function of the interneurons which regulate the func- 
tional equilibrium between 5HT and NE systems. It is 
postulated that imipramine and desipramine relieve 
the symptoms of depression because they down regu- 
late an increased responsiveness of  beta-adrenergic 
receptors that might be associated with depression. 
This action depends on a modification of 5HT trans- 
mission mediated by their binding to the regulatory 
site of  the 5HT uptake. 
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