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A pivotal role for serotonin (5HT) in the regulation of beta adrenoceptors by antidepressants: 
reversibility of the action of parachlorophenylalanine by 5-hydroxytroptophan I 

D.H. Manier, D.D. Gillespie, L.R. Steranka ~ and F. Sulser 

Tennessee Neuropsychiatric Institute and Vanderbilt University, School of Medicine, Department of Pharmacology, 
Nashville (Tennessee 37232, USA), 25 January 1984 

Summary. An acute reduction in the synaptic availability of serotonin (5HT) by p-chlorophenlalanine (PCPA) 
nullifies the decrease in the density of cortical beta adrenoceptors caused by desipramine (DMI) but does not 
appreciably alter the attenuation of the norepinephrine (NE) sensitive adenylate cyclase. The analysis of competi- 
tion-binding curves of [3H]-dihydroalprenolol shows that the affinity of the agonist (-)-isoproterenol for cortical 
beta adrenoceptors is profoundly reduced following PCPA. This reduction in agonist affinity is enhanced by DMI. 
Resupplying 5HT by by-passing trptophan hydroxylase inhibition, by administering 5-hydroxytryptophan, con- 
verts a DMI non-responsive to a DMI responsive beta adrenoceptor population and shifts the markedly decreased 
agonist affinity towards the affinity values found in control preparations. The results demonstrate the pivotal role 
of 5HT in the regulation of the density and agonist affinity characteristics of cortical beta adrenoceptors and 
contribute to the scientific basis of the 'serotonin-norepinephrine link hypothesis' of affective disorders. 
Key words. Cortical beta adrenoceptors; density; agonist affinity; role of serotonin; desipramine; p-chloro- 
phenylalanine; 5-hydroxytryptophan. 

Clinically effective antidepressant treatments - pharma- 
cotherapy and ECT - cause, upon administration on a 
clinically relevant time basis, an attenuation of the 

norepinephrine (NE) sensitive adenylate cyclase in brain 
that is generally linked to a down-regulation of the 
density of beta adrenoceptors =. Experimental evidence 
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indicates that an unhindered synaptic availability of NE 
at the receptor is one prerequisite for desensitization by 
antidepressants of the NE sensitive adenylate cyclase 
system in brain 8'~2,~3,17,1s,24 More recent studies have 
generated evidence for a co-requirement of an intact 
serotonergic neuronal input for down-regulation of beta 
adrenoceptors by tricyclic antidepressants 3' 5.9. 
The present studies were undertaken to ascertain 
whether a more acute change in the synaptic availability 
of serotonin (5HT) would interfere with antidepressant- 
induced changes in the density and the functional char- 
acteristics of cortical beta adrenoceptors and whether or 
not such changes are reversible. A rapid reversibility of 
beta adrenoceptor number and function in brain as a 
consequence of changes in the synaptic availability of 
5HT would facilitate future studies on molecular mech- 
anisms involved in the reduction of beta adrenoceptors 
during the process of homologous desensitization of 
this receptor-coupled adenylate cyclase system. 

Methods 

Male Sprague-Dawley rats (180-200 g) from Harlan In- 
dustries (Indianapolis, Indiana, USA) were used in all 
experiments. The animals were maintained under stan- 
dard laboratory conditions with a t2-h light-dark cycle 
and with free access to water and pelleted standard rat 
chow. The status of beta adrenoceptors was determined 
according to Bylund and Snyder 4 using [3H]-dihydro-al- 
prenolol ([3H]-DHA; New England Nuclear Corpora- 
tion, Boston, Massachusetts, USA: specific activity ap- 
proximately 45 Ci/mmole) as the ligand. Specific [3H]- 
DHA binding represents total binding minus nonspeci- 
fic binding in the presence of 10 gM d,l-propranolol. 
Bma x and Kd values were determined by Scatchard analy- 
sis ~6 using concentrations of [3H]-DHA ranging from 
0.25 to 5.0 nM. Competition-binding curves for inhibi- 
tion of specific [3H]-DHA binding by (-)-isoproterenol 
were constructed using a concentration of 2-3 nM [3H]- 
DHA and (-)-isoproterenol over a range from 0.001 to 
100 gM. The response of the NE sensitive adenylate 
cyclase was determined in slices of the rat cortex. The 
cortex was sliced with a McIlwain tissue chopper at 
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0.3-mm intervals in a single plane. The slices were incu- 
bated in Krebs-Ringer bicarbonate buffer (approxi- 
mately 50 mg of tissue/ml buffer) at 37 ~ pH 7.4 with 
95% 02, 5 % CO2 being bubbled into each incubation 
vessel. After 30 min, the buffer was changed and after 
an additional 15 min of incubation, NE (100 gM) was 
added. 10 min after the addition of NE, the buffer solu- 
tion was removed by aspiration and the slices were fro- 
zen by liquid nitrogen and homogenized in 3.5 ml of ice 
cold 0.3 M perchloric acid using a Polytron homoge- 
nizer. Cyclic AMP was isolated by ion exchange 
chromatography as previously described 2 and assayed 
according to Gilman 7. Protein was determined in 0.5-ml 
aliquots of the perchloric acid homogenate according to 
Lowry et al. ~~ The biogenic amines, NE and 5HT, were 
analyzed using high pressure liquid chromatography 
with electrochemical detection as previously described 
in detail ~4. 

Results 

To test whether an acute reduction in the synaptic avail- 
ability of 5HT would interfere with DMI-induced 
changes in beta adrenoceptor number and function, we 
examined the consequences of tryptophan hydroxylase 
inhibition by p-chlorophenylalanine (PCPA) on the 
DMI induced down-regulation of beta adrenoceptors 
and the attenuation of the NE sensitive adenylate cy- 
clase. As can be seen in the figure, PCPA (400 mg/kg 
i.p.) nullified within two days the DMI-induced de- 
crease in the density of beta adrenoceptors but did not 
appreciably alter the attenuation of the NE sensitive 
adenylate cyclase. (400 mg PCPA/kg/day for two days 
reduced the concentration of 5HT in cortex from 
236 4- 16 (14) to 25 :t: 3 (15) ng/g while the concentra- 
tion of NE declined from 248 + 9 (10) to 171 4- 10 (9) 
ng/g.) The analysis of competition-binding curves 
reveals that cortical beta adrenoceptor preparations 
from PCPA-treated animals display a marked decrease 
in the affinity for the agonist (-)-isoproterenol. As in 
cortical tissue from animals with lesions due to 5, 7-di- 
hydroxytryptamine ~, this reduction in agonist affinity is 
accentuated in cortical membrane preparations from 

Role of serotonin in the regulation of number and function of 13-adrenoceptors by DMI 

[3H]-DHA binding IC50 
Bmax K d ( - )-isoproterenol 
(fmoles/mg protein • SEM) % control (nM • SEM) (BM 4- SEM) 

A) Normal control 
Saline 180 • 7 (12) 100 1.40 • 0,11 0,40• (13) 
DMI 116 • 9 (10) ~ 64 a 1.25 • 0.14 0,44 • 0.03 (6) 

B) PCPA-treated 
Saline 238 • l0 (4) d 100 1.49 • 0.14 2,49 4- 0.54 (6) d 
DMI 216 + 12 (12) (NS) 91 2.14 + 0.24 c 7,48 • 1.46 (7) e 
5HTP + DMI 151 • 3 (7) b 63 b 1.93 • 0.25 0.85 • 0.14 (6) b 

A: Control animals were given DMI (15 mg/kg twice daily for two days) and 15 mg/kg/day for an additional two days. The animals were sacrificed 
24 h after the last dose of the drug and Scatchard analyses and competition binding curves performed as described under methods. The IC50 value 
designates the concentration of ( - )-isoproterenol that displaces 50% of [3H]-DHA. 
B: Animals were given DMI as above. At day 3, PCPA (200 mg/kg/day) or PCPA + 5HTP (100 mg/kg/day) were administered for two days and 
the animals were sacrificed 24 h after the last dose of the drugs and the characteristics of beta adrenoceptors determined as described under 
methods. Numbers in parentheses indicate the number of animals. 
ap < 0.001, DMI vs saline; bp < 0.001, 5HTP + DMI vs DMI; ep < 0.05, DMI vs saline; dp < 0.005, PCPA vs saline controls;ep < 0.001, DMI vs 
saline. 
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animals which were concomitantly treated with DMI. 
Thus, the ICs0 value for (-)-isoproterenol increased 
from 0.40 :k 0.03 pM (saline) to 2.49 + 0.54 pM (PCPA) 
to 7.48 + 1.46 pM (PCPA+DMI) (table). 
To delineate more precisely the role of 5HT in the regu- 
lation of density and agonist affinity of beta adrenocep- 
tots, we aimed to restore the PCPA-induced decreases 
in synaptic availability of 5HT by administering 5-hy- 
droxytryptophan (5HTP). The data in the table, B, 
demonstrate that such a procedure converts a DM1- 
nonresponsive to a DMI-responsive beta adrenoceptor 
population, i.e. DMI reduces the number of beta adre- 
noceptors to about the same extent as in saline treated 
control animals (63 and 64%, respectively, of corre- 
sponding control values). Moreover, the profound de- 
crease in agonist affinity of beta adrenoceptors in 
PCPA-treated animals given DMI (ICs0 7.48 zL 1.46 
pM) is also 'reversed' by 5HTP. The ICs0 value of (-)-  
isoproterenol (0.85 + 0.14 pM) now approaches affinity 
values of control preparations (table, A and B). 

Discussion 

Since PCPA, unlike the neurotoxin 5,7-dihydroxy- 
tryptamine, does not alter the concentration of sub- 
stance P, or TRH 6 - peptides which may function as 
co-transmitters - the experimental data presented in this 
paper provide unequivocal evidence for the co-require- 
ment of the synaptic availability of 5HT in the process 
of down-regulation of central beta adrenoceptors by 
DMI. It is noteworthy that the rather acute reduction in 
the synaptic availability of 5HT by PCPA nullified the 
DMI-induced down-regulation of beta adrenoceptors 
within two days despite the continuous administration 
of the tricyclic antidepressant, but did not reverse the 
attenuation of the NE sensitive adenylate cyclase. This 
dissociation between the density of beta adrenoceptors 
and the neurohormonal responsiveness is of interest as 
it emphasizes that ligand binding data do not neces- 
sarily reflect the functional status of a receptor system. 
The results indicate that a reduction in the synaptic 
availability of 5HT makes beta adrenoceptors not only 
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Effect of p-chlorophenylalanine (PCPA) on desipramine (DMI)-induced 
changes in density of/~-adrenoceptors (A) and responsiveness of the 
norepinephrine (NE) sensitive adenylate cyelase (B). DMI was adminis- 
tered daily (10 mg/kg i.p. twice a day) for five days. PCPA (400 mg/kg 
i.p.) was administered for two days (day 4 and day 5). The rats were 
sacrificed 24 h after the last dose of the drugs. The cyclic AMP response 
represents the stimulated level of cyclic AMP (100 pM NE) minus the 
basal level which varied between 12.3 and 29.9 pmoles/mg protein. The 
number of animals in each experimental group varied from 4 to 8. 

'non-regulatabte ~ by DMI but somewhat less 'func- 
tional'. The slight but significant increase in the number 
of beta adrenoceptors following PCPA could be the 
consequence of the drug's effect on the concentration of 
NE. 
Considering the marked changes in beta adrenoceptor 
characteristics following PCPA, it appears that beta 
adrenoceptor agonists are less potent under conditions 
of impaired serotonergic neuronal activity. It is impor- 
tant that resupplying 5HT by by-passing the trypto- 
phan hydroxylase inhibition converted a DMI-resistant 
to a DMI-responsive beta adrenoceptor population and 
'normalized' the profound decrease in agonist affinity 
for these receptors. Although the molecular basis of the 
regulation of density and affinity of beta adrenoceptors 
in brain remains to be elucidated, the demonstrated 
rapid reversibility of the number and characteristics of 
beta adrenoceptors as a function of the availability of 
5HT provides an experimental opportunity to probe 
into molecular mechanisms of the fine regulation of NE 
receptor density and function. Since the DMI induced 
down-regulation of beta adrenoceptors is rapidly re- 
versible in vivo, the apparent loss of receptors is more 
likely due to conformational alterations of the receptor 
in the phospholipid bilayer that distort the recognition 
site for the radioligand rather than to an actual loss, 
perhaps by internalization and lysosomal degradation, 
as has been described for a variety of peptide hor- 
mones 15. With regard to agonist-induced dense- 
nsitization of beta adrenoceptors in frog erythrocytes, 
Stadel et al. 2~ have provided evidence that beta adreno- 
ceptors are moved into a sequestered vesicle compart- 
ment from which they can recycle to the cell surface. An 
extrapolation from such in vitro models in erythrocytes 
to neuronal beta adrenoceptor systems in brain is, how- 
ever, not possible at this time. 
The demonstration that PCPA nullifies within two days 
the action of DMI on the density of beta adrenoceptors 
is of clinical interest as Shopsin et al. ~9'2~ have reported 
that PCPA nullifies within two days the therapeutic effi- 
cacy of tricyclic antidepressants and MAO inhibitors in 
patients with bipolar and unipolar depressions. Assum- 
ing that the delayed down-regulation of beta adreno- 
ceptors by antidepressant treatments indeed reflects a 
therapeutically relevant biochemical action, the experi- 
mental results presented in this paper provide a scienti- 
fic rationale for the clinical observations. Moreover, the 
present results generate support for the 'serotonin-nore- 
pinephrine link hypothesis' of affective disorders 23. 
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Sex differences in human circadian rhythms: Intrinsic periods and sleep fractions 
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Summary. The per iod  of  f r ee runn ing  c i rcadian rhy thms  is s ignif icantly shorter  and  the f rac t ion of  sleep is signi- 
f icantly larger in h u m a n  females t h a n  in males,  as long as the rhy thms  r u n  in ternal ly  synchronized.  The sex 
difference in  the per iod  could  be a proper ty  either of  the whole  c i rcadian system or of  only  one of  the oscillators in 
a mul t i -osci l la tor  system. The  sex difference in  the sleep f rac t ion could  be a fixed proper ty  of  the sleep-wake 
r h y t h m  or could  depend  on  in terac t ions  in the mul t i -osci l la tor  system. To  investigate these quest ions,  a sample of  
33 long- te rm experiments ,  in  which the rhy thms  ran  in terna l ly  synchronized  in  one section and  in terna l ly  desynch- 
ronized in  ano the r  section, were analyzed.  The per iods of  rhy thms  in  rectal t empera ture  were different in females 
and  males du r ing  in te rna l  synchroniza t ion ,  b u t  became ident ical  dur ing  in te rna l  desynchroniza t ion .  In  contras t ,  sex 
differences in  sleep-wake per iods were more  p r o n o u n c e d  when  the rhy thms  were desynchronized  t han  when  they 
were in ternal ly  synchronized.  This  result  provides evidence that  the sex difference in per iodici ty  is a proper ty  only 
of  the sleep-wake rh y t h m;  the intr insic  periods of  t empera ture  rhy thms  are ident ical  in  females a n d  males,  whereas 
those of  sleep-wake rhy thms  are dist inctly shorter  in females t h a n  in males.  In  the state of  in te rna l  synchroniza t ion ,  
the jo in t  per iod is a compromise  be tween the intr insic  per iods of  the rhy thms  involved,  and  therefore it  shows a 
small  bu t  s ignif icant  sex difference. Moreover ,  the t rans i t ion  f rom in terna l ly  synchronized  to desynchronized  
rhy thms  is combined  wi th  a highly s ignif icant  reduc t ion  in  the sleep fract ion,  which is cons iderably  greater in 
females t han  in  males.  These results suggest tha t  the occurrence of  in te rna l  desynchron iza t ion  s trongly affects the 
sleep-wake rhy thm,  an d  tha t  the inf luence of  r h y t h m  disorders  is cons iderab ly  greater in females t han  in males. 
Key words. Circad ian  rhy thms ;  sex difference; sleep. 


