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ABSTRACT - Advances in clinical and basic research methodology combined with 
clearly articulated concepts create new opportunities for researching the roles of 
cholinergic mechanisms in the pathophysiology of affective disorders. Areas for 
study include: 1)  roles of cholinergic mechanisms in mediating effects of stress and 
cholinergic mechanisms linking the pathophysiologies of affective and panic disor- 
ders, 2) use of pharmacologic agents to produce cholinergic system supersensitivity in 
modeling biologic aspects of affective illness, 3) use of multigenerational intra.. 
pedigree studies of cholinergic markers associated with affective disease, 4) research 
into the neurobiology of lithium and ECT as they pertain to muscarinic cholinergic 
mechanisms, 5 )  study of the interrelationship of sodium, calcium and lithium ion 
metabolism and their relationship to cholinergic-monoaminergic interaction, 6) the 
development of brain imaging strategies and techniques, e.g., positron emission 
tomography (PET), to measure changes in cholinergic receptor density and affinity 
as  a function of clinical state, 7) identification and validation of a peripheral model 
of the central muscarinic receptor, 8) study of the pharmacology of abusable 
substances and its relationship to  mechanisms regulating mood, affect, psychomotor 
function and other variables related to the affective disorders, and 9) development of 
in vitro and in vivo models useful in studying the physiology and biochemistry of the 
interaction of cholinergic and monoaminergic neurons. These models may allow us 
to bridge the traditional cholinergic and monoamine hypotheses of affective disor- 
ders. 
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Research into the pathophysiology of affective dis- 
orders tends to focus on disturbances of cholinergic 
or  monoaminergic mechanisms. “In the limit” 
investigations must consider interaction of these 
neurotransmitter systems but for practical and 
heuristic purposes it is possible to  isolate them. This 
article highlights areas for future attention by those 
interested in cholinergic mechanisms involved in 
the pathophysiology of affective disorders. 

1. Cholinergic mechanisms as mediators of the 
effects of stress and affective disorders 

The dichotomization of depression as biological 
or psychological is problematic. The stereotypi- 
cal melancholic or endogenous episode can occur 
without situational provocation. However, sub- 
jects with affective disorders may have an 
unsituationally related episode of melancholia at 



CHOLINERGIC MECHANISMS IN AFFECTIVE DISORDERS 3 13 

one point in life and another occurring in strong 
association with a major life event at another. 
Both can be biological and psychological events. 
Weiss et al. (1) reported that an uncontrollable 
stressor, a phenomenon often reductionistically 
conceived as being “psychological in nature,” 
produced a fall in the concentration of the brain 
biogenic amines. This is supposed to be a feature 
of a “biological” depression. Lloyd (2) reviewed 
studies examining the hypothesis: life events pre- 
cipitate depressive disorders. He found that rela- 
tive risk of illness is increased five- to six-fold in 
the 6 months after a major life event. Kennedy et 
al. (3) found a two-fold increase in life events 
during the 4 months preceding hospitalization in 
a cohort of 20 manic patients. Events carrying a 
significant negative impact were more common 
among manic subjects independent of clinical 
status. Rasmussen et al. (4) observed a case of 
“loss-induced” depression in an adult Macaque 
monkey after a miscarriage. The animal devel- 
oped anorexia, psychomotor retardation, weight 
loss and poor grooming. After several weeks 
without improvement, she was treated with 
amitriptyline, 5 mg/kg. Within a week she 
became active and resumed eating and grooming. 
The “stress” of reintroduction into her usual 
social environment was associated with a recur- 
rence, but symptoms abated within 2 weeks. Her 
closest companion was then removed from the 
colony. Once again she developed features of 
melancholia (5). These points highlight the diffi- 
culty of categorically distinguishing the psychol- 
ogical and biological. What appears to have a 
psychological cause can have a biological basis. 
Further, published data and clinical experience 
both suggest that affective disorder subjects are 
at an increased risk for development of manic or 
depressive episodes in the face of stresses due to 
their neurobiological peculiarities. 

Janowsky and associates (6-8) proposed that 
effects of acute and chronic stress are partially 
mediated by central muscarinic systems with 
capacities to activate adrenergic networks. 
Acetylcholine is unique among known neuro- 
transmitters in its ability to simultaneously pro- 
duce behavioral, cardiovascular, neuroendocrine 
and noradrenergic effects typifying stress. Aber- 
rant cholinergic mechanisms are also involved in 

the pathophysiology of the affectibe disorders 
and regulation of mood (9, 10). This includes 
genesis of the phenomenology and neuroen- 
docrinology and polysomnographic abnor- 
malities of these conditions. Secondly, central 
cholinergic sy5tems participate in regulation of 
blood pressure and heart rate (11-13). Thus, 
affective, neuroendocrine, sleep and autonomic 
changes following acute or chronic stress could 
have a cholinergic component. 

The reason stress increases the frequencies of 
depressive and manic episodes is unknown. How- 
ever, this observation can be explained within the 
context of a cholinergic-monoaminergic interac- 
tion theory (9). This model predisposes that an 
abiding supersensitivity of cholinergic systems 
renders affective disorders subjects liable to 
developing depressive and manic episodes. Pri- 
mary components in  this account are an inhibi- 
tory cholinergic system and activatory mono- 
aminergic network. Depressive phases are mark- 
ed by “cholinergic overdrive” and mania by 
a hypocholinergic-hypermonoaminergic state. 
However, cholinergic systems are unusually per- 
turbable in every phase in bipolar subjects. Dur- 
ing depressed phases, there is a drive toward 
compensatory down-regulation and subsensitivity 
of cholinergic and up-regulation and supersen- 
sitivity of monoaminergic systems. The reverse 
characterizes the switch from mania to depres- 
sion. This model emphasizes dysfunction of 
homeostatic mechanisms and imbalance between 
the cholinergic and monoaminergic systems as 
pathogenic forces. Stressors further activating 
overly driven cholinergic systems can incline the 
organism to development of mania due to dys- 
function of these homeostatic mechanisms. That 
is, the more effective cholinergic systems are in 
provoking compensatory or restorative responses 
in cholinergic systems (down-regulation and sub- 
sensitivity) the greater the probability of a “para- 
doxical” mania occurring. 

Aberrant cholinergic mechanisms, affective 
disorders and panic disorder may be related. 
Nearly 50 years ago, Lindemann & Finesinger 
(14) reported that norepinephrine and meth- 
acholine produced panic attacks. Thus, both 
cholinergic and aminergic drugs have been shown 
to produce panic. These observations are consis- 
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tent with our understanding of the physiology of 
the autonomic nerkous system. For example, 
muscarinic agonists precipitate release of cate- 
cholamines from the adrenal medulla and cardiac 
tissue (15). This cholinergic effect is so potent 
that aha t  is initially a hypercholinergic state can 
terminate in a hyperadrenergic state. I t  is quite 
possible panic disorder has a cholinergic compo- 
nent. The literature pertaining to this topic was 
recently discussed elsewhere (16). 

The major affective and anxiety disorders are 
statistically associated. Major depression com- 
bined with panic disorder in index probands is 
associated with a marked increase i n  risk for 
both major depression and panic disorder in first 
degree relatives (17). Leckman et al. (17) sug- 
gested that panic disorder and major depression 
may have a common diathesis. While not the 
same disease, they may have a coinherited com- 
ponent. 

The pathophysiology of panic could involve 
the central nervous system, peripheral nervous 
system or both. First, a marked increase in cho- 
linergic transmission has several effects on the 
cardiovascular system. Vasodilatation typically 
occurs with an ensuing drop in blood pressure, 
decreased heart rate and a reduction in myocar- 
dial contractility (15). These initial changes are 
generally blocked by acetylcholine-mediated 
release of catecholamines from cardiac and 
extracardiac tissues and a reflex blunting of the 
direct effects of cholinergic overdrive. For exam- 
ple, small doses of intravenously administered 
acetylcholine produce a fall in blood pressure 
due to generalized vasodilatation. However, this 
is accompanied by reflex tachycardia and fol- 
lowed by vasoconstriction via a baroreceptor 
response in animals. In sufficient doses, acetyl- 
choline stimulates the release of catecholamines 
from cardiac stores and the adrenal medulla and 
activates sympathetic ganglia. At this juncture 
the animal is no longer in a hypercholinergic 
state - cholinergic overdrive has produced sec- 
ondary adrenergic overdrive. Both panic episodes 
and cardiac arrhythmias, features of great stress, 
might be expected to result from this. This model 
accords with findings that catechoaminergic 
agents precipitate panic attacks (18). 

Cholinergic mechanisms also mobilize brain 

aminergic systems (Section 9). Acetylcholine 
receptors mediate release of biogenic amines. 
Central adrenergic systems (9), some o f  which 
are subject to cholinergic influences, are incolved 
in regulation of blood pressure, pulse, and anx- 
iety. Cholinergic mechanisms may be important 
in the pathophysiologies of stress, anxiety and 
affective illness (19-33). There may be a patho- 
physiological overlap between the various anxiety 
and affective disorders. We now need to find 
means of biologically characterizing subjects who 
have both anxiety and affective disorders. Fi- 
nally, the question of whether there are variables 
that distinguish patients in  various diagnostic 
groups from those in others is important. 

2.  Pharmacological perturbation strategies 
Pharmacologic perturbation strategies can be 
employed to study mechanisms affecting phe- 
nomenological, physiological, biochemical and 
receptor binding variables. Deviation of these 
variables from statistically defined norms can 
result from up-regulation or supersensitivity of 
cholinergic systems, abnormalities of cholinergic- 
monoaminergic interaction or both. These 
pathophysiological states can be safely and inex- 
pensively induced in laboratory animals and 
man. The clinical foundation, neuropharmacol- 
ogy, and principles giving a research program 
based upon induction of cholinergic system up- 
regulation or supersensitivity were discussed 
elsewhere (36). 

“Pharmacologic perturbation strategies” are 
based on the safety and effectiveness of produc- 
ing pharmacological movement of neural systems 
from a pretreatment baseline for the purpose of 
modeling pathophysiology. These strategies are 
parts of multivariate programs involving mea- 
surement of behavioral, psychological, phys- 
iological, biochemical and receptor binding vari- 
ables. This multivariate emphasis and “pharma- 
cologic perturbation” are conceptually distinct 
components of one program. 

The ability to establish correlations among 
clinical or phenomenological variables (mood, 
affect, psychomotor function, hedonia) (19-35), 
physiological measures (e.g., dexamethasone 
suppression test (DST) results, absolute post-dex- 
amethasone plasma cortisol, l3-endorphin, and 
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adrenocorticotropin hormone (ACTH) levels (32, 
33, 37-40), polysomnographic parameters ( R E M  
latency and density, etc.) (41-48), pupillometric 
data (49-52), biochemical indices (phospholipid 
turnover, rate of cyclic GMP generation) (52-  
5 8 ) ,  and B,,,,,, and K,, for binding of muscarinic 
receptor ligands in viva (59-70) enhances experi- 
mental versatility. I t  also provides a powerful 
means of studying the same phenomenon from 
the multiple aspects which define or determine it. 

Drugs increasing the sensitivity of cholinergic 
systems to acetylcholine are useful for affecting 
pharmacological perturbation. Antirnuscarinic 
agents (63-70), opiates (71-73), cannabinoids 
(74-78), and barbiturates (83-86) up-regulate and 
supersensitize these networks. Despite this, these 
drugs are not used to model the pathophysiology 
of affective disorder in animals. Both classical 
antimuscarinic agents (62-66) and tricyclics (67- 
69) up-regulate (62-70) and supersensitize (52, 87- 
95) cholinergic systems and are appropriate for 
use in human subjects. 

“Pharmacologic perturbation” was used to  
study the pathophysiology of polysomnographic 
abnormalities of depressive disorders. Sitaram et 
al. (86) and Gillin and associates (93) gave 
scopolamine to normal subjects for three con- 
secutive mornings and withheld the drug on the 
fourth. Decreased REM latency and increased 
REM density was observed the following night. 
Dilsaver & Greden (94, 95) found that withdrawal 
of tricyclic antidepressants is associated with lim- 
bic-hypothalamic-pituitary-adrenal (LHPA) dys- 
regulation. This was shown by an increased fre- 
quency of positive DSTs and elevation in the 
absolute post-dexamethasone plasma cortisol 
level during the withdrawal phase. A definitive 
study would involve the random assignment of 
subjects to treatment with an antimuscarinic, a 
tricyclic and placebo, and determination of poly- 
somnographic status before, during and after 
drug treatment. 

“ P harmacologic perturbation st rat egies ” can 
be used in conjunction with the measurement of 
multiple physiological endpoints subject to cho- 
linergic regulation. This is based on the assump- 
tion that the function of neurotransmitter sys- 
tems can be quantified by measuring effects of 
agonists and antagonists on physiological vari- 

ables. Many measures are appropriate. These 
include polysomnographic, neuroendocrine, psy- 
chomotor, pupillary, electroencephalographic 
(EEG), thermoregulatory, salivary, and sweat 
parameters. 

REM sleep and temperature activity rhythms 
are coupled both in depressive illness and health. 
This association may be adventitious or obligato- 
ry. Cholinoniirnerics and anticholinesterases pro- 
duce hypothermia in animals (90, 91, 96-99) 
Chronic administration of scopolamine to mice 
results in a supersensitive hypothermic response 
IO pilocarpine (90, 91). Conversely, chronic anti- 
cholinesterase treatment blunts the hypothermic 
response to cholinergic challenge (99). This 
capacity for manipulating cholinergic systems 
raises possibilities. For instance, Snider & 
Dilsaver (100) recently showed that chronic treat- 
ment with amitriptyline produces increased 
drops in core temperature in response to 
oxotremorine challenge. The effectiveness of 
oxotremorine as a hypothermic agent was 
increased 10- to 20-fold by treatment with 
arnitriptyline, 20 mg i.p. twice daily. The mean- 
ing of this is highlighted by clinical investiga- 
tions. 

Avery et al. (101) studied a sample of nine 
affective disorder subjects and concluded that 
decreased REM latency, duration of the first 
REM period, elevated REM density and body 
temperature retain their typical relationships dur- 
ing a depressive episode. Does antimuscarinic 
treatment produce simultaneous phase advance 
of the REM and sleep-temperature cycles in nor- 
mal man? This would implicate a cholinergic 
mechanism in both the pathophysiology of REM 
sleep and altered temperature activity cycle in the 
affective disorders. The associations of the 
REM-nocturnal cortisol latency (102) and sleep 
temperature cycle (103) are also open to study 
using this strategy. These cycles are coupled in 
normal and depressed subjects. Cholinergic 
mechanisms may well be important to this, and 
pharmacological perturbation techniques provide 
a way to study this. 

Pupillometry (49-52) allows study of the sen- 
sitivity of a cholinergic system. Kelwala (49) 
found affectively ill subjects exhibit supersensi- 
tive miotic responses to pilocarpine relative to 
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control subjects. Responses to adrenergic agents 
did not distinguish groups. Dilsaver & Greden 
(50) concluded desipramine produced cholinergic 
system supersensitivity in depressed subjects. 
Twenty-one days of desipramine treatment, but 
not 7, produced enhancement of the miotic 
response to pilocarpine (51, 52) .  This could be 
due to either of two mechanisms. Desipramine 
may have sufficient antimuscarinic potency to 
produce supersensitivitiy to a cholinomimetic 
consequent to post-synaptic receptor blockade or 
noradrenergic properties of desipramine could 
shift the cholinergic-adrenergic status of the iris 
sufficiently to cause a functional denervation of 
cholinergic neurons. Nomura et al. (104) 
reported that isoproterenol caused up-regulation 
of muscarinic receptors and supersensitivity of 
cholinergic neurons in rat heart. This accords 
with the capacity of adrenergic systems to inhibit 
the release of acetylcholine and to  thereby indi- 
rectly block post-synaptic muscarinic acetyl- 
choline receptors. 

Multiple indices of the status of cholinergic 
systems might provide a useful profile of cho- 
linergic functions. This could serve several pur- 
poses. Neuroendocrinologists suggested this 
approach enhances the specificity, sensitivity and 
predictive value (105, 106) of laboratory tests 
(107, 108). Second, profiles might identify 
patient subgroups with unique clinical features, 
courses or responsiveness to treatment. Thus, a 
profile can become a nosologic instrument which 
distinguishes groups. Third, profiles might iden- 
t i fy  subgroups of affectively ill patients whose 
disorder is associated with mechanisms which 
differentiate them from other subgroups. 
Finally, a profile of cholinergic functions may be 
useful in isolating “homogeneous” subgroups of 
patients. 

Pupillometry, the DST, measurement of 
absolute post-dexamethasone, R-endorphin and 
ACTH levels, polysomnographic measurements, 
measures of mood, psychomotor function e.g., 
speech pause time (109, 110) or limb motility 
( 1  1 I ) ,  hedonic capacity (defined by behavioral 
indices or scores on standard rating scales) 
(112), provide an array of variables which are 
both subject to cholinergic regulation and perti- 
nent to affective disorders research. Some of 

these, e.g., mood, are now used as independent 
variables. However, categorization of variables 
is relative to knowledge, purpose and intent. As 
the strength of association of variables with 
affective disorders increases, the tendency to 
employ variables, previously categorized as 
dependent measurements, as independent mea- 
sures increases. That is, the boundary between 
independent and dependent variables is malle- 
able or fluid. Hence, as new and exciting 
research strategies become available, the pool of 
validated independent variables should increase, 
since many measures now regarded as depen- 
dent are expected to shift categories. When this 
occurs they are also useful in efforts to validate 
outstanding dependent variables. In this setting 
the pool of useful dependent variables also 
increases. Positron emission tomographic (PET) 
scanning is illustrative. This technique allows 
measurement of receptor binding variables. 
Prior to PET, the idea of using density of 
muscarinic receptors in the living human brain 
as a dependent variable was practically mean- 
ingless (though of theoretical value) but PET 
may make in vivo muscarinic receptor binding 
variables important dependent measures (59- 
61). 

In summary, antimuscarinic agents induce up- 
regulation and supersensitivity of cholinergic sys- 
tems. Measurement of change in behavioral, 
physiological, biochemical, and muscarinic re- 
ceptor binding variables with cholinergic deter- 
minants provides means of quantitating, effects 
of muscarinic receptor blockade. Incentive to use 
pharmacological perturbation strategies comes 
from evidence that cholinergic mechanisms par- 
ticipate in the pathogenesis of affective disor- 
ders. Dependent variables subject to change by 
cholinergic activating agents include mood, limb 
motility, speech pause time, hedonic capacity, 
rate of cyclic GMP (53-55) and phosphatidyl- 
inositol generation (56-58) body temperature, 
pupillary responsivity, time to onset of the first 
and second REM periods, DST status, absolute 
post-dexamethasone plasma cortisol, R-endor- 
phin and ACTH levels, and the regional distribu- 
tion of mean EEG frequency (1 13, 114). Imaging 
strategies may soon create more possibilities. 

Effects of antimuscarinics can be measured in 
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normal man by measuring dependent variables 
before, during and after pharmacological pertur- 
bation. These data could be compared to those 
characterizing an affective disorder sample while 
depressed, manic or euthymic, or analyzed in 
strict accordance with the possibilities suggested 
by the ABA design. Given this design and mus- 
carinic receptor binding density and receptor 
affinity as dependent variables, and clinical state 
as an independent measure, six (depressed, B,,,,; 
manic, B,,,,; euthymic, B,,,,; depressed, affinity, 
etc.) dependent-independent combinations arise 
for use in PET studies. There are other combina- 
tions, such as affective disorder categories versus 
other diagnostic groups and normal subjects. 
This illustrates the interrelationship between 
technological, methodological and conceptual 
advances in biomedical research. 

Variables associated with affective disorders 
should be valuable dependent measures i f  they 
are sensitively and reliably measured, “quasi spe- 
cific” to these disorders and associated with 
parameters which have previously been validated 
as markers of affective disease. This involves a 
process in which validation of variables now clas- 
sified as dependent measures justifies their use as 
independent variables. Hence, former dependent 
measures can come to be used as standards in 
our efforts to validate as yet unvalidated depen- 
dent variables. 

Adverse effects of muscarinic receptor block- 
ade are not so frequent or severe as to  prevent its 
use in normal human subjects. Antimuscarinic 
agents have been administered to man in doses 
sufficient to produce desired experimental effects 
without untoward effects (1 14-120). 

3. Affective disorders, associated psychopath- 
ology and cholinergic parameters: family his- 
tory strategies 

Large pedigrees offer a means of studying the 
association of affective illness and other forms of 
psychopathology in the context of relative ho- 
mogeneity. Researchers agree that there is con- 
siderable heterogeneity in a research population. 
This follows (in part) from the necessity to essen- 
tially limit criteria for affective disorders to 
cross-sectional features. This promotes variety, 
but variance can obscure differences between 

samples of a population and can complicate 
efforts to design experiments yielding meaningful 
data. Important differences among individuals 
are minimized. Search for biological traits or 
markers in a large pedigree with a high frequency 
of affective disorders in  which the index proband 
has the feature of interest might minimize this 
problem. 

Suppose 2% of all subjects with bipolar disor- 
der have a given feature, Y ,  but that 2% of the 
general population also has this feature. In this 
situation no association of bipolar disorder and 
Y could be established. However, even if only 
10% of the first degree relatives of subjects with 
bipolar disorder and feature Y have bipolar dis- 
order and if 5 %  of these exhibit feature Y,  while 
only 2% of the relatives without bipolar disorder 
have this characteristic, the investigators would 
establish association between Y and bipolar dis- 
order if they have sufficient sample size. 

Physiological parameters sensitive to cho- 
linergic agents can be used to study the psycho- 
biology of psychiatric syndromes clustering in a 
family. These include, 1) pupillometric (49-52), 
neuroendocrine (32, 35-40) and polysomno- 
graphic (41-48) responses to cholinornimetic 
challenge, and 2) changes in mood, affect and 
psychomotor function on physostigmine chal- 
lenge (19-35). Restricting investigations of char- 
acteristics subject to cholinergic regulation to 
pedigrees with high incidences of affective disor- 
ders facilitates determining whether it is a trait or 
state marker regularly associated with the disor- 
der of interest. It also allows assessment of 
modes of inheritance and degree of vulnerability 
associated with peculiarities of cholinergic sys- 
tems. 

Family history strategies are attractive, but 
there is difficulty in finding large pedigrees. 
However, it does not appear that there have been 
major research thrusts to  study both the phe- 
nomenology and psychobiology of illness in sub- 
jects of large pedigrees. These pedigrees certainly 
d o  exist. For instance, diagnostic data was 
recently presented on 37 subjects in one family 
spanning three generations (121). A pedigree 
such as this provides means of studying the asso- 
ciations of cholinergic paramenters and affective 
illness. Complete specificity is too much to  
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expect. Markers would likely be obsei-ted both in 
i l l  and well relatives but tend to be associated 
\\ith illness. I f  such a marker is a reliable and 
validated finding, i.e., a real trait, degree of risk 
associated with its presence can be measured. 
The association of this trait with other markers 
might represent a clustering of traits, all of uhich 
are seen in well relatives, but which when associ- 
ated with one another confer increasing risk of 
illness. Mathematical models could also be used 
to study mode of inheritance of disorders and 
degree of heritability. 

4. The effects on muscarinic cholinergic sys tem 
of electroconvulsive therapy (ECT), lithium 
and tricyclic antidepressants 

ECT, lithium and the tricyclic antidepressants all 
act upon cholinergic systems in interesting ways. 
However, confounding variables interfere with 
efforts to interpret data pertaining to these 
actions. This is true both of measurements of 
function and receptor binding variables. Dilsaver 
(122) recently suggested that it is heuristically 
useful to hypothesize that the lithium ion stabil- 
izes muscarinic cholinergic systems, i.e., renders 
them less perturbable in the face of endogenously 
generated or exogenously arising assaults apt to 
induce supersensitivity and up-regulation of cho- 
linergic systems. ECT may have similar proper- 
ties. Thus, antidepressant, antimanic and anti- 
cycling properties of lithium and ECT may be 
related to  their proclivity to prevent or abort 
cholinergic system supersensitivity. 

Cholinergic systems are plastic. Pharmacologi- 
cal induction of cholinergic system overdrive and 
muscarinic receptor blockade produce compensa- 
tory responses within these systems. For instance, 
cholinesterase inhibition reduces the density of 
muscarinic receptor radioantagonist binding sites 
(123-133) and subsensitivity of cholinergic net- 
works to muscarinic agonists as determined by 
measuring cholinergically regulated behavioral, 
physiological and biochemical variables. In con- 
trast, antimuscarinics increase muscarinic radi- 
oantagonist binding sites and induce supersen- 
sitivity of cholinergic systems to muscarinic 
agonists. These cholinotropic effects of psycho- 
tropics may be relevant to their mode of action. 

Levy et al. (134) treated two groups of rats 

with a centrally active anticholinergic agent. One 
group also received lithium. The latter exhibited 
a significant reduction in the density o f  tritiated 
[ ‘ H I - Q N B  binding sites, but the lithium did not 
prevent the 16% reduction in radioantagonist 
binding sites associated with disopropofluoro- 
phosphonate (DFP) treatment. Further, inter- 
peritoneally administered lithium prevented the 
nicotinic cholinoceptor up-regulation occurring 
at neuromuscular junctions after denervation of 
the soleus muscle in frogs. The mean density of 
extrajunctional nicotinic receptors in the lithium 
treated animals was only 39% that of controls ( P  
< 0,001). There was also a significant reduction 
in the density of acetylcholine receptors at neu- 
romuscular junctions of innervated muscle ( P  < 
0.005). 

Demonstration of the effectiveness of modal- 
ities to change the density of acetylcholine recep- 
tor binding sites may require modeling the 
pathology of disorders the drug is used to treat. 
For instance, lithium’s capacity to decrease the 
density, i.e., prevent up-regulation, of mus- 
carinic receptor ligand binding sites may require 
a maneuver causing muscarinic receptor up-reg- 
ulation. There is evidence for this. Maggi & Enna 
(135) gave lithium to rats for 21 days via addition 
to chow. They were unable to find a change in 
the density of QNB binding sites in cortex, hip- 
pocampus and striatum. Unlike Levy et al. (134) 
and Pestronk & Drachman (136) they did not 
perform a manipulation which causes cho- 
linoceptor up-regulation. The mode of action of 
lithium at cholinergic synapses may well not 
involve inspecific changes in muscarinic receptor 
binding variables and cholinergic physiology. If  
its effects on these variables relate to  its 
therapeutic properties, showing this should 
require that the investigator reproduce an 
approximation of the pathophysiological state it 
corrects. Artificially increasing the density of 
muscarinic receptor binding sites priqr to study- 
ing the capacity of lithium to produce muscarinic 
receptor down-regulation could be just such an 
approximation. 

Dilsaver & Greden (9, 122) suggested that 
rather than producing nonspecific cholinoceptive 
effects, lithium decreases the probability of 
endogenous neurobiological events and exogen- 



ous assaults apt to induce muscarinic receptor 
up-regulation or cholinergic system supersen- 
sitivity will actually do so. A model of possible 
neurochemical events involved in the patho- 
genesis of rapid-cycling bipolar disorder was 
developed. This model has many variants, dis- 
tinguished more by their sphere of application 
than essential properties. I t  was posited as a 
theory useful in bringing the neurochemistry, 
physiology and phenomenology of affective dis- 
orders together into a unified framework. This 
theory predicts that supersensitization of cho- 
linergic systems may induce rapid-cycling in man 
or an approximation of this in animals. They 
presented tricyclics as agents with particular 
potential for doing this. Jones et al. (137) subse- 
quently reported, in full accordance with these 
predictions, that withdrawal of imipramine pro- 
duced rapid-cycling (9). 

Some form of cholinergic-monoaminergic 
interaction theory may be of utility in studying 
any type of affective disorder with a neu- 
robiological component. Stress is upon urility. 
An aspect of utility is the capacity to generate 
questions for clinical and basic inquiry. Truth of 
a theory in the popular sense, i.e., its accurate 
presentation of the status of neural systems in 
the affective disorders, is not essential to value. 
Value in directing study is a more fundamental 
standard. Effort to accord the model broad 
explanatory scope stems from their concept of 
the nature and purpose of scientific theories. The 
authors maintain the measure of any theory’s 
value is its capacity to explain an array of phe- 
nomena and direct study. The mechanism of 
action of treatments is an example. The cho- 
linergic-monoaminergic interaction theory 
explains why tricyclics would induce rapid-cyc- 
ling and why lithium and ECT are effective anti- 
cycling agents. 

The concept that presence of affective symp- 
tomatology or of a propensity to  develop it, i.e., 
presence of an increased vulnerability to the phe- 
notypic expression broadly labeled “affective ill- 
ness’’, is due to abnormalities in the interaction of 
cholinergic and monoaminergic systems, is cen- 
tral to the theory. Defective interregulation of 
these networks is fundamental to any version of 
a cholinergic-monoaminergic interaction theory. 

Thus, the modalities which are most successful in 
preventing recurrent affective episodes are those 
which decrease the perturbability of cholinergic 
and monoaminergic systems. A corollary of this 
is “those modalities preventing or decreasing the 
depth and frequency of mood oscillations in sub- 
jects with a tendency to cycle are apt to minimize 
the future perturbability of cholinergic and 
monoaminergic systems”. This follows from the 
hypothesis that monoaminergic overdrive states 
can cause cholinergic system up-regulation and 
supersensitivity, and vice versa. These states 
(endogenously occurring cholinergic and mono- 
aminergic overdrive states) provide the relative 
“pathophysiological basis” for affective illnesses. 
However, the ultimate defect sustaining oscilla- 
tion is neither monoamingergic nor cholinergic 
overdrive but an instability or wobble preventing 
rapid restoration of cholinergic and mono- 
aminergic systems to a state compatible with 
adaptation in the spheres of thought, mood and 
behavior. 

Agents preventing perturbations by endo- 
genously arising “pharmacological” assaults can 
abort development of affective episodes. Spon- 
taneous development of cholinergic system up- 
regulation and supersensitivity is likened to a 
pharmacological assault or perturbation, al- 
though one which is endogenously generated. 
These points reconcile the data of Levy and 
associates (134), that chronic lithium treatment 
prevented antimuscarinic induced cholinceptor 
up-regulation, with that of Maggi & Enna (135) 
who found that lithium did not affect muscarinic 
receptor binding in experiments in which pertur- 
bation of cholinergic systems was not employed. 

Lerer et al. (138, 139) have reported that 
lithium renders animals supersensitive to cho- 
linergic agents. This raises the possibility that 
lithium has cholinomimetic-like properties. How- 
ever, other data are inconsistent with this con- 
clusion (122). Whether lithium has cholinomime- 
tic-like effects may not be relevant to the issue of 
its capacity to stabilize cholinergic-monoamin- 
ergic systems. It could have both effects. 

ECT (140-143), or approximations to  it, and 
calcium channel blockade (144) have also been 
reported to  down-regulate cholinergic receptors. 
In contrast to  the effects of lithium, ECT and, 



320 S. C. DILSAVER 

vgrapamil, tricyclic antidepressants induce rapid- 
cycling (149, up-regulate muscarink receptors 
and produce muscarinic system SuperSenSitivitY. 
The internal structure of any cholinergic-mono- 
aminergic interaction theory suggests that tri- 
cyclic antidepressants will precipitate an increase 
in the frequency of depressions and manias in 
subjects with a bipolar diathesis. The hypothesis 
is “tricyclic antidepressants induce muscarinic 
cholinergic system supersensitivity and thus 
increase the probability that monoaminergic sys- 
tems will undergo compensatory changes (up- 
regulation and supersensitivity), as a result of the 
partial denervation produced by a cholinergic 
system overdrive, and vice versa.” Further, the 
model predicts persistence of muscarinic cho- 
linergic system up-regulation and/or supersen- 
sitivity into periods of euthymia. This constitutes 
an abiding defect which makes its bearer subject 
to the development of depressions and manias. 
This perspective is consistent with but also con- 
ceptually different from reports that affective 
disorder patients exhibit supersensitive behavior- 
al, neuroendocrine and polysomnographic re- 
sponses to cholinergic challenge even while symp- 
tom-free. 

Despite the documented efficacy of ECT and 
lithium in the treatment of both mania and depres- 
sion, we have yet to account for their mode of 
action. The cholinotropic effects of these treat- 
ments may have explanatory significance. Cho- 
linergic-monoaminergic interaction theories are 
useful in studying these and other treatments of 
depression and mania - a noteworthy attribute. 
Theory can be helpful in structuring study, and this 
is one area in which cholinergic-monoaminergic 
interaction models might be valuable. 

5 .  Interaction of lithium, sodium and calcium 
ions in the regulation of cholinergic mechan- 
isms and the pathophysiology of affective dis- 
orders 

Cholinergic mechanisms and effects of sodium, 
calcium and other ions on  membrane and receptor 
events can in principle be integrated into a com- 
prehensive model useful in studying the biology of 
affective disorders. We do not yet possess the 
knowledge required to devise this model, but 
expectancy might hasten the fulfillment of this 

need. First, cholinergic system up-regulation and 
supersensitivity may be epiphenomena - occur- 
rences unessential to the pathophysiology of 
affective illness. Receptor events are gross or 
“macroscopic” occurrences regulated by “micro- 
scopic” (neurochemical and molecular) processes 
which include ionic events. At this point we can 
perceive the interaction of receptor phenomena, 
sodium, calcium and lithium metabolism, and 
membrane biology. Table 1 summarizes compo- 
nents of the interaction between receptor and 
ionic events. 

Lithium and calcium ions interact. These ions 
have similar ionic radii and charge densities 
(146). The neuron is exquisitely sensitive to 
changes in the intracellular concentration of cal- 
cium ion even in the micromolar range, and it is 
conceivable that lithium produces physiologically 
important changes in the intracellular calcium 
ion concentration. Increased extracellular cal- 
cium ion concentration prevents lithium-induced 
inhibition of norepinephrine release from brain 
slices (146), and lithiuni decreases the active 
transport of calcium ions or otherwise antago- 
nizes its effects in neural tissue (147-151). This is 
a characteristic of agents interfering with intra- 
cellular actions of calcium (146, 152-157). 
Lithium may also produce indirect blockade of 
intracellular calcium-dependent processes by 
blocking the influx of calcium, potentiating cal- 
cium efflux or enhancing intraneuronal seque- 
stration of this ion (156, 157). Hindrance of 
alimentary absorption of calcium by lithium may 
also be relevant (158). However, most intriguing 
is the competition of lithium and calcium at 
intraneuronal sites. Lithium ion may act as an 
agonist at these sites but, i f  so, it is considerably 
less potent than calcium. Consequently it would 
have the pharmacological properties of a com- 
petitive antagonist. Calcium is compartmenta- 
lized intraneuronally, and neurochemical events 
are dramatically affected by its release from these 
locales. Given that lithium can substitute for 
calcium ion in these compartments, the competi- 
tive antagonism of lithium and calcium can be 
significant. 

Lithium causes a functional (“for all practical 
purposes”) hyperparathyroidism (159-165) by 
rendering the parathyroid gland less sensitive to 
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Table I 
Receptor5 are dynamic structures mediating “messages carried” by neurotransmitters or other agonists by alloNing their translation 
into physiologically relevant occurrences. For instance, actibation of the nicotinic receptor promotes the inf lux of C1-; an event 
producing tho\e effects associated with receptor rtimulation. Similarly, activation o f  the muscarinic receptor can activate the 
phosphotidylinosital (PI) cycle. Products of the PI cycle (arachadonic acid and inosital trisphosphate) promote the accumulation 
of intracytorolic C a -  + in particular compartments. This alone can mimic effects of muscarinic receptor activation 

Cascade mechanisms 
(Second messsengers) 

Principle: Cell-surface receptor5 are joined to mechanisms which translate agonist-receptor coupling into physiological responses. 
For example, 
I .  Ionic flux 
2 .  Generation of  intracellular signals, e.g., A in [cyclic nucleotide], or [ C a -  1 ,  followed by a cascade of events amplifying 

the I ”  signal 

extracellular calcium. However, the parathyroid 
defect is intracellular. This results in a lower 
threshold for release of any given quantity of 
parathyroid hormone (163, 164). That is, lithium 
causes the cell to behave as though there were 
interference with intracellular mechanisms 
required to accurately “read” the extracellular 
calcium ion concentration. 

Lithium ions may also competitively displace 
sodium ions intraneuronally (166) and thus de- 
crease the effective intraneuronal sodium ion 
concentration (167). Intracellular calcium ion 
and sodium ion concentrations positively covary 
(168). Lithium-induced reductions in the avail- 
ability of intracellular sodium ions should be 
accompanied by a reduction in the intracellular 
calcium ion concentration. Lithium treatment 
causes an increase in the sodium-potassium 
ATPase activity in bipolar subjects in vivo (169, 
170). Naylor (171) reported that this correlated 
with clinical improvement in manics. This is con- 
sistent with the observation that changes in inter- 
neuronal sodium and calcium ion concentrations 
parallel each other and that a decrease in calcium 
ion concentration accompanies transitions from 
mania to euthymia. Further, lithium produces an 
increased electrochemical potential across the 
neuronal membrane. This suggests decreased 
intracellular sodium ion concentration (172, 
173). An increase in the activity of the sodium- 
potassium ATPase activity during lithium pro- 
phylaxis was also reported to predict a lower rate 
of recurrences (170, 171, 174). Erythrocytes from 
bipolar patients provide in vivo evidence that 
lithium enhances sodium-potassium ATPase 

activity. Non-bipolar subjects (175) do not show 
this. 

Sodium and calcium ions, and sodium- 
potassium and calcium ATPase activities are per- 
tinent to cholinergic mechanisms. Synthesis and 
release of acetylcholine requires calcium ions. 
Calcium is also involved in the transduction pro- 
cesses initiated by activation of the muscarinic 
receptor. It also increases the activity of tyrosine 
hydroxylase, the enzyme governing the rate-limit- 
ing step in catecholamine synthesis, by binding 
and activating the calcium dependent regulator 
protein (calmodulin). The calcium ion-cal- 
modulin complex also enhances cyclic AMP gen- 
eration by activating calmodulin-sensitive cal- 
cium ATPases. 

Calcium is required for synthesis and release 
of norepinephrine and 5-hydroxytryptamine 
(176-181). Calcium also activates a phos- 
phodesterase, an enzyme catabolizing cyclic 
AMP. Hence, cyclic AMP generation and de- 
struction are both regulated by calcium ion-sensi- 
tive mechanisms. The relative rates of these ana- 
bolic and catabolic processes regulate the rate of 
norepinephrine synthesis. Finally, phosphoryla- 
tion by calcium-activated phosphorylases of 
membrane elements may induce conformational 
changes in the postsynaptic membrane which 
render a, and a2 receptors subsensitive. In con- 
clusion, calcium is essential to  the regulation of 
both monoaminergic and cholinergic systems. 
Table 2 summarizes some of calcium’s neuronal 
functions. 

Recovery from depressive episodes is accom- 
panied by changes in ion metabolism. Coppen et 
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al. (182) reported that remission is accompanied 
by a reduction in the intracellular sodium ion 
concentration. Cox et al. (183) found that re- 
sidual sodium is greater in depressed patients 
compared to control subjects. Erythrocytes from 
affectively ill patients demonstrate a fall in 
sodium ion concentration as subjects pass from 
depressed to euthymic phases (184, 185). Sim- 
ilarly, CSF calcium concentration declines (1 86). 
Sodium pump activity increases simultaneously. 
Changes in sodium metabolism also occur on 
passing from the manic to euthymic state. These 
include a reduction in residual sodium, and 
enhancement of erythrocyte sodium pump (1 85) 
and sodium-potassium ATPase activities. 

Activity of the neuronal sodium pump is par- 
tially regulated by the intracellular sodium ion 
concentration. Naylor et al. (185) concluded that 
increased intraerythrocyte sodium ion con- 
centration in cells from bipolar subjects caused 
increased sodium-potassium ATPase activity in 
vitro. Erythrocytes of normal control subjects 
did not exhibit this. Thus, erythrocytes from 
bipolar patients responded to increased intra- 
cellular sodium concentration by pumping 
sodium across the membrane in exchange for 
sodium, whereas cells from normal subjects dem- 
onstrated enhanced passive diffusion of sodium 
ions out of and potassium ions into the cell. 

Linnoila et al. (187) reported that calcium 
ATPase activity was higher in erythrocyte mem- 
brane fragments of 8 affective disorder patients 
compared to 12 control subjects. Calcium 
ATPase activity was greater during hypomanic 
and manic episodes than euthymia. The activity 
of this enzyme appeared to covary with changes 
in mood in 4 of 8 patients. 

McDonald et al. (188) studied the sensitivity of 
erythrocyte membrane-bound calcium ATPase to  
calcium ion and calmodulin in 12 bipolar and 23 
control subjects. Membrane-bound enzyme ac- 
tivity displayed more variation in patients. This 
was not due to variation in the quantity of cal- 
modulin present in the fragments. Unresponsive- 
ness to calmodulin was significantly related to  
calcium ATPase activity, even at low con- 
centrations of calcium ion. Samples demonstrat- 
ing high sensitivity to calmodulin were also cal- 
cium sensitive, i.e., there was essentially no 

calcium ATPase activity in these fragments at 
low calcium ion concentrations. There was a 
linear relationship between calcium ion and 
calmodulin sensitivity which was qualitatively 
similar in experimental and control subjects. 
However, statistical analyses were not provided 
to allow a comparison of the groups. Variable 
responsiveness of the membrane calcium ATPase 
to calmodulin resembles effects observed when 
purified forms of the enzyme are inserted into 
liposomes of various phospholipid composition. 
Niggli et al. (189, 190) reported that incorpora- 
tion of calcium ATPase into liposomes con- 
taining phosphidylserine rendered it calmodulin 
sensitive and produced considerable enzymatic 
activity even at low calcium ion concentrations, 
e.g., 10.’ molar. In contrast, insertion of the 
enzyme into liposomes rich in phosphatidyl- 
choline confered high sensitivity to calmodulin 
and calcium ion dependence. The authors 
hypothesized that differences in calcium ATPase 
activity levels might be due to a variation in the 
phospholipid composition of the membranes 
rather than intrinsic differences in the enzyme. 

Roelofsen (191) proposed that a calcium 
ATPase is an endogenous regulator of the 
sodium-potassium pump. This agrees with find- 
ings that intracellular calcium and sodium ion 
concentrations covary positively. Linnoila et al. 
(187) graphically showed the activities of the 
calcium and sodium-potassium ATPases without 
providing statistical analyses. The graphs reveal 
no obvious relationship between the activities of 
the two enzymes. Roelofsen’s (191) hypothesis 
can be consistent with this, however. A mechan- 
ism coupling calcium and sodium-potassium 
pump activity (192) could be sensitive to varia- 
tion in the conditions of measurement. There 
could be a threshold effect such that when cal- 
cium ATPase activity reaches a critical point 
sodium pump activity does not increase. Calcium 
ATPase activity in membrane fragments studied 
by Linnoila et al. (185) might have exceeded this 
threshold. This is relevant to  the observation that 
sodium-potassium ATPase activity is depressed 
in affective disorder patients relative to control 
subjects and increases in the process of recovery. 
This threshold effect is also relevant to the obser- 
vation that calcium ATPase activity is elevated 
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Table 2 
Ca-  + ha, a crucial role in cellular physiologq. I t  i t  an obligatory ion for synthesis and release of seberal neurotransmitters. 
regulates t h e  activit) of tyrosine hydroxylate, t h e  enL)me governing the rate-limiting step in catecholamine synthesis, activates and 
modulates calmodulin, the calcium dependent regulatory protein, affects receptor senritivity and number (e.g , Ca-  * produces 
inuscarinic receptor doun-regulation ~ an effect of murcarinic receptor activation) and activates regulatory enzymes, such ac 
phosphorylaser 

Calcium ion-related events 

Neurotransmitter synthesis and release 
(e.g., Ach, NE,  SHT) 

Increares the actibity of tyrosine hydroxylase 

Increases the activity of calmodulin 

Calcium ion influx + murcarinic receptor doun-regulation 

Activition of phosphodiesterase 

Activation of cyclases (e.g., T cGMP) 

Modulation of the sensitivity of a , ,  a: 
receptors by phorphorylation of membrane 

during depressed phases relative to manic epi- 
sodes in bipolar patients. The critical point for 
not promoting further increase in sodium- 
potassium ATPase activity could be too low. 
When calcium ATPase activity reaches this set- 
point, the activity of the sodium pump may not 
increase appropriately. Alternatively, the calcium 
ATPase activity could be related to the activity 
of sodium-potassium ATPase. That is, an abnor- 
mally low sodium-potassium ATPase activity 
and an increased intracellular sodium ion con- 
centration could cause development of increased 
calcium ATPase activity. In the first scheme, an 
abnormally low set-point for “turning off” ren- 
ders the sodium-potassium ATPase insensitive to 
increases in the calcium ATPase activity, i.e., the 
depressed phase set-point is causal or explana- 
tory of the elevation in the calcium ATPase 
activity. In the second situation, depression of 
sodium-potassium ATPase activity, despite in- 
creased intraneuronal sodium ion concentration, 
would be the factor accounting for the elevated 
calcium ATPase activity during depressed rela- 
tive to  manic phases. 

Receptor function predisposes the integrity of 
ionic events. They also mobilize ionic currents. 
This is certainly true of the nicotinic acetylcholine 
receptor and sometimes true of muscarinic recep- 

tor activation. Calcium, sodium, and lithium all 
influence the synthesis and release of acety- 
lcholine. Integration of seemingly disparate per- 
spectives is indeed a challenge. We now have cho- 
linergic, norepinephrine, serotonergic, sodium 
and calcium hypotheses of affective disturbance. 
These may be reconcilable viewpoints, subject to 
synthesis into a comprehensive, unified whole. 
This type of model accords with the nature of 
neuronal function, it is a complex of interrelated 
particulars. Such a model would also encourage 
the study of affective illness from an increasingly 
mechanistic and molecular viewpoint. 

6 .  Positron emission tomography scanning 
Study of the pathophysiology of psychiatric dis- 
eases has been limited by the inability to  measure 
brain function in vivo. The advent of computer 
axial tomographic (CAT) scanning made the anat- 
omy of neurological and psychiatric disorders 
amenable to description. Investigation of affective 
disorders would profit even more from the mea- 
surement of function. Functions capable of being 
measured in affective disorders subjects are: cere- 
bral blood flow, oxygen and glucose utilization, 
and receptor binding variables. Measurement of 
function using PET is discussed here. 

The statistical power of tests used to examine 
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group data can be minimal. Studies with great- 
est promise may be those in which individuals 
can be their own controls, i.e., those using 
ABA designs. These studies can employ affec- 
tive disorder patients or normal control subjects 
treated with a drug creating the pathophysiol- 
ogy of some disorder. Rapidly cycling bipolar 
patients are ideal. Their clinical state can 
change rapidly, even within the course of a 
day. Subjects frequently display switches 
between states within days and weeks. Many 
behavioral and physiological variables change 
concomitantly. These include mood and other 
clinical features scored on standard rating scales 
(e.g., the Hamilton Rating Scale for Depression 
includes 17 variables), hedonic capacity (1 12), 
speech pause time and limb motility (109-1 1 l ) ,  
REM latency, density, and activity of REM 
sleep during the first half of the polysom- 
nographic reading, sleep efficiency (42, 4 3 ,  
DST status, absolute postdexamethasone plas- 
ma cortisol (107, log), ACTH and fi-endorphin 
levels (35, 40), nocturnal cortisol latency (102), 
measures of thermoregulation (36, 101, 103), 
pupillometric variables (49-5 I) ,  and measures 
provided by brain area electrical mapping 
(BEAM) (113). These various clinical and phys- 
iological measures include over 40 variables to  
be used in conjunction with novel experimental 
techniques such as PET. This provides numer- 
ous opportunities to demonstrate the associa- 
tion of PET variables with validated measures, 
ix . ,  those associated with a given disease 
entity. This is not only important but essential 
because the imaging variables do not possess 
intrinsic validity. Recurrent association of PET 
variables with previously validated clinical and 
physiological measures can provide prima facie 
validation of the former. Some methods of 
measuring a variable may not be adequate for 
comparing samples owing to intersubject vari- 
ance, but may be useful if subjects are used as 
their own controls, i x . ,  measurements are made 
in the same individual under different condi- 
tions. Limb motility and speech pause time are 
illustrative. Indeed, it is possible to devise pro- 
files of variables allowing the measurement of 
clinical and physiological changes in subjects 
participating in imaging studies. 

Cholinergic neurons are extremely sensitive to 
antimuscarinic agents. This allows the modeling 
of aspects of affective illness in normal sub- 
jects. Sitaram et al. (88) and Gillin et al. (93) 
did this using scopolamine. This agent appar- 
ently caused cholinergic system supersensitivity 
and thereby produced changes in REM sleep 
characteristic of primary depression (193). Nor- 
mal subjects can be studied using a design stip- 
ulating predrug administration or baseline, drug 
treatment, acute withdrawal and long-term 
postwithdrawal phases. Variables sensitive to 
cholinergic manipulation can be measured and 
PET abnormalities occurring in relationship to 
them documented (36). 

We do not yet have a radioligand suitable for 
in vivo PET studies in man, but one may be 
available soon. Preclinical work is now under 
way (59-61). PET or other imaging methods 
must take into account limitations of the tech- 
nique, i.e., the degree of resolution, utility of 
the radioligand, and tracer kinetic models, etc. 
Testing specific hypotheses rather than “shot- 
gun approaches”, which attempt to find dif- 
ferences in patient and non-patient populations, 
should be the most useful strategy. 

7. Search for a peripheral model of the central 

Several peripheral tissues have muscarinic 
receptors. The fibroblast (194) is an example. 
However, it does not provide a high number of 
both stable and functional muscarinic receptors. 
Demonstration of up-regulation of a functional 
muscarinic receptor on a peripheral tissue in 
affectively ill patients would be an important 
finding, as would be the establishment of a 
peripheral model of the central muscarinic 
receptor. A peripheral model of the receptor 
was recently proposed but then invalidated 
(195, 196). 

Epidemiological research would be encour- 
aged if one can establish that affectively ill 
patients have muscarinic receptor up-regulation 
on a peripheral cell; i.e., muscarinic receptor 
up-regulation is a trait or a marker of disease. 
Subjects could be identified before onset of 
illness. This might allow primary prevention. In 
addition to phenomenological or behavioral, 

muscarinic receptor 
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Reticular Activating System (RAW Sensitive Limbic Nuclei Monoaminerqic Limbic Nuclei - c 
c and Gigantocellular Tegmental Field (FTG) Locus Coeruleus 

physiological and biochemical variables, we 
would also have muscarinic receptor binding 
variables to which to relate other variables. The 
peripheral model could provide a reference. The 
interrelationship of variables in the same (e.g., 
phenomenological vs. phenomenological varia- 
bles) and different (phenomenological vs. phys- 
iological, biochemical vs. muscarinic receptor 
binding variables) classes could mark or charac- 
terize disorders if  a unifying principle account- 
ing for their association is identified. 

- + - 

8. Drug abuse data 
Classes of abusable substances with well-defined 
pharmacologies tend to either activate mono- 
aminergic systems or inhibit cholinergic networks 
via the direct blockade of muscarinic receptors or 
presynaptically mediated inhibition of acetyl- 
choline release. These effects accord with our 
knowledge of the regulation of mood and affect 
and drive reduction behavior. The pharmacology 
of abusable substances and neurobiology of 
mood and affect are logically separate but re- 
lated. A model useful in accounting for many of 

Effects of Acetylcholine 
Are Locus Dependent - 

Cholinergic-Monoamtnergic Interaction Theory 

- I 

Monoarninergic Nuclei Activate RAS 

-c Cholinergic Limbic Nuclei - 

1. EEG activation (dnynchrony) 
2. Acetylcholine Output at Cortex 
3. Transition Non-REM to REM Sleep 

\ 
Fig. I .  This presents elements of the cholinergic-monoaminergic interaction theory. The reticular activating 
system (RAS) interacts with limbic aminergic nuclei involved in affecting behavioral arousal. Cholinergic 
pontine neurons (FTG) interact with adrenergic neurons on the locus coereolus similarly in the regulation of 
REM-nonREM transitions. The RAS and FTG both produce cholinergic outflow and the output of acety- 
lcholine at the cortex. This is essential to development of the electrocortical desynchrony which normally 
accompanies behavioral arousal and the physiology of REM-nonREM shifts. Cholinergic limbic neurons 
interact with monoaminergic cells to  regulate and modulate mood, affect, neuroendocrine functions, psychomo- 
tor status, and other variables relevant to the affective and substance abuse disorders. These systems are auto 
and interregulated. Thus, the value of monoaminergic variables is a function of the value of variables 
describing the cholinergic limbic nuclei, and vice versa. Please see text for  further explanation. (Reprinted with 
permission of Brain Research Reviews, Ref. 10.) 
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the phenomena of affective illness, a cholinergic- 
monoaminergic interaction theory (9), is equally 
useful in explaining the mode of action of abus- 
able drugs. Further, study of the pharmacology 
of substances of abuse may increase our under- 
standing of affective disorders. 

Fig. 1 illustrates a model integrating the 
neurobiologies of both substance abuse and 
affective illness. First, cholinergic and mono- 
aminergic systems are in dynamic interaction, 
and perturbation of one affects the other. The 
reticular activating system (RAS) is an electrical 
activating network in continuity with limbic 
structures involved in producing behavioral 
activation. Evidence for separateness of the 
electrical and behavioral activating systems is 
provided by observations that massive lesioning 
of the RAS produces “electrical” coma, despite 
allowing behavioral arousal should the rostra1 
portion of the hypothalamus be directly stimulat- 
ed. Evidence for anatomic separation of electri- 
cal and behavioral acting systems and phylogene- 
tic reasons for this were presented previously (9). 

Activation of the RAS in the intact animal 
activates limbic nuclei containing monoaminergic 
cells. These nuclei form the neural substratum of 
behavioral arousal, drive reduction behavior and 
other phenomena associated with favorable psy- 
chic states. Activation of the RAS, e.g., by an 
exogenously delivered electrical impulse, acti- 
vates cholinergic systems involved in producing 
the electroencephalographic (EEG) features of 
arousal. This is accompanied by release of 
acetylcholine at  the cortex. Blockade of cho- 
linergic systems prevents this EEG pattern. 
Either direct or indirect activation of the mono- 
aminergic nuclei activates cholinergic systems. 
This is evidenced by the cortical release of 
acetylcholine and electrocortical activation fol- 
lowing the systemic or iontophoretic administra- 
tion of adrenergic drugs. Hence, there is constant 
interaction between cholinergic and mono- 
aminergic systems and the RAS in the healthy 
animal. 

Drug-induced cholinergic overdrive produces 
depression, whereas agents activating mono- 
aminergic systems such as amphetamine and 
cocaine cause euphoria and behavioral activa- 
tion. However, aminergic agents also activate 

cholinergic systems and cholinergic activation 
affects compensatory responses within mono- 
aminergic networks. Drugs of abuse may tip 
cholinergic-monoaminergic balance in the direc- 
tion of monoamine excess, while preventing an 
adequate compensatory response by cholinergic 
systems. For instance, antimuscarinic agents are 
substances of abuse (197-201). They directly 
bind to postsynaptic muscarinic receptors and 
presumably thereby “ablate” unpleasant mood 
or cause euphoria. Cannabinoids (74-78), opiates 
(71-73), ethanol (73-82), and barbiturates (83- 
86) are all potent inhibitors of the release of 
acetylcholine. Hence, one category of drug acts 
postsynaptically, the classical antimuscarinic 
agents (trihexythenidyl, benztropine, scopol- 
amine, biperidine, etc.) and the second presynap- 
tically. All are liable to abuse. These agents have 
other pharmacological effects, but their effects 
on cholinergic systems are unifying. 

According to the model presented in Fig. 1, 
both postsynaptic blockade of muscarinic recep- 
tors and decreased release of acetylcholine 
enhance monoaminergic transmission. Agents 
acting on the cholinergic side should produce 
euphoria. Agents acting on the monoamine side 
do the same but by a different path. Both cause 
activation of limbic monoaminergic nuclei 
exceeding the capacity of cholinergic systems to 
make adequate compensatory response. 

In conclusion, a model explaining many phe- 
nomenological and physiological features of 
affective illness is also useful in explaining the 
mode of action of several classes of substances of 
abuse. A unifying theory can be developed. 
Substances of abuse produce favorable psychic 
states, i.e., they appear to act on mechanisms 
involved in the regulation of affect, mood, drive 
reduction behavior and psychomotor function. 
The integrative study of abusable drugs and the 
psychobiology of the affective disorders may be 
a useful strategy. 

9. Cholinergic-monoaminergic interaction 
Interaction of cholinergic and monoaminergic 
systems could be basic to  the pathophysiology of 
affective disorders. This view contrasts with the 
perspective or tacit assumption that analysis of 
monoaminergic or cholinergic systems is suffi- 
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cient for gaining understanding of the psycho- 
biology of affective disorders. Dilsaver & Greden 
(9) proposed that this reductionistic approach to 
the neurobiology of the affective disorders is 
inadequate and suggested that “interaction” 
between neurotransmitter systems is paramount. 
Their model maintains that many neurochemical 
systems come together to create pathophysiologi- 
cal conditions. Cholinergic and monoaminergic 
systems are focused upon most because knowl- 
edge is sufficient to discuss their interrelation- 
ship. 

The basic premise of the Dilsaver-Greden 
model (9) is that neurotransmitter systems do 
not, indeed cannot, exist in isolation. The query, 
“In which direction does the face of the Roman 
god Janus face?” misses the point. It is based on 
the assumption that his face is directed in some 
one direction. The question is amiss because its 
premise does not capture the essence of the 
situation. Similarly, our questions regarding the 
neuropharmacology of events may be amiss if we 
improperly assume “either/or” or “one but not 
both” of the alternatives is reasonable. Sorscher 
& Dilsaver (201) recently reviewed this con- 
ceptual problem and presented several examples 
of the ways in which faulty or reductionistic 
assumptions produce questionable conclusions in 
neuropsychopharmacology. Cholinergic net- 
works have an impact on monoaminergic sys- 
tems, and conversely: cholinergic overdrive and 
hypoactivity produce decreases (down-regula- 
tion) and increases (up-regulation) in the density 
of muscarinic binding sites, and subsensitivity 
and supersensitivity to cholinergic agonists; 
monoaminergic systems regulate muscarinic 
receptor binding and the release, synthesis, and 
intraneuronal concentrations of acetylcholine. 
Cholinergic mechanisms regulate the activity of 
tyrosine hydroxylase, and the synthesis and 
release of monoamines and monoamine receptor 
binding (9). Kazic (203) reported that physostig- 
mine produced a significant drop in hypoth- 
alamic and brain stem norepinephrine content 
within 15 min of infusion. This is compatible 
with a massive release of norepinephrine. Within 
this short frame, there was also an increase in the 
turnover of [14C] tyrosine, the precursor of 
norepinephrine. Muscarinic receptor stimulation 

also produced decreased release of nor- 
epinephrine in the hypothalamus of the rat (203). 
Similarly, acetylcholine can decrease the release 
of norepinephrine from adrenergic neurons (204) 
in the periphery. Cholinergic (205-207) and 
dopaminergic agonists (208, 209) can also 
increase the turnover of dopamine and acety- 
lcholine, respectively. This implies increased 
rates of neurotransmitter synthesis. The phe- 
nomenon is well described for the striatum. 

In  summary, cholinergic and monoaminergic 
systems interact in the regulation of receptor 
binding density, synthesis of enzymes involved in 
neurotransmitter synthesis, and the synthesis, 
turnover, and release of neurotransmitters. The 
idea that we may one day be able to study the 
interaction of these systems in affective disorder 
patients versus normal subjects, is not only 
attractive but important to the development of 
this field. This is clearly a direction for future 
research! 

Conclusions 
Progress in biomedical research is often 
hastened by simultaneous clinical and basic 
thrusts in the study of the same disease entity. 
This is certainly true of the topic focused upon 
in this article. Description, natural history, 
treatment, genetics, biochemistry, physiology 
and pharmacology are all aspects of a medical 
approach to disease. The affective disorders 
have been described but we are still learning 
about their boundaries, i.e., how they are to be 
distinguished from other diseases (e.g., panic 
and other anxiety disorders, variants of the 
borderline personality disorder, etc.), natural 
histories, treatment and mode of inheritance. 
While we have biological correlates of these 
illnesses, we d o  not yet know their patho- 
physiologies. However, we do know enough to 
be encouraged in our pursuits. Our current 
knowledge base situates us so that we have a 
reasonable probability of successful study. We 
have an idea of where it might pay to look. 
“Cholinergic mechanisms” is certainly one of 
these “places”. Clinical investigations of the 
roles of cholinergic systems in these illnesses 
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have created many opportunities for basic sci- 
entists interested in modeling the pathophysiol- 
ogy of affective disorders. 

All of us are both beneficiaries and victims of 
our assumptions. An illustration is helpful. Thus 
far, biological psychiatrists have assumed that if  
there is a cholinergic abnormality in the affective 
disorder, it involves the postsynaptic muscarinic 
receptor. Whether this assumption is correct may 
not have been relevant to this point. Investiga- 
tion may not have proceeded differently. How- 
ever, study of “mechanisms” - the “how of a 
thing” is a luxury basic advances might provide. 
If  this assumption is faulty, it may soon make a 
real difference. Cholinergic abnormalities could 
involve the postsynaptic receptor, abnormal pre- 
or postsynaptic neural membrane, intracytosolic 
(cascade or amplifying mechanisms), or defective 
presynaptic receptors. Cholinergic system over- 
drive could, for example, be the consequence of 
presynaptic muscarinic receptor down-regulation 
or subsensitivity (210). There are also other pos- 
sibilities. Progress demands we ask critical ques- 
tions and examine those unarticulated assump- 
tions which shape our field. We may do well to 
discard some of our presuppositions or acquire 
new ones. The issue is: “How and why we think 
the way we do”. 

Study of cholinergic mechanisms involved in 
the pathophysiology of affective disorders should 
benefit from efforts to  foster a close interdepen- 
dence of the clinical and basic sciences. Clinical 
and basic researchers not only study different 
aspects of the same dimension but think dif- 
ferently and thus ask different questions. Basic 
scientists do not merely possess an ability to  use 
techniques that clinical researchers do not, but, 
more essentially, use different concepts and val- 
ues in evaluating problems. A sojourn into a 
laboratory and close association with basic 
researchers cannot but transform clinicians intel- 
lectually. A distinct attitude toward the study of 
phenomena permeates these environments. Sim- 
ilarly, clinical investigators and clinical research 
units have characters of their own. I suggest that 
the future of the topic we have been discussing, 
“cholinergic mechanisms in the affective disor- 
ders’’, rests with our ability to hold to  the ideal 
of simultaneous clinical and basic research and 

to accept the tensions and compromises that this 
ambition brings. 
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