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Epidemiological and clinical data indicate high comorbidity 
between depression and drug dependence 1·hat may reflect 
an attempt to self-medicate with drugs of abuse. The present 
review examines whether these two psychiatric disorders 
are related by attempting to identify similarities in the 
neurobiology of depression and drug dependence. Emphasis 
is put on the neuromechanisms that may mediate specific 
core symptoms of both disorders that reflect alterations in 
reward and motivational processes. First, the 
epidemiological and clinical data on the comorbidity of the 
two disorders are reviewed briefly. Then, the 
neuroadaptations associated with psychomotor stimulant, 
opiate, ethanol, nicotine, and benzodiazepi'ne dependence in 
animals are reviewed. Finally, the neurotransmitter 
systems whose function appears to be altered in depression 
(i.e., serotonin, norepinephrine, acetylcholine, dopamine, 
gamma-aminobutyric acid, corticotropin releasing factor, 
neuropeptide Y, and somatostatin), as revealed primarily by 
animal studies, are discussed. It is concluded that drug 

dependence and depression may be associated with 
alterations in some of the same neurotransmitter systems 
and, in particular, with alterations of neurotransmitter 
Junction in limbic-related brain structures. Thus, these two 
psychiatric disorders may be linked by some shared 
neurobiology. Nevertheless, it remains unclear whether 
drug abuse and depression are different symptomatic 
expressions of the same preexisting neurobiological 
abnormalities, or whether repeated drug abuse leads to the 
abnormalities mediating depression (i.e., drug-induced 
depressions). The hypothesis of self-medication of non-drug
and drug-induced depressions with drugs of abuse is also 
discussed as a potentially important explanatory concept in 
understanding the observed clinical comorbidity of these 
two psychiatric disorders. 
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The high comorbidity between depression and drug de
pendence in humans (Meyers et al. 1984; Robins et al. 
1984; Rounsaville et al. 1982, 1987, 1991a; Robins and 
Regier 1991; Kessler et al. 1994) may reflect similarities 
in the neurobiology of these two psychiatric disorders. 
Three neurobiological hypotheses can be postulated to 
explain this comorbidity: (1) drug abuse and depression 
are different symptomatic expressions of the same pre
existing neurobiological abnormalities; (2) repeated 
drug administration, through possibly aberrant or ex
cessive neuroadaptations to acute drug effects, leads to 
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biochemical changes that have some common elements 
with the abnormalities mediating depression (i.e., drug
induced depressions); and (3) drug dependence and de
pression have different and independent neurobiological 
mechanisms. An extension of the first two hypotheses is 
that drug use reflects self-medication intended to reverse 
some of the abnormalities associated with depression; 
these abnormalities may have existed prior to drug use 
or may have been caused by the drug use. These hy
potheses, which are not necessarily mutually exclusive, 
will be addressed after a brief review of the epidemio
logical and clinical data on the comorbidity of the two 
disorders, a theoretical discussion of the psychological 
processes that appear to be altered in both psychiatric 
disorders, and a review of the neurobiology of drug de
pendence and depression. It is concluded that there is 
evidence to reject the third hypothesis of independent 
neuromechanisms for depression and drug depen
dence; nevertheless, presently, there is insufficient evi
dence to favor either one of the two hypotheses of 
linked neurobiology for the two disorders. This re
view's specific focus on the potential comorbidity be
tween depression and drug dependence is not meant to 
imply that similar comorbidities may not exist between 
drug dependence and other psychiatric disorders, such 
as schizophrenia and anxiety. 

EPIDEMIOLOGICAL AND 
CLINICAL PERSPECTIVE 

From an epidemiological perspective, there is evidence 
supporting the association of depression and drug de
pendence. Epidemiological data indicate that the rates 
of depression among drug abusers and the rates of drug 
abuse among depressed patients are substantially higher 
than expected from the individual rates of these disor
ders. Studies in the northern United States during the 
1980s indicated that lifetime rates of major depressive 
disorder were 54 % in opioid addicts, 38% in alcoholics, 
and 32% in cocaine users, as compared to only 7% in a 
community sample (Meyers et al. 1984; Robins et al. 
1984; Rounsaville 1982, 1987, 1991a; Robins and Regier 
1991; Kessler et al. 1994; Schuckit et al. 1997). Both the 
epidemiological catchment area study (Robins and 
Regier 1991) and the national comorbidity survey (Kessler 
et al. 1994) used community samples that enabled these 
studies to identify rates of comorbidity unbiased by 
sample selections of either substance-dependent or de
pressed patients. In particular, the national comorbidity 
survey found that 48% of the population had at least 
one psychiatric disorder in their lifetime and that more 
than half (about 60%) had multiple disorders with the 
most common combinations involving drug depen
dence and affective disorders. Thus, this association is 
not simply a methodological artifact, because it is based 

NEUROPSYCHOPHARMACOlOGY 1998-VOL. 18, NO. 3 

not only on treatment but also community samples, and 
because there is good interrater reliability in assessing 
depression among drug users (Bryant et al. 1992; Wil
liams et al. 1992). In conclusion, epidemiological evi
dence suggests that the two disorders, depression and 
drug dependence, may be linked and related disorders 
and not independent of each other. 

From a clinical perspective, two lines of evidence 
support the hypothesis that depression and depen
dence on some drugs are linked disorders. One line of 
evidence indicates that antidepressant treatment results 
in improvement for both mood and reduction in the use 
of some types of drugs. Furthermore, in the case of de
pendence to some drugs, depressed drug users reduce 
their drug use more than nondepressed users when 
treated with antidepressants. Between 1975 and 1988, 
four of five double-blind, placebo-controlled studies in
dicated that antidepressants, more than placebo, re
duced depression in methadone-maintained patients 
(Woody et al. 1975, 1982; Titievsky et al. 1982; Kleber et 
al. 1983; Batki 1988). Drug use outcome was examined 
in all except the Titievsky study. Three of these four re
maining studies showed some improvement in drug 
use compared with placebo-treated patients. Among 
cocaine users, antidepressants also appear to improve 
drug abuse, as well as depression. A 90% reduction in 
cocaine use in depressed cocaine users treated with des
methylimipramine, a tricyclic antidepressant, has been 
shown, whereas the nondepressed cocaine users treated 
with desmethylimipramine showed only a 50% reduc
tion in their cocaine use (Ziedonis and Kosten 1991). 
Similarly, 26% of depressed cocaine users treated with 
imipramine, another tricyclic antidepressant, but only 
5% of those treated with placebo, had at least 3 consecu
tive cocaine-free weeks (Nunes et al. 1995). In addition 
to implicating a relationship between drug (cocaine or 
opiate) abuse and depression, these results suggest that 
certain drug abusers may self-medicate; thus, when an
tidepressant medication is provided, the need for self
medication with opiate or psychostimulant compounds 
may be diminished or eliminated. 

In alcoholics, some studies found a poor response to 
antidepressants (e.g., Liskow and Goodwin 1987; Cir
aulo and Jaffe 1981; Brown and Schuckit 1988). How
ever, more recent studies indicated that depressed alco
holics show lower rates of relapse when treated with 
antidepressants, such as imipramine or fluoxetine, com
pared with placebo-treated depressed or nondepressed 
patients (Nunes et al. 1993; Cornelius et al. 1995; Mason 
et al. 1996; McGrath et al. 1996). These observations are 
significant considering that 80% of alcoholics complain 
of depressive symptoms, with a third meeting criteria 
for a major depressive episode (Schuckit 1985; Regier et 
al. 1990; Roy et al. 1991; Kessler et al. 1996). 

In terms of nicotine dependence, because smoking 
cessation has been suggested to precipitate depression 
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(Hughes 1993), the possible utility of antidepressant 
agents for smoking cessation and relapse prevention 
has been examined (Covey et al. 1990; Glassman 1993). 
Trials have been conducted using the antidepressants 
fluoxetine, doxepin, moclobemide, a monamine oxidase 
inhibitor (MAOI), and most recently buproprion, an 
atypical antidepressant (Aubin et al. 1996; Robbins 
1993; Dalack et al. 1995; Ferry and Burchette 1994). 
These studies demonstrated modest effects of these an
tidepressants on withdrawal symptoms, but antide
pressant-treated patients showed better abstinence rates 
than placebo-treated patients at 4 weeks. However, 
3- and 6-month relapse rates remained high. Neverthe
less, recently the federal Food and Drug Administration 
approved the use of buproprion in smoking cessation 
and relapse prevention. These pharmacological agents 
may have some limited utility in reducing relapse to 
smoking after the depressed smoker stops smoking. 
Further, regular smoking is observed more frequently 
among individuals who have experienced major de
pression at some time in their lives compared with indi
viduals with no psychiatric disorders (Glassman et al. 
1988, 1990), whereas untreated women with recurrent ep
isodes of major depression show a decreased likelihood 
of quitting or reducing smoking (Covey et al. 1994; 
Glassman et al. 1990). These last two observations sug
gest potential self-medication of depression with ciga
rette smoking. Finally, smoking itself can lead to a vari
ety of psychiatric symptoms, particularly depression 
and anxiety, during nicotine· withdrawal (Hughes 
1993), further implicating an association between nico
tine dependence and depression, and potential self
medication of these symptoms with nicotine. 

In conclusion, this literature suggests that depressed 
opioid, cocaine, and alcohol abusers treated with anti
depressants may reduce their drug use significantly 
more than nondepressed drug users. Similarly, there 
may be some limited utility of antidepressants in the 
treatment of nicotine dependence. Independent of 
whether the depression was present before the drug 
abuse or the depression being drug-induced, antide
pressant-induced reduction of drug use in depressed 
drug users suggests that when there is alleviation of de
pressive symptomatology through the use of antide
pressant compounds, the need for self-medication with 
drugs of abuse diminishes. 

The second piece of clinical evidence that supports a 
linkage hypothesis comes from a potential familial ag
gregation that is observed for the two disorders, de
pression and drug dependence. More than 25 years ago, 
Winokur identified an association between alcoholism 
and affective disorder (Winokur and Pitts 1965; Pitts 
and Winokur 1966). Recent studies showed a clear and 
significant excess of alcohol use in the biological rela
tives of adoptees with affective disorder compared with 
controls (Wender et al. 1986; Ingraham and Wender 
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1992). Furthermore, in a twin study, a higher monozy
gotic (r = 0.54) than dizygotic (r = 0.32) cross-correlation 
was seen between alcohol dependence and depression 
for males, but not for females (Pickens et al. 1991). In 
addition, a twin study examining the comorbidity be
tween depression and alcoholism in women concluded 
that genetic factors influence the risk to both disorders 
(Kendler et al. 1993a). In the Kendler study, significant 
genetic correlations ranged from 0.4 to 0.6 between de
pression and alcoholism (i.e., genetic factors explain 16-
36% of the observed comorbidity), whereas environ
mental correlations were lower, ranging from 0.2 to 0.4 
(i.e., environmental factors explain 4-16% of the ob
served comorbidity). Nevertheless, a more recent re
analysis of the Kendler data concluded that genetic influ
ences on alcoholism do not alter the risk for developing 
depression (Kendler et al. 1995b). Further, children with 
major mood disorder show no increased rate of alcohol
ism in adulthood (Harrington et al. 1990; Rao et al. 
1995). Finally, other studies find that the children of al
coholics show no increased risk for major depressive 
disorders (Merikangas et al. 1988; Knop et al. 1993; Reich 
et al. 1993; Hill and Hruska 1992; Schuckit and Smith 
1996). Thus, though several pieces of evidence indicate 
a familial aggregation of alcoholism and depression, 
other studies do not support this conclusion, indicating 
the need for more extensive investigations in this area. 

The familial aggregation of smoking and depression 
is also revealed by examining smoking among monozy
gotic and dizygotic twins (Kendler et al. 1993b). In a 
somewhat complex analysis, Kendler showed how dizy
gotic discordant twin pairs, who share only about half of 
their genes, had an intermediate level of association be
tween the monozygotic discordant pairs and the gen
eral population in their association between depression 
and smoking. Consistent with this observation, a pro
spective community survey indicated that smokers 
who had no history of depression at the first examina
tion were twice as likely to develop depression com
pared to nonsmokers who had no history of depression 
(Breslau et al. 1993). Similarly, those individuals who 
had a lifetime history of major depression but did not 
smoke at the first examination were twice as likely to 
become smokers as those individuals who did not 
smoke, but had no evidence of major depression at the 
first examination. These associations are consistent with 
the twin data, indicating common or shared genes as a 
source of the association between depression and smok
ing and potential self-medication of depression with 
smoking. Similarly, family studies of heroin-dependent 
probands suggest an association between drug use and 
depression (Rounsaville et al. 1991b; Kosten et al. 1991). 

The relationship of depression and benzodiazepine 
dependence has been studied less than the association 
of depression with abuse of other drugs, largely be
cause pure benzodiazepine dependence and abuse are 
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relatively uncommon. Most benzodiazepine abusers 
have opiate or alcohol dependence as their main drug 
of abuse (Sellers et al. 1997). Whether chronic benzodi
azepine abuse can induce depressive disorders is an in
teresting but still open question. In patients with mixed 
depressive and anxiety disorders, benzodiazepine main
tenance is generally discouraged because of the toler
ance that develops to most of the anxiolytic effects of 
these medications. Nevertheless, some studies indicated 
that alprazolam, a benzodiazepine receptor agonist, is a 
rapid-onset antidepressant with significant therapeutic 
efficacy (Cropper et al. 1987; Rimon et al. 1991), impli
cating some role of gamma-aminobutyric acid (GABA) 
in depression, and thus, some potential association be
tween benzodiazepine abuse and depression, and poten
tial self-medication with benzodiazepines. 

In summary, epidemiological and clinical evidence 
suggests that depression and drug dependence are as
sociated. Ihis linkage may be based on shared neurobi
ological substrates that have been investigated in several 
animal shtdies reviewed later. It should be emphasized, 
however, that the majority of these clinical and epide
miological studies were unable to determine whether 
the depression was primary (i.e., depression appearing 
before the onset of drug abuse) or secondary (i.e., de
pression appearing after the initiation of drug abuse), 
and thus potentially drug-induced. Such a distinction is 
critical in answering whether drug dependence and de
pression a.re different symptomatic expressions of the 
same neurobiological abnormalities (hypothesis 1), or 
whether the depression is drug-induced (hypothesis 2), 
and as to how self-medication may lead to the observed 
comorbidity. 

THEORETICAL PERSPECTIVE 

From a theoretical perspective, it is intriguing that alter
ations in reward and motivational processes are central 
to the symptomatology of both depression and drug de
pendence. Two of the core features of depression in hu
mans are "markedly diminished interest or pleasure in 
all, or almost all, activities most of the day, nearly every 
day" and "depressed mood" (American Psychiatric As
sociation 1994), symptoms that probably reflect alter
ations in the function of the brain'~- reward and motiva
tional systems. 

In terms of drug dependence, it has been hypothe
sized that the affective and motivational effects of both 
acute drug administration and drug withdrawal are the 
effects most relevant to the development and mainte
nance of dependence (Himmelsbach 1943; Wikler 1973; 
Stewart et al. 1984; Koob and Bloom 1988; Koob et al. 
1993; Markou et al. 1993). Accordingly, drug depen
dence is defined here as the development of neuroadap
tations resulting from repeated drug use that have important 
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motivational consequences in terms of determining the orga
nization of the organism's behavior (i.e., leading to re
peated drug administration to the exclusion of other be
haviors; narrowing of the behavioral repertoire); these 
adaptations can be expressed as tolerance to the re
warding, affective, and motivational effects of drugs 
during drug administration and as withdrawal signs, 
particularly the more affective and motivational signs, 
when drug administration is discontinued. It should be 
clarified, however, that tolerance during drug adminis
tration (i.e., self-administration of increasing amounts 
of drug) is insufficient evidence to infer development of 
drug dependence, unless the possibilities of metabolic 
tolerance, tolerance to potentially aversive effects of 
drugs that allows higher doses to be self-administered, 
and pharmacokinetic changes are excluded. The em
phasis on tolerance to the rewarding, affective, and mo
tivational effects of drugs, and on the affective and mo
tivational signs of withdrawal leads to the hypothesis 
that adaptations in the brain's reward, emotional, and 
motivational systems are the hallmark of drug depen
dence, and not alterations in any other brain or somatic 
systems that also may be altered with repeated drug use. 

In this theoretical context, it is relevant that with
drawal from several drugs of abuse, such as psycho
stimulants (American Psychiatric Association 1994; 
Gawin and Kleber 1986; Weddington et al. 1990; Satel et 
al. 1991), opiates (American Psychiatric Association 1994; 
Haertzen and Hooks 1969; Henningfield et al. 1987; Jaf
fee 1990), ethanol (American Psychiatric Association 
1994; Jaffee 1990; Edwards 1990; Bokstrom and Balldin 
1992; Goodwin 1992; West and Gossop 1994; Schuckit et 
al. 1997), and nicotine (American Psychiatric Associa
tion 1994; West et al. 1984; West and Gossop 1994) is 
characterized by depressive symptomatology. It should 
be clarified that depression or dysphoric mood is not 
the only symptom of withdrawal, and that different 
drugs often produce distinct somatic withdrawal syn
dromes characteristic of each drug class (American Psy
chiatric Association 1994; West and Gossop 1994). Nev
ertheless, it is interesting that depression or dysphoric 
mood is a common feature of withdrawal from all ma
jor drugs of abuse, and as such, it may be a pivotal as
pect of drug withdrawal and dependence. Thus, alter
ations in reward and motivational processes at both the 
psychological/behavioral and the neurobiological levels may 
constitute the defining characteristics of both depression and 
drug dependence. This theoretical position has important 
implications for the animal models and dependent 
measures that may be considered most relevant in the 
investigation of the neurobiology of either of the two dis
orders and in the search for potential common substrates 
that may mediate the observed clinical comorbidity of the 
two disorders. This theoretical position also supports a 
potential self-medication approach to treatment. (For 
brevity, symptoms reflecting alterations in reward and 



NEUROPSYCHOPHARMACOLOGY 1998-VOL. 18,. NO. 3 

motivational processes will often be referred to simply as 
motivational symptoms.) 

Another theoretical consideration relevant to the 
previous discussion, and which arises occasionally in 
the sections below, is the potential behavioral/psycho
logical and neurochemical relationship between anxiety 
symptoms and symptoms stemming from deficits in re
ward and motivational processes. Both anxiety and mo
tivational symptoms can be considered abnormal or 
maladaptive affective responses. As such, both types of 
affect/ emotions can be viewed as relevant to drug de
pendence based on the premise that it is the affective, 
rather than the somatic, aspects of drug withdrawal 
that lead to continued drug use and the maintenance of 
drug dependence. In addition, anxiety symptoms are 
commonly seen in a subset of depressed individuals 
(American Psychiatric Association 1994; Copp et al. 
1990; Boulenger and Lavallee 1993; Stahl 1993; Wittchen 
and Essau 1993). Thus, anxiety and depressive symp
tomatology may be related (Paul 1988,: Petty et al. 1996), 
although understanding of this relationship is poor at 
this point. The present review focuses, whenever the 
available data permit, on motivational symptoms, be
cause these symptoms are considered the defining and 
core symptoms of depression. In many cases, however, 
especially in the context of depression, it is not possible 
to determine whether the proposed neurobiological 
mechanisms are relevant to any specific symptom of 
depression because relevant behavioral animal models 
were not used in the majority of studies. Exploration of 
the potential involvement of the neurochemical abnor
malities hypothesized to mediate depression in specific 
symptoms of depression would be a fruitful approach 
to future experimentation. As has been repeatedly em
phasized previously (e.g., McKinney 1988; Fibiger 1991; 
Geyer and Markou 1995), the most fruitful and realistic 
approach to animal model development is based upon 
investigating specific behavioral dimensions or psycho
logical processes (e.g., specific symptoms) that are thought 
to be affected in the psychiatric disorder of interest. 

NEUROBIOLOGY OF DRUG DEPENDENCE 
AND DEPRESSION 

In the next sections, the potential similarities of drug
induced and non-drug-induced depressions will be ex
plored by reviewing the current knowledge about the 
neurobiological correlates of drug dependence and de
pression. The neurobiology of these two disorders will 
be reviewed separately because these two fields of re
search have taken different approaches to the investiga
tion of the neurobiology of the phenomena in question 
due to the limitations of the particular field and/ or the 
requirements imposed by the questions of interest to 
each of the two disorders. For example, in the case of 
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drug dependence, good starting points for neurobiolog
ical investigations have been the sites and mechanisms 
that mediate the acute actions of drugs. In the case of 
depression, a good starting point has been the study of 
the neurochemical effects of clinically proven antide
pressants. Thus, direct comparisons between the neuro
biology of the two disorders are often difficult to make 
because parallel and similar studies have not been con
ducted frequently. Nevertheless, an attempt at synthe
sis will be made below. 

Neuroadaptations Associated with 
Drug Dependence 

It has been suggested that drug dependence results 
from neuroadaptations that occur with repeated drug 
administration (Himmelsbach 1943; Wikler 1973; Koob 
and Bloom 1988). Drugs produce their acute effects 
through direct and indirect actions at specific cellular 
and molecular mechanisms. With repeated drug ad
ministration, neuroadaptations develop that oppose the 
acute effects of drugs. These adaptations occur in either 
cellular or molecular mechanisms that are the primary 
site of drug action (i.e., within-system adaptations) or at 
different mechanisms that are triggered by the changes 
in the primary mechanisms of drug action (i.e., be
tween-system adaptations) (Koob and Bloom 1988). 
When drug administration is discontinued, many of 
these adaptations may remain unopposed, which may 
be the basis of the withdrawal signs and syndromes. As 
such, maintenance of drug dependence through re
peated drug administration may be conceptualized as a 
clear case of self-medication. It has been hypothesized 
that the adaptations most relevant to the phenomenon 
of drug dependence are adaptations at the neuronal 
systems that mediate the acute incentive-motivational 
properties of drugs (Koob et al. 1993). Discontinuation 
of drug administration may then lead to alterations in 
these motivational systems bestowing greater incentive 
value to drug stimuli than to non-drug incentive stim
uli, and thus leading to a narrowing of the behavioral 
repertoire and to loss of control over drug use (Markou 
et al. 1993). This hypothesis is partly based on the clini
cal observation that drug dependence is characterized 
by an intense desire to administer the drug to the exclu
sion of other sources of reinforcement (American Psy
chiatric Association 1994). 

The above hypotheses have heuristic value by sug
gesting that investigation of adaptations of the systems 
that mediate the acute actions of drugs provides a start
ing point for the exploration of the mechanisms mediat
ing drug dependence. In the next section, the acute ef
fects of drugs of abuse on neurotransmitter function 
will first be reviewed briefly. Then, current knowledge 
about the neuroadaptations (i.e., withdrawal-associated 
changes) occurring after chronic administration of five 
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classes of abused drugs (i.e., psychomotor stimulants, 
opiates, ethanol, nicotine, and benzodiazepines) will be 
reviewed briefly. Emphasis will be given to the motiva
tional aspects of withdrawal, when.ever the available 
data permit. It should be noted at this point that for the 
theoretical reasons discussed earlier, models of drug 
dependence, and not of simple acute drug use or ad
ministration, are most likely to reveal potential similari
ties between the two disorders. 

Psychomotor Stimulant Withdrawal. Self-administra
tion of stimulant compounds, such as cocaine and am
phetamine, enhances monoaminergic neurotransmis
sion (Pettit and Justice 1991; Porrino et al. 1991; Weiss et 
al. 1992; Wise et al. 1995; Parsons et al. 1995). It appears 
that enhanced dopaminergic neurotransmission in the 
mesocorticolimbic system mediates the reinforcing ef
fects of stimulants (Koob and Goeders 1989; Koob et al. 
1994a). Serotonin (5-HT) neurotransmission also appears 
to modulate stimulant self-administration; however, 
the direction of effect seems less clear when considering 
both human and animal data. In humans, depletion of 
the 5-HT precursor, tryptophan, attenuates the euphori
genic effects of cocaine (Aronson et al. 1995). In rats, 
stimulation of the 5-HT18 terminal autoreceptors (Engle 
et al. 1986) enhances the reinforcing effects of cocaine 
(Parsons et al. 1996). Studies with selective 5-HT re
uptake inhibitors indicated either no effects (Porrino et 
al. 1989; Tella 1995) or decreases in the amount of self
administered cocaine, an effect that appeared attribut
able to nonspecific suppression of behavior (Carroll et 
al. 1990; Kleven and Woolverton 1993; Richardson and 
Roberts 1991; Loh and Roberts 1990; McGregor et al. 
1993; Peltier and Schenk 1993; Tella 1995). Thus, even 
though a role for 5-HT neurotransmission in the re
warding E'ffects of cocaine is indicated, the direction of 
this effect remains unclear. 

By contrast, norepinephrine (NE) neurotransmission 
does not appear to significantly modulate stimulant 
self-administration, even though psychostimulants en
hance NE neurotransmission (Ritz and Kuhar 1989; 
Chen and Reith 1994a,b; Florin et al. 1994, 1995). Le
sions of the dorsal noradrenergic bundle (Roberts et al. 
1977), or pretreatment with noradrenergic antagonists 
(Risner and Jones 1976; Yokel and Wise 1976; deWit and 
Wise 1977; Woolverton 1987) or agonists (Risner and 
Jones 1976) or NE reuptake blockers (Markou et al. 
1992; Tella 1995) do not affect stimulant self-administra
tion. Furthermore, nisoxetine, a NE reuptake blocker, is 
not self-administered by primates (Woolverton 1987). 

According to a neuroadaptation hypothesis of de
pendence (Koob and Bloom 1988), stimulant withdrawal 
should be accompanied by neurochemical effects oppo
site in direction to those seen during acute administra
tion of the drug. Confirming this hypothesis, studies 
using the in vivo microdialysis technique showed in-
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creased dopamine (DA) and 5-HT levels in the nucleus 
accumbens during cocaine self-administration and de
creased levels during withdrawal (Parsons et al. 1991; 
Weiss et al. 1992; Imperato et al. 1992; Rossetti et al. 
1992; Parsons et al. 1995). Other brain areas that may be 
involved in stimulant withdrawal are the ventral palli
dum, the amygdala, and the bed nucleus of the stria ter
minalis, because these areas appear to be involved in 
the acute reinforcing effects of stimulants (Robledo and 
Koob 1993; McGregor and Roberts 1993; Caine et al. 
1995; Epping-Jordan et al. 1997). 

Finally, recent intriguing observations suggest a po
tential role of two peptides, corticotropin-releasing fac
tor (CRF) and neuropeptide Y (NPY), in the reinforcing 
effects of cocaine and in cocaine withdrawal. Chronic 
experimenter-administered cocaine leads to: (1) enhanced 
cocaine-stimulated CRF release in the amygdala com
pared to saline-treated rats (Richter et al. 1995), and (2) a 
dopamine-dependent decrease in CRF receptors in me
solimbocortical brain structures (Goeders et al. 1990), 
indicating that cocaine administration enhances CRF 
neurotransmission, which may lead to a compensatory 
downregulation of CRF receptors. Finally, during co
caine withdrawal after a prolonged self-administration 
session, CRF levels in the amygdala were significantly 
elevated (Richter and Weiss 1997), suggesting a role for 
CRF in both the acute and withdrawal effects of co
caine. By contrast, during withdrawal from chronic ex
perimenter-administered cocaine treatment, there is a 
reduction of NPY synthesis, as reflected in reduced 
mRNA and NPY-like immunoreactivity levels, in rat 
cerebrel cortex and nucleus accumbens (Wahlestedt et 
al. 1991), suggesting a potentially opposing function of 
the two peptides in the reinforcing and withdrawing ef
fects of cocaine (Heilig et al. 1994). Future studies 
should address the motivational significance of these 
adaptations in peptide function. 

In summary, in terms of identifying potential com
monalities in the neurobiology of psychostimulant de
pendence and depression, according to the approach 
discussed previously, it is important to identify the 
mechanisms that may mediate the motivational and af
fective signs of psychostimulant withdrawal. From the 
above review of the literature, it appears that psycho
stimulant withdrawal is associated with decreased 
dopaminergic and serotonergic neurotransmission in 
the nucleus accumbens, enhanced CRF neurotransmis
sion in mesolimbic structures and the amygdala, and 
reduced NPY neurotransmission in the nucleus accum
bens and the cerebral cortex. All of those neurotrans
mitter changes have also been implicated in depression 
(see below and Table 1). Furthermore, there is some evi
dence that decreased dopaminergic neurotransmission 
may mediate some of the motivational aspects of psy
chostimulant withdrawal, because acute administration 
of a DA receptor agonist, bromocriptine, reversed the 
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elevation in brain reward thresholds associated with co
caine withdrawal (Markou and Koob 1992). Reduced 
serotonergic neurotransmission may also mediate some 
aspects of these motivational signs of withdrawal be
cause the decreases in both dialysate .:i-HT and DA lev
els in the nucleus accumbens occurred at time-points 
(Weiss et al. 1992; Parsons et al. 1995) when the motiva
tional signs of withdrawal (i.e., elevations in brain re
ward thresholds) were also observed (Markou and 
Koob 1991). Further, it is interesting that these de
creases in 5-HT levels during cocaine withdrawal were 
larger and appeared earlier than the DA decreases (Par
sons et al. 1995). 

Opiate Withdrawal. The neural mechanisms for the 
acute reinforcing effects of opiates are thought to in
clude opiate receptors, µ opiate receptors in particular 
(Negus et al. 1993), in the ventral tegmental area 
(Bozarth and Wise 1981) and the nucleus accumbens 
(Goeders et al. 1984; Vaccarino et al. 1985) that interact 
with the mesolimbic DA system (however, see Pettit et 
al. 1984). The classic somatic signs of opiate withdrawal 
in rats are mediated by multiple sites, including the 
region of the locus coeruleus and its connections 
(Aghajanian 1978; Koob et al. 1992; \faldonado et al. 
1992; Maldonado and Koob 1993). However, the re
gions implicated in the affective/motivational aspects 
of opiate withdrawal may be the same as those impli
cated in the acute reinforcing effects of opiates-that is, 
the nucleus accumbens and the amygdala (Koob et al. 
1989a,b; Stinus et al. 1990). This hypothesis is corrobo
rated by the findings that intracerebral injections of the 
opiate antagonist, methylnaloxonium, in opiate-depen
dent rats into these brain sites mimics the effects of opi
ate withdrawal on motivational measures, such as re
sponding for food (Koob et al. 1989b) or place aversion 
(Stinus et al. 1990). 

Furthermore, potential interactions between opioid 
and dopaminergic systems during opiate withdrawal 
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may occur at the same sites as opioid-dopamine interac
tions mediating the reinforcing effects of opiates-that 
is, at the level of the nucleus accumbens. The finding 
that spontaneous (Acquas et al. 1991; Acquas and Di
Chiara 1992) or precipitated (Rossetti et al. 1992) opiate 
withdrawal results in decreased dialysate DA levels in 
the nucleus accumbens offers some indirect evidence in 
support of the above hypothesis. More direct evidence 
is provided by the observation that systemic or intra
accumbens injection of dopamine D2 receptor antago
nists induced most of the classic somatic signs of opiate 
withdrawal in morphine-dependent rats, whereas stimu
lation of the same receptors attenuated naloxone-pre
cipitated withdrawal (Harris and Aston-Jones 1994). 

In addition, a role for enhanced NE activity in the ex
pression of both the somatic and the motivational/ af
fective signs of opiate withdrawal has been indicated. 
For instance, locus coeruleus neurons, which are the 
largest group of norepinephrine-containing neurons in 
the brain (Dahlstrom and Fuxe 1964) and project exten
sively throughout the brain (Foote et al. 1983), are acti
vated during naloxone-precipitated morphine withdrawal 
(Aghajanian 1978), whereas electrolytic lesions of these 
same locus coeruleus neurons attenuate the somatic 
signs of opiate withdrawal (Maldonado and Koob 1993). 
Furthermore, systemic or intra-locus coeruleus injec
tions of clonidine, an agonist at the a 2 noradrenergic au
toreceptors, attenuated both the somatic (Esposito et al. 
1987; Taylor et al. 1988) and the motivational (as mea
sured by withdrawal-induced place aversion; Nader 
and van der Kooy 1996) signs of opiate withdrawal, 
presumably by decreasing noradrenergic activity. 

Finally, a role of CRF in the affective/motivational 
aspects of withdrawal is indicated by the observation 
that intra-amygdala injections of the CRF antagonist, 
a-helical CRF, attenuate the place aversion induced by 
morphine withdrawal (Heinrichs et al. 1995). 

In summary, decreased opiate neurotransmission in 
the nucleus accumbens and the amygdala, enhanced 

Table 1. Depression and Withdrawal from a Variety of Drugs of Abuse Are Associated 
with Altered Function in Several Neurotransmitter Systems 

5-HT NE Ach DA GABA CRF NPY ss Opioids 

Depression J. iod i j, j, i j, j, 

Drug withdrawal 

Psychostimulants J, j, i j, 

Opiates i j, i j, 

Ethanol j, J. i 

Nicotine i j, 

Benzodiazepines j, i 

In an attempt to identify potential similarities in the neurobiology of these two psychiatric disorders, the 
direction of change in the function of these neurotransmitter systems, whenever known, is indicated in this 
table. See text for discussion and references. 

Abbreviations: 5-HT = serotonin; NE = norepinephrine; Ach= acetykholine; DA = dopamine; GABA = 
gamma-aminobutyric acid; CRF = corticotropin-releasing factor; NPY = neuropeptide Y; SS = somatostatin. 
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CRF neurotransmission in the amygdala, and enhanced 
NE neurotransmission have been implicated in the mo
tivational aspects of opiate withdrawal. In addition, a 
role for decreased dopaminergic neurotransmission in 
the nucleus accumbens is indicated in the somatic as
pects of withdrawal, although the contribution of the 
dopaminergic system in the motivational aspects of opi
ate withdrawal has not been investigated. Thus, it ap
pears that enhanced CRF and NE neurotransmission 
and decreased dopaminergic neurotransmission may 
constitute common elements in the neurobiology of 
both opiate dependence and depression, although not 
all of thosE' changes in neurotransmitter function have 
been shown to be involved in the motivational aspects 
of either disorder. It should be noted, however, that the 
direction of change in NE neurotrammission associated 
with depression is still not clear (see below). 

Ethanol Withdrawal. Acute ethanol alters the func
tion of several ligand-gated ion channels and signal 
transduction mechanisms (Tabakoff and Hoffman 1992; 
Grant 1994) and thus influences directly or transynapti
cally the function of multiple neurotransmitter systems. 
In general, it appears that enhanced gamma-aminobu
tyric acid (GABA), dopaminergic, opiate peptide, and 
5-HT neutrotransmission, and decreased glutamatergic 
neurotransmission are associated with acute ethanol 
administration, and potentially mediate some of the 
acute reinforcing effects of ethanol (Koob and Weiss 
1992). One neurotransmitter system that appears to be 
importantly involved in the acute reinforcing effects of 
ethanol is the GABA system, with a particular role for 
the GABAA receptor complex. Benzodiazepine inverse 
agonists at the GABAA receptor complex, such as R015-
4513 (McBride et al. 1988; Samsor. et al. 1987, 1989; 
Rassnick et al. 1993a; June et al. 1991, 1994a) or R019-
4603 (Balakleevsky et al. 1990; June et al. 1994b) selec
tively attenuated ethanol intake without reducing the 
consumption of water or saccharin. Similar effects have 
also been observed with GABAA antagonists microin
jected into the brain, with one of the most effective sites 
to date being the central nucleus of the amygdala (Hyy
tia and Koob 1995). 

Further, a role of GABAergic neurotransmission in 
the motivational aspects of ethanol withdrawal has 
been indicated by the finding that injections of musci
mol, a GABA agonist, into the amygdala attenuate the 
enhanced self-administration of ethanol observed in 
ethanol-withdrawing rats, with no effect in nondepen
dent subjects (Roberts et al. 1996). Nevertheless, the au
thors are not aware of any studies that specifically as
sessed the role of GABAergic neurotransmission in animal 
models that directly assess the depression-like aspects of 
ethanol withdrawal, although attenuation of GABAergic 
neurotransmission potentiates the anxiogenic effects of 
ethanol withdrawal (Idemudia et al. 1989). 
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Three other neurotransmitter systems that could po
tentially be involved in the affective/motivational as
pects of ethanol withdrawal are CRF, 5-HT, and DA. 
During ethanol withdrawal, dialysate CRF levels in the 
amygdala are elevated (Merlo Pich et al. 1996), whereas 
dialysate DA and 5-HT levels in the accumbens are de
creased (Rossetti et al. 1992; Weiss et al. 1996). Consis
tent with the results of these in vivo microdialysis stud
ies, acute administration of the CRF antagonist ex-helical 
CRF (Rassnick et al. 1993b), or stimulation of presynap
tic and postsynaptic 5-HT1A receptors with buspirone 
(an anxiolytic which has been shown to have some anti
depressant effects; see below) (Lal et al. 1991) amelio
rated the anxiogenic-like properties of ethanol with
drawal, as measured on the elevated plus-maze. Similar 
anxiolytic effects during ethanol withdrawal were also 
observed (Prather et al. 1991) following down-regula
tion of 5-HT2c receptors with mianserin [an anxiolytic 
that produces long-term 5-HT2c receptor downregula
tion after a single injection; (Blackshear and Sanders
Bush 1982; Sanders-Bush et al. 1987; Sanders-Bush and 
Breeding 1988)]. The data reviewed previously are mostly 
relevant to anxiety symptomatology, whereas the ef
fects of such manipulations on depressive-like symp
tomatology of ethanol withdrawal have not been inves
tigated. Nevertheless, it is interesting that CRF and 
GABA neurotransmission, and 5-HT1A and 5-HT2c re
ceptor function have been shown to be affected by clini
cally proven antidepressants (see below), with the di
rection of change induced by antidepressant drugs 
consistent with the results reported previously on etha
nol withdrawal. These observations suggest that these 
manipulations, in addition to the reversal of anxiety
like symptomatology, may also effectively reverse mo
tivational symptoms of ethanol withdrawal, an area for 
future experimentation. 

In summary, ethanol withdrawal appears to be asso
ciated with attenuated GABA, 5-HT, and DA neu
rotransmission, and enhanced CRF neurotransmission. 
All of these neurotransmitter changes are consistent 
with the hypothesized direction of change for the same 
neurotransmitter systems in depression (Table 1). Nev
ertheless, the role of these neurotransmitter systems in 
the affective/motivational aspects of ethanol with
drawal or depression has not been investigated exten
sively. 

Nicotine Withdrawal. Similarly to other drugs of abuse, 
nicotine is readily self-administered intravenously by 
humans, primates, dogs, and rodents (Stolerman and 
Jarvis 1995; Rose and Corrigan 1997). Current evidence 
indicates that the rewarding effects of nicotine are me
diated by the cholinergic, dopaminergic, and serotoner
gic neutrotranmsitter systems. Electrophysiological, in 

vivo microdialysis and behavioral studies suggested 
that nicotine may produce its rewarding effects by acti-
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vating the mesolimbic DA system through actions at 
nicotinic receptors on ventral tegmental area neurons or 
through enhancement of frontal cortex glutamatergic 
stimulation of striatal DA release (Clarke and Pert 1985; 
Toth et al. 1992; Nisell et al. 1995; Rose and Corrigan 
1997). Nicotine reinforcement may also be modulated 
by 5-HT neurotransmission, because 5-HT3 receptor an
tagonists blocked nicotine place preference (Carboni et 
al. 1989). 

Although there have been some investigations of the 
neurochemical changes characterizing nicotine with
drawal, few studies have explored the neurobiology of 
the behavioral signs of nicotine withdrawal, and most 
importantly of the affective/motivational aspects of 
withdrawal. The somatic signs of the nicotine with
drawal syndrome resemble those seen in opiate with
drawal in animals (Malin et al. 1992). Accordingly, nico
tine withdrawal can be precipitated in nicotine-dependent 
rats, not only with mecamylamine, a noncompetitive 
nicotinic antagonist (Malin et al. 1991), but also with 
naloxone, an opiate antagonist (Malin et al. 1993), or 
dansyl-RFamide, an analog of the anti-opiate peptide 
FF (Malin et al. 1996b). Furthermore, acute injections of 
morphine, an opiate agonist, reverse the somatic signs 
of nicotine withdrawal (Malin et al. 1993) in a manner 
that is similar to nicotine reversal of the nicotine with
drawal syndrome (Malin et al. 1996a). These data sug
gest that both cholinergic and opioid systems are in
volved in nicotine dependence, and blockade of either 
nicotinic or opioid receptors is sufficient to precipitate 
the somatic signs of the opiate withdrawal syndrome. 
In the case of the cholinergic system. chronic nicotine 
administration leads to an interesting paradoxical 
change in the function of cholinergic nicotinic receptors, 
which consists of receptor upregulation accompanied 
by receptor desensitization (Wonnacott 1990; Dani and 
Heinemann 1996). 

In conclusion, decreased cholinergic or opiate neu
rotransmission appears sufficient to induce the somatic 
signs of nicotine withdrawal in mcotine-dependent 
subjects. However, neither of these two changes in neu
rotransmitter function have been implicated in depres
sion (Table 1). Furthermore, the neurobiological pro
cesses mediating the affective/motivational signs of 
nicotine withdrawal have not been investigated. Thus, 
current evidence does not suggest any commonalities in 
the neurobiology of depression and nicotine withdrawal. 
Nevertheless, considering that there is ample clinical 
and epidemiological evidence indicating that: (1) there 
is high comorbidity between cigarette smoking and de
pression; (2) nicotine withdrawal can precipitate de
pression; and (3) a history of depression leads to a nega
tive prognosis for successful smoking cessation (see 
above), it appears that these two psychiatric disorders, 
depression and nicotine dependence, are linked. Hence, 
future research should focus on investigating the poten-
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tial neurobiological commonalities that lead to the ob
served clinical comorbidity and to the potential self
medication of depression with cigarette smoking. 

Benzodiazepine Withdrawal. The neurobiology of the 
rewarding effects of benzodiazepines and the motiva
tional effects of benzodiazepine withdrawal have not 
been investigated as extensively in rodents as those of 
other compounds. Nevertheless, it has been demon
strated that benzodiazepines are self-administered ei
ther intravenously or orally by rats (Pilotto et al. 1984; 
Szostak et al. 1987; Falk and Tang 1989), primates (Yana
gita and Takahashi 1973; Griffiths et al. 1981; Stewart et 
al. 1994; Davis et al. 1987), and humans (Griffiths et al. 
1979, 1980; Griffiths and Ator 1980). Furthermore, it is 
widely accepted that chronic benzodiazepine use may 
lead to dependence and withdrawal upon cessation of 
drug administration in humans (e.g., American Psychi
atric Association 1994; Greenblatt and Shader 1978; 
Busto and Sellers 1991; Juergens 1993). Nevertheless, 
depressive symptomatology is not considered a charac
teristic feature of benzodiazepine withdrawal (Ameri
can Psychiatric Association 1994). Because benzodiaz
epines produce their acute anxiolytic effects through 
direct actions at the GABA/benzodizepine complex 
(Hunkeler et al. 1981; Lippa et al. 1977; Sepinwall and 
Cook 1978; Zakusov et al. 1977), it is expected that re
duced sensitivity of this complex to GABA may medi
ate some of the withdrawal symptoms characterizing 
benzodiazepine withdrawal (e.g., Yu et al. 1988; Mor
row et al. 1990, 1991; Andrews and File 1993). In addi
tion, adaptation at other neurotransmitter systems, 
such as increased CRF release reflected in increased hy
pothalamic-pituitary-adrenal axis activity (Owens et al. 
1993), increased cholecystokinin (CCK) mRNA levels in 
the cortex and the hippocampus (Rattray et al. 1993), 
decreased 5-HT turnover in the hippocampus, and de
creased 5-HT1A receptor binding in the hippocampus, 
but not in the raphe (Lima et al. 1993), may also be in
volved in benzodiazepine withdrawal effects. Interest
ingly, all of these neurotransmitter changes are consis
tent with the hypothesized direction of change in the 
same systems in depression (Table 1). 

Nevertheless, as discussed earlier, depression is not 
considered one of the characteristic symptoms of ben
zodiazepine withdrawal, and as such, neurochemical 
changes observed during benzodiazepine withdrawal 
may not be relevant to depressive symptomatology. 
Benzodiazepine dependence is briefly discussed here 
because benzodiazepine compounds act directly at the 
GABA/benzodiazepine complex, and decreased GABAer
gic neurotransmission has been hypothesized to be one 
of the neurochernical changes associated with depression 
(Lloyd et al. 1989). Consistent with this hypothesized 
role of GABA in depression, alprazolam, a benzodiaz
epine, has been shown to have antidepressant properties 
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(see below). Considering that benzodiazepines are effi
cacious anxiolytics and anxiety symptomatology is seen 
in some depressed individuals (see above), it is possible 
that blunted GABA neurotransmission may be one of 
the substrates for the anxiety symptomatology, and not 
for the depressive symptomatology. 

Neurobiology of Depression 

Hypotheses about the neurobiology of depression have 
been generated through the study of: (1) cerebrospinal 
fluid (CSF), plasma, and post-mortem measures of neu
rotransmitter function in depressed individuals; (2) the 
effects of compounds or treatments, shown to be effec
tive antidepressants in humans, on neuronal function in 
animals; and (3) alterations in neuronal function occur
ring in animal models of depression. In the present re
view, emphasis will be given to shtdies examining the 
neurochemical effects of clinically proven antidepres
sants in animals, and to selected human studies. Such 
an approach has heuristic value because it leads to the 
generation of hypotheses about not only the mecha
nisms through which antidepressants produce their ther
apeutic effect, but also the etiology of depression. It 
should be recognized, however, that the therapeutic 
mechanism(s) of antidepressants may be separable from 
the deficit(s) that mediate depression. That is, the thera
peutic effect may be produced through compensatory 
mechanisms that counteract the abnormalities that me
diate depressive symptomatology. Nevertheless, it is 
also possible that the therapeutic effect is produced 
through "normalization" of the specific abnormalities 
characterizing depression. 

A comprehensive review of studies assessing neu
rotransmitter function in depressed humans is beyond 
the scope of the present review, and such studies have 
been discussed extensively previously (e.g., Caldecott
Hazard et al. 1991). Data from animal models of depres
sion are only considered occasionally below because al
most all of these models, like most models of human 
pathologies, are constantly under development and re
finement as new human and animal data accrue. As 
such, these animal models do not provide definite an
swers as to the abnormalities that lead to depressive 
symptomatology, although the models may generate 
hypotheses with heuristic value. 

Hypotheses about the neurobiology of depression 
have implicated almost all known neurotransmitter 
systems, the most consistent hypotheses involving the 
monoamines 5-HT and NE. The focus in so many differ
ent neurotransmitter systems is not surprising consid
ering the complex, and poorly understood, interactions 
between these systems. In the next sections, the role of 
5-HT, NE, acetylcholine, DA, GABA, CRF, NPY, and so
matostatin in depression will be reviewed briefly. Phar-
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macological actions of drugs of abuse that could poten
tially counteract the neurotransmitter abnormalities 
associated with depression will be discussed as the 
bases for potential self-medication with drugs of abuse. 

Serotonin (5-HT). It has been suggested that a 5-HT 
deficit underlies depression (Schildkraut 1965; Coppen 
1967). Measures of CSF 5-hydroxyindoleacetic acid (the 
major 5-HT metabolite), platelet 5-HT uptake, and en
docrine measures reflecting central 5-HT activity in de
pressed humans have provided evidence of reduced se
rotonergic activity (Table 2). Accordingly, some of the 
most effective antidepressants are selective 5-HT re
uptake inhibitors (SSRis), with almost all SSRis thus far 
tested being effective in treating depression (Caldecott
Hazard and Schneider 1992). 

Furthermore, acute depletion of 5-HT through di
etary depletion of tryptophan, the precursor of 5-HT, or 
parachlorophenylalanine (PCP A) produces dysphoric 
mood in both healthy (Young et al. 1985; Benkelfat et al. 
1994; Ellenbogen et al. 1996; however, see Delgado et al. 
1994; Heninger et al. 1996) and depressed individuals 
(Shopsin et al. 1975, 1976; Delgado et al. 1990, 1991, 
1993; Lam et al. 1996; Miller et al. 1996), suggesting a 
role of 5-HT in depression. Furthermore, the decline in 
mood was far greater in healthy individuals with a multi
generational family history of major affective disorder 
than in matched controls (Benkelfat et al. 1994), in re
mitted depressive women (Smith et al. 1997), and in 
healthy women compared with healthy men (Ellenbo
gen et al. 1996), all three being groups with increased 
vulnerability to depression. Interestingly, tryptophan 
depletion induced relapse only in those depressed indi
viduals treated with SSRis, monoamine oxidase inhibi
tors (MAOis), or light therapy, but not in those treated 
with relatively selective inhibitors of NE reuptake (Del
gado et al. 1991; Lam et al. 1996; Miller et al. 1996). This 
last observation, together with the complementary find
ing of reduced mood with catecholamine depletion in 
desmethylimipramine-treated depressed individuals 
(see NE section below; Delgado et al. 1993; Miller et al. 
1996), has interesting implications about the mecha
nisms that may mediate potential subcategories of de
pression and/ or the therapeutic effects of various anti
depressants. These issues are discussed further in the 
Discussion section. 

Finally, chronic treatment with a variety of antide
pressant treatments, such as tricyclics, MAOis, electro
convulsive therapy, atypical antidepressants, and SSRis, 
produce robust changes in 5-HT function through both 
presynaptic and postsynaptic mechanisms (Willner 
1985; Green 1987; Blier et al. 1990; Caldecott-Hazard et 
al. 1991; Blier and de Montigny 1994). It should be em
phasized at this point that most, if not all, antidepres
sant treatments require chronic administration before a 
therapeutic effect is observed, suggesting that adapta-



Table 2. Summary of the Evidence Implicating Decreased Serotonin Function in Depression 

Measure 

Measures reflecting central 5-HT activity in 
depressives 

Effects of acute dE"pletion of 5-HT on mood 

5-HT 2 receptors 

5-HT2 receptors in depressives and suicide 
victims 

5-HT2 receptor function in depressives 

5-HT2 receptors after chronic treatment with: 

a) tricyclics, MAO!s, or azapirones 

b)ECS 

c) SSRis 

5-HT rn receptors 

5-HT18 terminal autoreceptor sensitivity after 
chronic antidepressant treatment 

5-HT,A receptors 

5-HT,A cell body autoreceptor (presynaptic) 
sensitivity after chronic antidepressant 
treatment 

5-HT1A presynaptic receptor sensitivity in 
depressives 

5-HT!A postsynaptic receptor sensitivity following 
chronic antidepressant treatment 

5-HT "' postsynaptic receptor sensitivity in 
depressives 

Effects of chronic 5-HT,A receptor stimulation with 
azapirones on mood 

Effects of acute antagonism of 5-HT,A receptors 
with pindolol (combined with an SSRI) on mood 

Direction of Change 

i 

i 

i 

i 

i or -

References 

Asberg et al. 1975, 1976, 1984 
van Praag 1986 
Coppen and Doogan 1988 
Roy and Linnoila 1988 
Roy et al. 1989 

Shopsin et al. 1975, 1976 
Young et al. 1985 
Delgado et al. 1990, 1991 
Benkelfat et al. 1994 

Stanley and Mann 1983 
Mann et al. 1986 
McKeith et al. 1987 
Arora and Meltzer 1989 
Arango et al. 1990 
Yates et al. 1990 
however, see 

Stockmeier et al. 1997 

Stahl 1994 

Peroutka and Snyder 1980 
Charney et al. 19-81 
Sugrue 1981 
Snyder and Peroutka 1982 
Eison and Yocca 1985 
Cross and Horton 1987 
Nelson et al. 1989 

Kellar et al. 1981 
Green et al. 1983 
Good win et al. 1984 
Burnet at al. 1995 

Peroutka and Snyder 1980 
Hyttel et al. 1984 
Sanders-Bush et al. 1989 
Hrdina and Vu 1993 
Wong et al. 1995a 

Chaput et al. 1986 
Blier et al., 1988 
however, see 

Auerbach and Hjorth 1995 
Bosker et al. 1995 

Green 1987 
Blier and de Montigny 1987, 1990, 1994 
Chaput et al. 1991 
Rutter et al. 1994 
Kreiss and Lucki 1995 
however, see 

Hjorth and Auerbach 1994b 
Bosker et al. 1995 

Lesch et al. 1990 
Rausch et al. 1990 
Cowen et al. 1994 
Stahl 1994 

de Montigny and Aghajanian 1978 
Wang and Aghajanian 1980 
Chaput et al. 1991 

Cowen et al. 1994 
Stahl 1994 

Jenkins et al. 1990 
Robinson et al. 1990 
McGrath et al. 1994 

Artigas et al. 1994 
Blier and Bergeron 1995 
Berman et al. 1997 

See text for discussion. 
Abbreviations: 5HT = serotonin; MAIO = monoamine oxidase inhibitor; SSRI = selective serotonin reuptake inhibitor; ECS= electroconvulsive shock. 
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tions to the acute effects of these treatments mediate their 
therapeutic actions. Although the neurochemical changes 
observed in the serotonergic system are not always con
sistent after different antidepressant treatments, the 
overall effect seems to be enhanced functioning of 5-HT 
neurotransmission (Willner 1985; Blier et al. 1990; Blier 
and de Montigny 1994), further implicating a 5-HT defi
cit in the pathophysiology of depression. 

The neurochemical changes observed at the 5-HT 
system consist primarily of changes at 5-HT2 and 
5-HT1A receptors. In terms of the 5-HT2 receptors, Stahl 
(1994) suggested that in depression 5-HT2 receptors 
may exhibit an abnormality in signal transduction that 
may lead to the receptor upregulation seen in the fron
tal cortex of suicide victims (Table 2). However, this re
ceptor upregulation may not be sufficient to compen
sate for the decreased signal transduction, which may 
be expressed as the observed blunted function of these 
receptors in depressed patients (Stahl 1994), and thus, 
blunted 5-HT function. Such a hypothesis could explain 
the apparent discrepancies in both human (i.e., simulta
neous receptor upregulation and blunted receptor func
tion in depressives) and animal experimental findings 
(see below) that are difficult to reconcile into a simple 
unidirectional hypothesis (i.e., hypofunction versus hy
perfunction) of the role of these receptors in depression. 
In terms of animal data: (1) chronic treatment with tri
cyclics, MAOis, or azapirones decreased 5-HT 2 receptor 
binding in the frontal cortex; (2) whereas electroconvul
sive shock increased 5-HT2 receptor number and func
tion; and (3) no consistent changes have been observed 
with SSR[s (Table 2). 

The direction of change for the 5-HT1A receptors varies 
with brain site, antidepressant treatment, and whether 
the receptors are located presynaptically or postsynap
tically (Welner et al. 1989; Blier and de Montigny 1990, 
1994; Chaput et al. 1991; Burnet et al. 1995). Neverthe
less, independent of direction of change in receptor 
function in various brain sites, the overall effect appears 
to be functional enhancement of 5-HT neurotransmis
sion (Blier and de Montigny 1994; Caldecott-Hazard et 
al. 1991). More specifically, electrophysiological (Blier 
and de Montigny 1994) and in vivo microdialysis 
(Gardier et al. 1996) studies indicated that there is re
duced sensitivity of cell body 5-I--ff1A autoreceptors in 
modulating 5-HT neurotransmission in the striatum, 
the hippocampus, and the diencephalon, reduced sensi
tivity of 5-HTrn terminal autoreceptors, and a supersensi
tivity of postsynaptic 5-HT1A receptors in the hippocampus 
(Table 2). Antidepressants also induce a supersensitivity of 
5-HT receptors in the amygdala (Wang and Aghajanian 
1980), which are predominantly of the 5-HT1A subtype 
(Palacios et al. 1990; Hoyer et al. 1994). Even though not 
all of those changes occur with every antidepressant 
treatment (for instance, SSRis decrease the sensitivity of 
presynaptic 5-HT1A receptors, whereas tricyclics increase 
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the sensitivity of postsynaptic 5-HTIA receptors; (Calde
cott-Hazard et al. 1991; Chaput et al. 1991; Blier and de 
Montigny 1994), each of these changes in receptor func
tion would result in enhanced serotonergic neurotrans
mission. 

Furthermore, consistent with a role of presynaptic 
5-HT1A receptors in depression is the observation of re
duced sensitivity of 5-HT1A presynaptic receptors, but 
not of 5-HT1A postsynaptic receptors, in unmedicated 
depressives (Table 2). This 5-HTIA receptor subsensitiv
ity may develop as an adaptive compensatory response 
to the hypothesized blunted 5-HT neurotransmission in 
terminal fields (Cowen et al. 1994); however, this com
pensatory change may still be insufficient in overcom
ing a deficit in 5-HT neurotransmission in terminal 
areas. 

Consistent with the role of 5-HT1A autoreceptors in 
the modulation of 5-HT neurotransmission (e.g., Hjorth 
1993; Hjorth and Auerbach 1994a; Wong et al. 1995b; 
Kreiss and Lucki 1994), and the hypothesized altered 
function of these receptors after long-term treatment 
with antidepressant compounds, pindolol, a 5-HT1A/13-
adrenoreceptor antagonist potentiated or accelerated 
the antidepressant therapeutic effect of SSRis in open 
clinical trials (Artigas et al. 1994; Blier and Bergeron 
1995). Animal in vivo microdialysis studies indicated 
that this effect of pindolol could be attributed to antago
nism of 5-HT1A receptors, which would produce an im
mediate enhancement in serotonergic neurotransmis
sion, and not to antagonism of 13-adrenergic receptors 
(Hjorth et al. 1996; Dreshfield et al. 1996). However, a 
recent double-blind, placebo-controlled clinical trial 
failed to show an acceleration of the antidepressant ef
fect of fluoxetine with pindolol co-administration (Ber
man et al. 1997). These differences could be attributable 
to the use of different SSRis in the different trials, be
cause there was an indication in one of the open clinical 
trials that patients on different SSRis responded differ
ently to pindolol (Blier and Bergeron 1995). Future dou
ble-blind clinical trials should further explore this issue 
in the context of subcategories of depression that may 
respond differently to various therapeutic approaches. 

An interesting finding that implicates postsynaptic 
5-HT1A receptors as a target for antidepressants is the 
fact that 5-HT1A receptor agonists, such as the azapirones 
buspirone and gepirone, have been shown to have anti
depressant properties, in addition to their anxiolytic ef
fects (Table 2). However, similarly to other antidepres
sants, chronic administration is required before a 
therapeutic effect emerges (McGrath et al. 1994). Chronic 
administration leads to a "normalization" of the func
tion of presynaptic 5-HT1A receptors in the presence of 
the azapirone, whereas postsynaptic 5-HT1A receptor 
function remains unchanged (Blier and de Montigny 
1987), thus allowing the azapirones to enhance postsyn
aptic 5-HT function. A recent open clinical trial indi-
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cated that the antidepressant effect of buspirone is also 
accelerated through administration of pindolol (Blier et 
al. 1997). Pindolol is believed to block primarily presyn
aptic 5-HT1A receptors (Romero et al. 1996), allowing 
buspirone to enhance serotonergic neurotransmission at 
the terminal areas through agonism at postsynaptic 
5-HT1A receptors. 

In conclusion, antidepressant treatments have a mul
tiplicity of effects in the 5-HT system, consisting of neu
rochemical adaptations that occur both presynaptically 
and postsynaptically, at different brain sites, and at dif
ferent 5-HT receptors with different antidepressant treat
ments. Nevertheless, in all cases, these adaptations seem 
to lead to enhanced 5-HT neurotransmission (Willner 
1985; Chaput et al. 1991; Blier and de Montigny 1994). 
In support of this hypothesis, in vivo microdialysis stud
ies indicated that chronic SSRI and MAOI treatment, 
which is required before a therapeutic effect is observed, 
enhances the acute effects of SSRis or MAOis on 5-HT 
levels in the frontal cortex (Bel and Artigas 1993; In
vernizzi et al. 1994; Ferrer and Artiga~: 1994; however, 
see Auerbach and Hjorth 1995), the hippocampus 
(Auerbach and Hjorth 1995; Kreiss and Lucki 1995), the 
striatum (Kreiss and Lucki 1995), and the diencephalon 
(Rutter et al. 1994). This postulated mode of action of 
antidepressants implicates blunted 5-HT neurotrans
mitter function in depression. Blunted :,-HT neurotrans
mission has also been implicated in withdrawal from 
psychostimulants, ethanol, and benzodiazepines, sug
gesting a common abnormality for the two disorders. 
This deficit in 5-HT function could be reversed by acute 
administration of psychostimulants or ethanol, indicat
ing a potential substrate for self-medication of depres
sion with these two drugs of abuse. 

Norepinephrine (NE). The original catecholaminergic 
hypothesis of affective disorders suggested that de
creased NE neurotransmission mediates the pathophys
iology of depression, whereas 5-HT depletion also con
tributes to depressive symptomatology (Schildkraut 1965; 
Bunney and Daivs 1965). Nevertheless, even though both 
human and animal observations indicate a role for NE 
in both depression and the therapeutic effects of antide
pressants, it remains unclear whether depression is as
sociated with enhanced or blunted noradrenergic activ
ity (see below; Caldecott-Hazard et al. 1991; Schatzberg 
and Schildkraut 1995). 

Studies of NE function in depre~.sed individuals 
have led to inconsistent results. For example, it has been 
shown that some, but not all, depressed individuals ex
hibit lower levels of urinary 3-methoxy-4-hydroxyphe
nylglycol (MHPG), the major metabolite of brain NE 
(Axelrod et al. 1959; Glowinski et al. 1965), compared 
with controls (e.g., Maas et al. 1968; ~,childkraut et al. 
1973; Peyrin et al. 1985; Davis et al. 1988). Cerebrospinal 
fluid MHPG levels were also found to be decreased, in-
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creased, or unaltered in depressed individuals (e.g., Post 
et al. 1973; Koslow et al. 1983; Caldecott-Hazard et al. 
1991). Nevertheless, other studies indicated increased 
catecholamine synthesis rate and release, and increased 
metabolite levels in depressed individuals compared 
with healthy controls, as reflected in both CSF and uri
nary measures of neurotransmitter function (Koslow et 
al. 1983; Maas et al. 1987; Davis et al. 1988). In contrast 
to the original catecholamine hypothesis of depression, 
a recent review (Schatzberg and Schildraut 1995) con
cluded that at least some unipolar depressed patients 
exhibit elevated catecholamine and metabolite levels; 
thus implicating enhanced, and not decreased, norad
renergic function in depression. Nevertheless, potential 
subtypes of depression may contribute to the large vari
ability in results across studies. Such a hypothesis, al
though not explicitly tested, is supported by the finding 
of bimodal gaussian distributions of urinary NE, epi
nephrine, and HV A levels in depressed individuals, 
whereas a unimodal guassian distribution is observed 
in normal control subjects (Davis et al. 1988). 

Alterations in NE function have also been observed 
in animals after chronic antidepressant treatments, with 
the most consistent, reliable, and generalizable finding 
across antidepressant treatments (i.e., tricyclics, MAOis, 
atypical antidepressants, and electroconvulsive ther
apy) being downregulation of ~-adrenergic receptors in 
the frontal cortex and the hippocampus, with a time
course that is dose-dependent and parallels the therapeu
tic time-course of antidepressants (Table 3; however, 
see Riva and Creese 1989a,b and discussion below). 
Consistent with this finding, ~-adrenergic receptor 
binding is increased in the frontal cortex of suicide vic
tims (Mann et al. 1986; Biegon and Israeli 1988; how
ever, see De Paermentier et al. 1990). Further, chronic 
treatment with a large variety of antidepressant drug 
classes or electroshock results in decreased sensitivity 
of the norepinephrine-receptor-coupled adenylate cy
clase system in the limbic forebrain (Table 3), which re
flects postsynaptic NE function (Palmer et al. 1973; 
Skolnick et al. 1978; Rosenberg and Li 1995). Thus, the 
majority of antidepressant treatments appear to decrease 
postsynaptic NE function (Sulser 1983b). Nevertheless, 
most SSRis, among the most effective antidepressant 
drug classes, do not downregulate ~-adrenergic recep
tors, nor do they alter ~-adrenergic stimulation of ade
nylate cyclase activity (Table 3), again suggesting either 
subcategories of depression and/ or different therapeu
tic modes of action of different antidepressants. Never
theless, there appear to be interactions between the sero
tonergic and the noradrenergic neurotransmitter systems 
that may be relevant to the therapeutic effects of either 
tricyclics or SSRis (see below). 

Finally, chronic treatment with several tricyclic anti
depressants and electroshock also leads to a subsensi
tivity of a 2 presynaptic adrenoreceptors (Heal et al. 
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1981, 1983; Sugrue 1983; Caldecott .. Hazard et al. 1991), 
which would result in enhanced NE neurotransmission. 
It has been speculated (Sulser 1983b) that enhanced NE 
release through subsensitivity of cx2 receptors further fa
cilitates the 13-receptor and adenylate-cyclase downreg
ulation observed with chronic antidepressant treat
ment. The latter hypothesis is supported by two sets of 
findings: (1) MAOI-induced subsensitivity in cx2 recep
tors occurs more rapidly than !3-receptor downregula
tion (Cohen et al. 1982); and (2) co-administration of 
antidepressants with cx2 receptor antagonists, such as yo
himbine or phenoxybenzamine, accelerates the 13-recep
tor downregulation observed with either drug alone 
(Johnson et al. 1980; Paul and Crews 1980; Wiech and 
Ursillo 1980; Crews et al. 1981). 

The above animal neurochemical data, taken together, 
suggest that many, but not all, antidepressants may 
produce their therapeutic effect through attenuation of 
noradrenergic neurotransmission, perhaps implicating 
enhanced postsynaptic noradrenergic activity as a neu
rochemical correlate of depression. Nevertheless, there 
are data that are not consistent with the above hypothe
sis. If downregulation of 13-adrenoreceptors was suffi
cient to mediate the therapeutic effects of antidepres
sants, then one might expect that acute antagonism of 
these receptors would have a rapid therapeutic action 
(Blier and de Montigny 1994). However, 13-antagonists 
do not appear to be effective antidepressants. 

Other evidence inconsistent with a role of !3-adreno
receptors in the therapeutic effect of antidepressants in
volves results from binding studie~. Through the use of 
more selective binding agents for 13-adrenoreceptors, 
!3-adrenergic downregulation can be demonstrated af
ter a single desmethylimipramine injection (Riva and 
Creese 1989a,b). Therefore, there may not be a similar
ity in the time-course of the antidepressant-induced 
downregulation of !3-adrenoreceptors and their therapeu
tic effect. In addition, there is no correlation between the 
ability of various antidepressants to downregulate 13-
adrenergic receptors and their clinical potencies (Will
ner 1984). Finally, as mentioned above, SSRis do not 
regulate !3-adrenergic receptors. Thus, it appears that 
even though downregulation of 13-adrenergic receptors 
is one of the best biochemical markers for antidepres
sant action (except for SSRis), 13-adrenergic downregu
lation may not be mediating this therapeutic effect. 

Finally, a curious observation whose implication has 
not been explored explicitly in the context of depression 
involves the high degree of homology between 13-adreno
receptors and 5-HT1A receptors (Albert et al. 1990; Fuji
wara et al. 1990). Interestingly, these are the two recep
tor subtypes that show the most consistent changes 
after repeated treatment with a variety of antidepres
sant compounds, although not all antidepressants in
duce changes in both receptors. Such high homology 
implies that certain molecules (endogenously or exoge-
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nously administered) bind with high affinity to either 
receptor (Albert et al. 1990; Guan et al. 1992) and thus 
may produce changes in the function of either receptor 
after repeated drug treatment. Hence, it would be im
portant to investigate whether antidepressant-induced 
downregulation of 13-adrenergic receptors, which does 
not occur with SSRis, is just a correlate to the changes 
induced in the 5-HT1A receptor, with no functional sig
nificance in depression or in the therapeutic effects of 
antidepressants. 

Evidence against the hypothesis of enhanced NE 
neurotransmission in depression is provided by the ob
servation that depletion of catecholamines through ad
ministration of ex-methyl-para-tyrosine (cx-MPT) increased 
the depression score of depressed patients treated with 
NE reuptake inhibitors, but not of those treated with 
SSRis (Delgado et al. 1993; Miller et al. 1996). Interest
ingly, this finding is complementary to the observation 
that 5-HT depletion induces depression in depressed 
individuals treated with SSRis or MAOis and not in 
those treated with NE reuptake inhibitors (see above). 
Furthermore, as described above, unlike tricyclics, SSRis 
do not downregulate !3-adrenergic receptors or decrease 
13-adrenergic stimulation of the adenylate cyclase sys
tem. Taken together, these observations suggest that dif
ferent antidepressants may produce their therapeutic 
effects through different neurochemical mechanisms, 
and/ or that there may be subcategories of depression 
that respond to different types of antidepressants. 

In conclusion, the majority of recent human and ani
mal data suggest that depression may be associated 
with enhanced NE neurotransmission, although there 
are several pieces of evidence inconsistent with such a 
hypothesis. Further, it appears that 13-adrenergic recep
tor downregulation is a good biological marker for anti
depressant activity of compounds from several differ
ent pharmacological classes (but not SSRis), although it 
is not clear whether this downregulation is actually part 
of the neurochemical cascade of events involved in the 
therapeutic effects of antidepressants. In the context of 
common substrates for depression and drug dependence, 
enhanced NE neurotransmission is also a neurochemi
cal correlate of opiate (see above) and nicotine (Anders
son et al. 1989) withdrawal, indicating potential com
mon substrates for depression and dependence on these 
two drugs of abuse. However, in terms of a self-medica
tion hypothesis, it is difficult to speculate as to which 
drugs of abuse would effectively reverse through acute 
administration this enhanced NE neurotransmission. 

Acetylcholine. It has also been suggested that a cho
linergic-adrenergic imbalance plays a role in major de
pressive illness (Janowsky et al. 1972; Janowsky and 
Overstreet 1995). This hypothesis is based on the obser
vation that centrally acting cholinergic agonists induce 
depression-like behavioral effects (e.g., depressed mood, 
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Table 3. Summary of the Evidence Implicating Altered Norepinephrine Function in Depression 

Measure 

Measures reflecting central NE function in 
despressives 

Effects of acute depletion of NE on mood 

!3-adrenergic receptors after chronic treatment 
with: 

a) tricyclics, MAOis, atypical antidepressants 
orECS 

b) SSRis 

!3-adrenergic receptors in suicide victims 

NE-receptor coupled adenylate cyclase activity 
after chronic treatment with: 

a) most antidepressants 

b) most SSRis 

Presynaptic u 2 adrenoreceptor sensitivity after 
chronic treatment with antidepressant,, 

Direction of Change 

i or J, or -

i 

References 

Axelrod et al. 1959 
Glowinski et al. 1965 
Maas et al. 1968, 1987 
Post et al. 1973 
Schildkraut et al. 1973 
Koslow et al. 1983 
Peyrin et al. 1985 
Davis et al. 1988 

Delgado et al. 1993 

Banerjee et al. 1977 
Sulser et al. 1978 
Sulser 1983a, 1983b 
Asakura et al. 1987 
Paul et al. 1988 

Mishra et al. 1979 
Maggi et al. 1980 
Peroutka and Snyder 1980 
Snyder and Peroutka 1982 
Wong et al. 1985 
Fuller and Wong 1987 
Byerley et al. 1987 
Koe et al. 1987 
Nelson et al. 1989, 1991 
Beasley et al. 1992 
Nalepa and Vetulani 1993 
Goodnough and Baker 1994 
Palvimaki et al. 1994 

Mann et al. 1986 
Biegon and Israeli 1988 

Vetulani and Sulser 1975 
Vetulani et al. 1976 
Schmidt and Thornberry 1977 
Frazer et al. 1978 
Wolfe et al. 1978 
Mishra et al. 1979, 1980 
Charney et al. 1981 
Sulser 1983b 
Fuxe et al. 1983 

Schmidt and Thornberry 1977 
Mishra and Sulser 1978 
Mishra et al. 1979, 1980 
Sulser 1983b 
Fuxe et al. 1983 
Jonzon and Fredholm 1984 
Wong et al. 1995a 

Heal et al. 1981, 1983 
Sugrue 1983 

See text for discussion. 
Abbreviations: NE = norepinephrine; MAO! = monoamine oxidase inhibitor; ECS = electroconvulsive shock; SSRI = selective serotonin reuptake 

inhibitor. 
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anergia, psychomotor retardation) in normal individu
als and exaggerate these symptoms in depressed indi
viduals (e.g., Janowsky et al. 1972, 1974, 1980; Dilsaver 
1986). Based on the above, a hypercholinergic strain of 
rats (Flinders Sensitive Line-FSL) has been bred as age
netic animal model of depression, and its behavior and 
neurochemistry have been investigated extensively 
(Overstreet 1993). One of the most interesting observa
tions relating to this model is that FSL rats (Shiromani 
et al. 1988), similarly to depressed (Kupfer 1976; Gillin 
1982; Reynolds and Kupfer 1987) or cocaine-withdraw
ing humans, which also exhibit depressive symptoma
tology (Gillin et al. 1994), exhibit shorter REM sleep la
tency and faster REM-REM cycles. These REM sleep 
abnormalities are probably mediated by the supersensi
tivity of postsynaptic muscarinic receptors, which these 
rats exhibilt as a result of being selectively bred for hy
percholinergia (Overstreet et al. 1984). This hypothesis 
is also supported by the findings that administration of 
cholinergic agonists enhances REM sleep duration in 
humans (Sitaram et al. 1979), with a more pronounced 
effect in depressed individuals (Riemann et al. 1994). It 
should be noted, however, that certain REM sleep ab
normalities (i.e., short REM latency) are also seen in 
some schizophrenics (Riemann et al. 1994), suggesting 
that the FSL rats may be a model of a specific abnormal
ity seen in several psychiatric disorders. Interestingly, 
reduced REM sleep latency and increased REM sleep 
duration have also been observed in another model of 
depression, the chronic mild stress model (Moreau et al. 
1995). These findings indicate that both hypercholin
ergia and exposure to chronic mild stress, an environ
mental condition that has been hypothesized to lead to 
depression (Hammen and Cochran 1981; Kanner et al. 
1981; Anisman and Zacharko 1982; Cornell et al. 1985; 
Breslau and Davis 1986; Kendler et al. 1995a), induce 
this specific REM sleep abnormality. The potential role 
of acetylcholine neurotransmission in drug dependence 
has not been investigated as extensively as that of other 
neurotransmitter systems. It appears though that blunted 
acetylcholine neurtransmission modulates at least the 
somatic signs of nicotine withdrawal, whereas acute 
nicotine administration enhances acetylcholine neuro
transmission. Unfortunately, neither of the above two 
observations offers any insight as to potential common
alities in the neurobiology of depression and drug de
pendence or offers any support to the self-medication 
hypothesis. 

Dopamine (DA). Another neurochemical abnormality 
that may contribute to depression is a dopaminergic 
deficit. Based on the ample evidence for a role of meso
corticolimbic DA neurotransmission in reward and in
centive/ motivational processes, and that abnormalities 
in these two processes (i.e., inability to experience plea
sure and loss of motivation) constitute core symptoms 
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of depression, a dysfunction in the mesocorticolimbic 
dopaminergic system may be mediating these symp
toms (see above). Although some data support a dopa
minergic deficit in at least some types of depression 
(Fibiger 1991; Willner et al. 1991; Caldecott-Hazard et 
al. 1991; Kapur and Mann 1992), the importance of such 
a deficit in mediating depression is currently unknown. 
Even less is known about the role in depression of po
tential interactions between the dopaminergic system 
and other neurotransmitter systems that have been 
strongly implicated in depression, such as the seroton
ergic system. 

Despite some contradictions and failures to replicate, 
decreased CSF levels of the DA metabolite homovanil
lic acid (HV A) have been reported in drug-free de
pressed patients (e.g., Goodwin et al. 1973; Asberg et al. 
1984). However, the interpretation of such data has 
been criticized on the grounds that cerebrospinal fluid 
HV A levels mostly reflect dopaminergic activity in the 
dorsal striatum, and not in the mesocorticolimbic sys
tem (Fibiger 1991), and as such they may correlate best 
with psychomotor retardation, another symptom of de
pression, and not with the affective disturbances (Will
ner et al. 1991). Other clinical data suggesting some role 
for DA in depression include comorbidity of depression 
and Parkinson's disease, with depression emerging be
fore the onset of the motor symptoms of Parkinson's dis
ease, and with higher incidence of depression in Parkin
son's disease than in patients with other equally disabling 
illnesses (Cummings 1985; Mayeaux 1990). Additional 
clinical data indicate some limited antidepressant activ
ity of direct and indirect dopaminergic agonists (Calde
cott-Hazard and Schneider 1992). Nevertheless, there is 
variability in these effects among patient populations, 
failures to replicate, and general belief among clinicians 
that those compounds have limited utility as antide
pressants (Caldecott-Hazard et al. 1991; Caldecott-Haz
ard and Schneider 1992; Kapur and Mann 1992). Never
theless, it will be useful to evaluate more thoroughly 
and rigorously the antidepressant efficacy of these com
pounds and determine potential subpopulations of de
pressive individuals that may benefit from treatment 
with such dopaminergic compounds. 

The best support for a role of DA in depression is 
provided by preclinical studies. Chronic antidepressant 
therapy, such as treatment with tricyclics or electrocon
vulsive shock or atypical antidepressants, increased ex
tracellular DA levels in the striatum, as measured by in 
z,ivo microdialysis (Nomikos et al. 1991) and increased 
functional sensitivity to direct and indirect DA agonists 
(Green and Deakin 1980; Spyraki and Fibiger 1981; 
Wielosz 1981; Maj et al. 1987; Willner et al. 1991) and to 
second-messengers injected directly into the nucleus ac
cumbens (Heal and Green 1978). This increased func
tional sensitivity has been attributed to enhanced dopa
minergic function in the nucleus accumbens because the 
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above cited studies demonstrated enhanced locomotor 
responses to DA agonists, a behavior thought to be me
diated by the mesolimbic DA system, but no enhance
ment in drug-induced stereotyped behavior that is 
thought to reflect nigrostriatal dopaminergic activity. 

Willner, Papp, Klimek, and co-workers (Klimek and 
Maj 1989; Willner et al., 1991; Papp et al. 1994; Willner 
1995) have suggested with a series of studies that in
creased activity at the D2/D3 receptors in the nucleus ac
cumbens may mediate this enhanced response to dopa
minergic agents after antidepressant treatment (Muscat 
et al. 1990, 1992; Maj et al. 1989a,b; Papp et al. 1992, 
1994). Nevertheless, there have been several failures to 
demonstrate changes in the binding characteristics of 
any DA receptor after antidepressant treatment in ani
mals (e.g., Bergstrom and Kellar 1979; Atterwill 1980; 
Peroutka and Snyder 1980; Martin-Iverson et al. 1983; 
Klimek et al. 1985; Klimek and Nielsen 1987; Papp et al. 
1994; however, see Klimek and Nielsen 1987; Maj et al. 
1987; Barkai et al. 1990; De Montis et al. 1990), a result 
that is consistent with the absence of changes in DA re
ceptors during psychomotor stimulant withdrawal or 
withdrawal from any other drug of abuse. 

In conclusion, although much remains to be clarified 
about the potential role of dopaminergic neurotrans
mission in limbic areas in depression and/ or in the 
mode of action of antidepressant treatments, such hy
potheses have heuristic value based on the role of this 
system in reward and incentive-motivational processes. 
However, much more clinical and human data are 
needed to support these hypotheses. Considering the 
evidence suggesting a role of decreased dopaminergic 
neurotransmission in limbic areas in withdrawal from 
psychostimulants, opiates, and ethanol, evidence indi
cating blunted dopaminergic neurotransmission in de
pression would have implications about a potential 
similarity in the neurobiology of depression and drug 
dependence. In terms of a self-medication hypothesis 
for the comorbidity of depression and drug depen
dence, acute administration of psychostimulants, nico
tine, opiates, or ethanol would revE'fse this hypothe
sized decrease in DA neurotransmission. 

GABA. The role of GABAergic systems in depression 
has not been investigated as extensively as that of 
monamines. Nevertheless, data have accrued leading to 
the hypothesis that decreased GABAergic neurotrans
mission may constitute a component in the cascade of 
biochemical events associated with depressive disor
ders (Lloyd et al. 1989; Petty 1995). Although not en
tirely consistent across studies, plasma, CSF and brain 
levels of GABA or L-glutamic acid decarboxylase (GAD), 
the enzyme used in the synthesis of GABA, are signifi
cantly lower in patients with depres~,ive disorders (e.g., 
Perry et al. 1977; Petty and Schlesser 1981; Gerner et al. 
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1984; Honig et al. 1989; Petty et al. 1993, 1995a; how
ever, see Post et al. 1980). Interestingly, however, low 
plasma levels of GABA, which are observed in about 
40% of depressed individuals, appear to be a trait, rather 
than a state marker, for depression because GABA lev
els do not change with antidepressant treatment or clin
ical remission even over a period of 4 years (Petty et al. 
1993, 1995a,b). In addition, GABAA receptors have been 
shown to be upregulated in the frontal cortex of de
pressed suicides (Cheetham et al. 1988), possibly reflect
ing a compensatory response to decreased GABAergic 
neurotransmission. Further, chronic antidepressant treat
ments, such as tricyclics, SSRis, MAOis, and electroshock, 
downregulate GABAA receptors in the frontal cortex 
and upregulate GABAB receptors in the frontal cortex 
and the hippocampus (an effect also seen with GABA 
agonists because GABAB receptors do not appear to fol
low the "classical" rules of receptor regulation), sug
gesting that antidepressants enhance GABAergic neu
rotransmission (Pile and Lloyd 1984; Lloyd et al. 1985; 
Petty 1995; however, see Cross and Horton 1987). Fi
nally, GABA-mimetics that are active at both GABAA 
and GABAB receptors, such as progabide, fengabine, 
and SL 76002 (Morselli et al. 1980; Lloyd and Morselli 
1987; Lloyd et al. 1989; Nielsen et al. 1990), and a 
GABAA/benzodiazepine receptor agonist, alprazolam 
(but not other benzodiazepines; Cropper et al. 1987; Ri
mon et al. 1991; Petty et al. 1995b), have been shown to 
be as effective as tricyclics in the treatment of depres
sion and with a faster onset of therapeutic action for al
prazolam. 

In conclusion, despite some GABAergic-noradrenergic 
interactions (e.g., Suzdak and Gianutsos 1985; Bonanno 
and Raiteri 1987; Scatton et al. 1982, 1987; Lloyd et al. 
1989), the GABA system may play a role in the thera
peutic effects of antidepressants that is not merely mod
ulatory to monoaminergic function (Lloyd et al. 1990; 
Petty 1995; Petty et al. 1995b). Considering the skepti
cism about the hypothesized role of NE neurotransmis
sion in depression (see above), the hypothesis about a 
potentially important role of GABA neurotransmission, 
independent of the noradrenergic system, in depression 
and/ or the therapeutic effects of antidepressants has 
heuristic value. It should be noted, however, that be
cause benzodiazepines that stimulate GABA neuro
transmission are anxiolytics, it is possible that the re
duced GABAergic neurotransmission seen in depressed 
individuals mediates the anxiety symptomatology that 
is observed in some depressed individuals (see above) 
and not the more motivational symptoms of depression. 
Decreased GABAergic neurotransmission has also been 
observed in ethanol and benzodiazepine withdrawal, 
which are also characterized by anxiety symptomatol
ogy to a greater extent than withdrawal from other 
drugs of abuse. As such, reduced GABAergic neu
rotransmission may be a common substrate for the anx-
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iety symptomatology seen in some depressed individu
als and in withdrawal from several drugs of abuse. The 
role of GABAergic neurotransmission in the motiva
tional aspects of depression and drug withdrawal has 
not been investigated extensively and could be an area 
for future investigations. Direct investigation of the role 
of GABA neurotransmission in the depression-like as
pects of, at least, ethanol withdrawal appears warranted 
considering: (1) the hypothesized role of GABAergic 
neurotransmission in ethanol reinforcement in both eth
anol-dependent and non-ethanol-dependent animals (see 
above); (2) the clinical observation of depressive symp
tomatology during ethanol withdrawal in humans (see 
above); and (3) the hypothesized role of GABA in de
pressive symptomatology in humans. In terms of the 
self-medication hypothesis, it appears that acute ad
ministration of ethanol or benzodiazepines would "self
medicate" a potential reduction in GABAergic neu
rotransmission associated with depression. 

Corticotropin Releasing Factor (CRF). CRF is a pep
tide found both in the hypothalamus where it stimu
lates the release of adrenocorticotropic hormone (ACTH) 
and in extrahypothalamic systems, such as forebrain 
limbic areas and brainstem nuclei (Swanson et al. 1983). 
In addition to the endocrine effects of CRF, evidence 
has accumulated in support of a role of CRF in behav
ioral responses to stressors that may have relevance to 
depression and anxiety (Koob et al. 1994b), especially 
because stress is hypothesized to bE· one of the etiologi
cal factors in depression (see above). In support of a role 
of CRF in depression, depressed individuals and sui
cide victims exhibited elevated cerebrospinal fluid CRF 
levels (believed to reflect extrahypothalamic CRF func
tion; (Post et al. 1982)) compared with controls (e.g., 
Nemeroff et al. 1984; France et al. 1988; Arato et al. 
1989). Furthermore, antidepressant therapy, such as 
electroconvulsive treatment (Nemeroff et al. 1991; 
Banki et al. 1992), or chronic fluoxetine (DeBellis et al. 
1993) decreased cerebrospinal fluid CRF concentrations 
in depressed individuals, implicating a potential role of 
CRF in antidepressant action. Further, a downregula
tion of CRF receptors has been ob~.erved in the frontal 
cortex of suicide victims, consistent with the possibility 
that a prolonged hyperactivity of central CRF neurons 
has led to a compensatory downregulation of CRF re
ceptors (Nemeroff et al. 1988). Nevertheless, the role of 
CRF neurotransmission in reward and motivational 
processes, the processes most relevant to the core symp
toms of depression, has not been investigated exten
sively. It will be important to explore whether the en
hanced CRF neurotransmission observed in depressed 
individuals mediates the symptoms that reflect alter
ations in reward and motivational processes or just the 
symptoms of anxiety that are seen in some depressed 
individuals (see above). Interestingly, enhanced CRF 
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neurotransmission is also observed during psychostim
ulant, opiate, ethanol, and benzodiazepine withdrawal, 
and as such, it may constitute a common neurobiologi
cal alteration for depression and drug dependence to 
those drugs of abuse. Nevertheless, similarly to GABA 
neurotransmission, and as discussed above, the role of 
enhanced CRF neurotransmission in the reward and 
motivational aspects of depression and drug depen
dence remains to be determined. In terms of a self-med
ication hypothesis, it is not obvious at this point which 
drugs of abuse would decrease CRF neurotransmission, 
even though cocaine has been shown to modulate CRF 
neurotransmission (see above). 

Neuropeptide Y (NPY). NPY is another peptide that is 
widely distributed in the central nervous system and 
has been implicated in depression (Heilig and Widerlov 
1990; Heilig et al. 1994). In general, NPY has powerful 
behavioral effects, including stimulation of appetite 
and pronounced anxiolytic-like effects (Heilig et al. 
1994). Despite some inconsistencies (Berrettini et al. 
1987; Gjerris et al. 1992), decreased cerebrospinal fluid 
NPY levels have been observed in depressed individu
als (especially in nonendogenously depressives) com
pared with most schizophrenics (which exhibit the wid
est range of NPY levels) and with healthy controls 
(Widerlov et al. 1988; Gjerris et al. 1992). Decreased NPY 
levels were also seen in the brains of suicide victims 
(Widdowson et al. 1992). Nevertheless, animal (Smia
lowska and Legutko 1991; Bellman and Sperk 1993; 
Heilig and Ekman 1995) and human (Widerlov et al. 
1988) studies have failed to show effects of chronic 
treatment with antidepressant compounds on brain NPY 
levels. Electroconvulsive shock, however, increased NPY 
brain levels in the frontal and parietal cortex, the hypo
thalamus and the hippocampus (Wahlestedt et al. 
1990), and NPY mRNA levels in the piriform cortex and 
the dentate gyms (Mikkelsen et al. 1994). Even though 
NPY has not been investigated as extensively as other 
neurotransmitter systems, the above described pattern 
of results indicates that NPY may be one of the few 
cases where a dissociation may exist between a poten
tial mechanism that mediates the symptoms of depres
sion and the mechanism(s) of the therapeutic effects of 
currently available antidepressants (except electrocon
vulsive therapy). Furthermore, this is yet another case 
where the effects of electroconvulsive shock differ from 
those of antidepressant pharmacotherapies (see above), 
suggesting different therapeutic mechanisms of the two 
types of treatment. 

Finally, it has been hypothesized that CRF and NPY 
act in opposition in mediating depressive symptomatol
ogy, and that an imbalance in NPY-CRF interactions 
may be one of the abnormalities mediating depression 
(Heilig et al. 1994; see Table 4). This hypothesis is based 
on: (1) the opposite direction of change of cerebrospinal 
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fluid NPY and CRF levels in depressed individuals (see 
above); and (2) the opposing effects of the two peptides 
on animal models of anxiety in rats, with CRF enhanc
ing anxiety-like behaviors (Koob et al. 1994b; Heilig et 
al. 1994; Menzaghi et al. 1994) and NPY inducing anxi
olytic-like effects (Heilig et al. 1992, 1994). 

Nevertheless, as discussed above in the cases of both 
CRF and GABA, the role of NPY in reward and motiva
tional processes has not been investigated. Thus, as 
with CRF and GABA, the possibility remains that NPY 
is involved in anxiety symptomatology seen in some 
depressed individuals (see above), and not as much in 
symptoms reflecting alterations in reward and motiva
tional processes. The role of NPY neurotransmission in 
drug withdrawal has not been investigated extensively. 
It is known, however, that, similarly to depression, co
caine withdrawal is also associated with decreased 
NPY neurotransmission. As with CRF, though, it is not 
clear which drugs of abuse would enhance NPY neu
rotransmission. 

Somatostatin. Somatostatin is another peptide that is 
widely distributed in the brain, interacts with several 

neurotransmitter systems, and has been implicated in 
depression (Rubinow 1986; Rubinow et al. 1995). There 
is consistent evidence that depressed individuals ex
hibit decreased CSF somatostatin levels compared with 
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healthy controls or schizophrenics (Gerner and Yamada 
1982; Agren and Lundqvist 1984; Rubinow 1986; Kling 
et al. 1993). Further, decreased somatostatin levels ap
pear to be a state marker for depression, because CSF 
somatostatin levels are lower when patients are de
pressed than when the same patients are manic or eu
thymic (Rubinow 1986). There is some evidence that an
tidepressant compounds alter somatostatin function, 
although not always in the predicted direction, given 
that reduced somatostatin levels are seen in depressed 
individuals. For example, consistent with the hypothe
sis of reduced somatostatin levels in depression, re
peated administration of the tricyclic desmethylimi
pramine increased somatostatin receptor numbers in 
the nucleus accumbens (Gheorvassaki et al. 1992), an ef
fect of the antidepressant that could compensate for the 
decreased somatostatin levels seen in depression. Nev
ertheless, repeated administration of SSRls, such as clo
mipramine or zimelidine, reduced somatostatin levels 
in several limbic structures (although the brain sites af
fected varied with the specific compound used) (Kakigi 
et al. 1992). In conclusion, although some role for soma
tostatin has been implicated in depression, similarly to 

CRF, NPY, and GABA, the role of somatostatin on re
ward and motivational processes has not yet been in
vestigated. As with NPY, the role of somtostatin in 
drug withdrawal has not been investigated. 

Table 4. Summary of the Evidence Implicating Increased Corticotropin Releasing Factor and Decreased Neuropeptide Y 

Function in Depression 

Measure 

CRF 

CSF CRF levels in depressives and suicide victims 

CSF CRF levels in depressives after: 
a) SSRis 

b)ECS 

CRF receptors in suicide victims 

NPY 

CSF NPY levels in depressives and suicide victims 

NPY levels or NPY mRNA in brain sites af:er: 

a) SSRis, tricyclics, or MAOis 

b)ECS 

See text for discussion. 

Direction of Change 

t 

t 

References 

Nemeroff et al. 1984 
France et al. 1988 
Arato et al. 1989 

DeBellis et al. 1993 

Nemeroff et al. 1991 
Banki et al. 1992 

Nemeroff et al. 1988 

Widerlov et al. 1988 
Gjerris et al. 1992 
Widdowson et al. 1992 

Smialowska and Legutko 1991 
Bellman and Sperk 1993 
Heilig and Ekman 1995 
Widerlov et al. 1988 

Wahlestedt et al. 1990 
Mikkelsen et al. 1994 

Abbreviations: CRF = corticotropin-releasing factor; NPY = neuropeptide Y; CSF = cerebrospinal fluid; SSRI = selective serotonin reuptake inhib

itor; MAOI = monoamine oxidase inhibitor; ECS = electroconvulsive shock. 
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DISCUSSION AND SYNTHESIS: POTENTIAL 
NEUROBIOLOGICAL SIMILARITIES IN NON
DRUG- AND DRUG-INDUCED DEPRESSIONS 

THAT MAY CONSTITUTE THE SUBSTRATE FOR 
SELF-MEDICATION WITH DRUGS OF ABUSE 

As outlined in the first section, the purpose of this re
view is to address the question as to whether there is 
sufficient evidence indicating that depression and drug 
dependence have shared neurobiology. As summarized 
below, clinical, epidemiological, and neurobiological 
evidence, together with theoretical considerations, sug
gest several commonalities in the neurobiology of the 
affective symptomatology of depression and drug de
pendence that support either of the first two hypotheses 
of shared neurobiology articulated in the first section. 
Independent of whether depression and drug depen
dence are different symptomatic expressions of the 
same neurobiological abnormalities (hypothesis 1), or 
whether drug abuse leads to the abnormalities mediat
ing depression (hypothesis 2), it can be hypothesized 
that drug abuse reflects self-medication intended to re
verse some of those abnormalities. Below is a discus
sion and synthesis of the literature that has been re
viewed above which provides the theoretical basis for 
the hypothesis of self-medication. 

Clinical and Theoretical Perspectives 

From both clinical and theoretical perspectives, there 
are similarities between the affective symptomatology 
of depression and the affective symptomatology of 
withdrawal from several drugs of abuse. Furthermore, 
this affective symptomatology, which is characterized 
primarily by alterations in reward and motivational 
processes, is one of the principal defining characteris
tics for both psychiatric disorden,. Thus, a parsimoni
ous hypothesis would be that the two disorders are me
diated by common neurobiological abnormalities. 

There is also some clinical evidence that antidepres
sant treatments are effective in both improving de
pressed mood and decreasing drug abuse, as discussed 
earlier. This observation again supports the hypothesis 
of common neurobiological abnormalities for the two 
disorders. Nevertheless, antidepressants may decrease 
the use of only certain drugs of abuse, such as psycho
stimulants and perhaps opiates or nicotine, and prima
rily in depressed drug users. Unfortunately, however, 
the available clinical data do not allow us to address the 
question of hypothesis 1 versus hypothesis 2, because in 
the vast majority of these clinical studies it was not fea
sible to determine whether the depression was primary 
(i.e., appearing before the onset of drug abuse) or sec
ondary (i.e., appearing after the onset of drug abuse), 
and as such potentially drug-induced. Nevertheless, it 
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appears that depressed drug users are likely to benefit 
from antidepressant treatment in terms of both amelio
ration of their depressive symptomatology and de
crease in their drug use. This observation suggests that 
self-medication with drugs of abuse may not be neces
sary if effective antidepressant treatment is provided to 
those individuals. 

Epidemiological Perspective 

From an epidemiological perspective, as indicated pre
viously, there is a higher degree of comorbidity be
tween depression and drug dependence than would be 
expected from the community rates for these two disor
ders. Further, there is a familial aggregation for the two 
disorders. These two observations also support the hy
pothesis of common neurobiological abnormalities for 
the two disorders. 

Neurobiological Perspective 

From a neurobiological perspective, as summarized in 
Table 1, there are similar alterations in several neu
rotransmitter systems that are associated with both de
pression and drug dependence. Alterations in 5-HT, 
NE, acetylcholine, DA, GABA, CRF, NPY, and soma
tostatin neurotransmission have been observed in de
pressed individuals. Most of these neurotransmitter 
systems are also modulated by antidepressant treat
ment in animals. Many of these same neurotransmitter 
systems have also been implicated in withdrawal from 
drugs of abuse, even though not all systems have been 
implicated in withdrawal from every single drug of 
abuse. Further, some of those systems are implicated di
rectly in the motivational aspects of drug withdrawal, 
which are hypothesized to constitute the common 
symptomatology of drug dependence and depression 
(see above). It is rather striking that inspection of the 
available data summarized in Table 1 indicates the 
same direction of change in the function of these neu
rotransmitter systems for both depression and the vari
ous withdrawal syndromes. Again, this pattern of re
sults suggests significant overlap in the mechanisms 
mediating the two disorders. The following common 
neurobiological elements emerge. 

Serotonin appears to be critically involved in depres
sion, with reduced serotonergic neurotransmission hy
pothesized to mediate depression. Alteration in sero
tonergic neurotransmission is also one of the most 
consistent changes occurring during withdrawal from a 
variety of drugs, such as stimulants, ethanol, and ben
zodiazepines, although a critical role for 5-HT in the af
fective/motivational aspects of withdrawal has yet to 
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be demonstrated. Interestingly, however, in the case of 
stimulant withdrawal, the decreases in 5-HT levels in 
the nucleus accumbens, as measured by in vivo microdi
alysis, were larger and appeared earlier than the de
creases in DA (Parsons et al. 1995); and during ethanol 
withdrawal, the decreases in 5-HT levels were more re
sistant to reversal by further ethanol self-administration 
than the decreases in DA (Weiss et al. 1996). 

Nevertheless, in the case of drug dependence, most 
available evidence emphasizes the critical role of DA 
neurotransmission, rather than 5-HT, in the mediation 
of the acute rewarding effects of several drugs of abuse, 
such as psychostimulants, opiates, nicotine, and etha
nol. By contrast, a critical role of DA in depression has 
not been shown persuasively. It is possible that the dif
ferential emphasis on 5-HT for depression and on DA 
for drug dependence derives mostly from the diverse 
traditions in experimental approaches and hypotheses 
in the two fields rather than from exhaustive testing of 
the role of these two neurotransmitter systems in the 
two disorders. However, this explanation of differential 
experimental emphasis may be more relevant to the 
drug dependence field than to the depression field, be
cause direct and indirect dopaminergic agonists do not 
appear to be effective antidepressants (Caldecott-Haz
ard et al. 1991; Caldecott-Hazard and Schneider 1992; 
Kapur and Mann 1992). Yet the possibility remains that 
there is a separation between the neurochemical events 
that mediate depressive symptomatology versus the 
neurochemical events that mediate the therapeutic ef
fects of antidepressants. Further, it mz,y be hypothe
sized that decreased dopaminergic neurotransmission 
may lead to some affective symptoms of depression, 
but the preponderance of affective symptoms may be 
mediated by other neurotransmitter systems, suggest
ing that enhanced dopaminergic neurotransmission 
through the administration of exogenous dopaminergic 
compounds may not be sufficient to reverse these other 
neurotransmitter deficits. Alternatively, the dopaminer
gic-mediated affective changes may be qualitatively dif
ferent from those mediated by other neurotransmitters, 
and as such, these dopaminergic processes may be 
largely restricted to the mediation of the motivational 
effects of drug withdrawal. These are ultimately test
able hypotheses at both the neurochemical and the neu
ropharmacological levels of analyses. 

Another intriguing commonality is the consistent ob
servation of increased CRF neurotransmission in both 
depression andl withdrawal from all drugs of abuse in
vestigated thus far. Further, there is evidence indicating 
blunted NPY and somatostatin neurotransmission in 
depression, and blunted NPY neuroh·ansmission in 
psychostimulant withdrawal. Based on the hypotheses 
that NPY and somatostatin systems act in opposition to 
the CRF system, there is heuristic value in further inves-
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tigating the role of NPY and somatostatin in drug 
dependence. One hypothesis is that NPY and somato
statin may be endogenous "buffers" against the stres
sor-induced release of CRF. Given the hypothesized 
role of CRF and NPY in behavioral responses to stress, 
it is conceivable that CRF, NPY, and somatostatin neu
rotransmission are more directly related to the anxiety 
or stress-like symptomatology, seen in both a subgroup 
of depressives and in drug withdrawing individuals 
(see above), rather than in reward/motivation-related 
symptomatology. The same argument can also be made 
about the GABA system, which has also been impli
cated in depression, and alcohol and benzodiazepine 
dependence, considering that benzodiazepines that en
hance GABAergic neurotransmission are anxiolytics. 
Nevertheless, the roles of CRF, NPY, somatostatin, and 
GABA neurotransmission in reward and motivational 
processes have not been investigated extensively. Thus, 
it remains to be determined whether these neurotrans
mitter systems modulate reward and motivational pro
cesses. Preliminary evidence suggests that administra
tion of drugs of abuse, such as cocaine and alcohol, 
modulates CRF (Goeders et al. 1990; Merlo Pich et al. 
1996; Richter et al. 1995; Richter and Weiss 1997) and 
NPY (Wahlestedt et al. 1991) neurotransmission, and 
thus could potentially restore temporarily this hypothe
sized imbalance between these two systems. 

Even though the role of the NE system in depression 
and in the mode of action of antidepressant treatments 
has been researched extensively over several decades, it 
is still not obvious whether it is enhanced or blunted 
NE function that may mediate depression; although the 
majority of recent evidence indicates enhanced NE neu
rotransmission as a correlate of depression. It is appar
ent that some of the most effective antidepressants have 
primary pharmacological actions on the NE system, 
suggesting an important role of NE in at least the thera
peutic effect of these compounds. It is still unclear, 
however, whether the changes in NE function induced 
by antidepressant treatments are relevant to the thera
peutic effects of these compounds or whether these bio
chemical changes are mere correlates of the mecha
nisms that mediate these therapeutic effects. In terms of 
drug dependence, exploration of the neurobiology of 
drug dependence and withdrawal has not indicated an 
important role for NE, except in the case of opiate with
drawal. Hence, in the context of potential neurobiologi
cal commonalities between depression and drug depen
dence, it is difficult to reach a conclusion in the case of 
NE. If NE neurotransmission is critically involved in 
depression, then NE is not a common element in the 
neurobiology of the two disorders; and this would be 
an argument against the hypothesis that the two disor
ders have shared neurobiological mechanisms. If the al
terations in the NE system induced by antidepressants 
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are mere correlates of the biochemical processes medi
ating depression and/ or therapeutic antidepressant ef
fects, then the possibility remains that depressive and 
drug withdrawal symptomatology have common neu
robiological substrates that do not include NE. 

Another common element between depression and 
drug dependence is that most changes observed after 
antidepressant treatment or during drug withdrawal 
are seen in limbic-related structures, such as the frontal 
cortex, the nucleus accumbens, the olfactory tubercle, 
the hippocampus, the amygdala, and the hypothala
mus. For instance, in the frontal cortex antidepressants 
alter 5-HT2 receptor numbers (Peroutka and Snyder 
1980) and increase 5-HT levels (Bel and Artigas 1993). 
Antidepressants also produce supersensitive 5-HT1A re
ceptors in the amygdala (Wang and Aghajanian 1980) 
and the hippocampus (de Montigny and Aghajanian 
1978; Chaput et al. 1991). Chronic antidepressant treat
ments also downregulate 13-adrenergic receptors in the 
frontal cortex and the hippocampus (e.g., Paul et al. 
1988), enhance dopaminergic activity in the nucleus ac
cumbens (e.g., Nomikos et al. 1991), and upregulate 
GABA6 receptors in the frontal cortex (Lloyd et al. 1985). 
In addition, CRF receptors are decreased in the frontal 
cortex of depressed individuals (Nemeroff et al. 1988), 
electroconvulsive shock increases NPY brain levels in 
the frontal cortex, the hypothalamus and the hippocam
pus (Wahlestedt et al. 1990), and desmethylimipramine, 
a tricyclic antidepressant, increases somatostatin recep
tor numbers in the nucleus accumbens (Gheorvassaki et 
al. 1992). 

Similarly, considerable evidence suggests an impor
tant role for limbic-related structures in drug with
drawal. For example, during psychostimulant (Parsons 
et al. 1995; Richter and Weiss 1997) or ethanol (Rossetti 
et al. 1992; Weiss et al. 1996; Merlo Pich et al. 1996) 
withdrawal, DA and 5-HT levels are decreased in the 
nucleus accumbens, whereas CRF levels are elevated in 
the amygdala. Furthermore, blockade of opiate recep
tors in the nucleus accumbens or !:he amygdala readily 
induces some affective/motivational signs of opiate 
withdrawal (Koob et al. 1989b; Stinus et al. 1990), 
whereas blockade of DA receptors in the nucleus ac
cumbens produces at least the somatic signs of opiate 
withdrawal (Harris and Aston-Jones 1994). The specific 
brain sites potentially involved in benzodiazepine and 
nicotine withdrawal have received less attention. Nev
ertheless, based on the premise that the sites and pro
cesses affected by acute drug administration are the 
most likely starting points for the cascade of events me
diating the motivational effects of drug withdrawal (see 
above), it can be hypothesized that nicotine withdrawal 
is associated, among other events, with desensitization 
of nicotinic receptors on mesolimbic dopaminergic neu
rons, which leads to reduced actiYity of this mesolimbic 
system (Dani and Heinemann 1996). 
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The involvement of the limbic system in depression 
and drug dependence is not surprising based on the 
widely accepted hypothesis that this system is the pri
mary substrate for motivational and affective processes. 
More specifically, it may be hypothesized that the affec
tive and motivational aspects of both depression and 
drug dependence are mediated by neurochemical pro
cesses in specific brain areas that interface classical lim
bic (emotional) structures with the extrapyramidal mo
tor system. The shell of the nucleus accumbens, the 
central nucleus of the amygdala, and the bed nucleus of 
the stria terminalis share certain cytoarchitectural simi
larities that have led to the concept of the extended 
amygdala, a brain system in the basal forebrain that 
may be involved in emotional behavior and motivation 
(Heimer and Alheid 1991). Particularly interesting is 
that the extended amygdala has significant efferents 
from limbic structures such as the basolateral amygdala, 
frontal cortices, and hippocampus and sends efferents 
not only to the medial part of the ventral pallidum but 
also a large projection to the lateral hypothalamus 
(Heimer et al. 1985, 1991). It is possible that the neuro
anatomical and neurochemical components that com
prise the extended amygdala may be the brain system 
that subserves the motivational and affective symptoma
tology of both depression and drug dependence. The 
suggestion of some common anatomical substrates for 
the two diseases again supports the hypothesis of shared 
neurobiology for depression and drug dependence. 

Further commonalities in the neurobiology of the 
two diseases may be revealed by the study of interac
tions between neurotransmitter systems implicated in 
either of the two diseases. Such interactions may also be 
relevant to the hypothesis of self-medication by identi
fying neurotransmitter circuits through which drugs of 
abuse may temporarily reverse the abnormalities medi
ating the affective aspects of depression, independent of 
whether the depression is drug- or non-drug-induced. 
For instance, there are complex and poorly understood 
interactions between altered 5-HT and NE function (the 
two monoamine systems that have been frequently im
plicated in depression) (e.g., Janowsky et al. 1982; 
Stockmeier et al. 1985; Manier et al. 1984, 1987a,b; 
Asakura et al. 1987; Baron et al. 1988). Increased NE 
neurotransmission, through repeated administration of tri
cyclic antidepressants, downregulates primarily !3-adren
ergic receptors in the high affinity state, whereas de
creased 5-HT neurotransmission through 5-HT lesions, 
increases 13-adrenoreceptors in the low affinity state, 
without affecting the NE-coupled cyclic AMP activity in 
the same areas Qanowsky et al. 1982; Stockmeier et al. 
1985; Manier et al. 1984, 1987a,b). Furthermore, intact or 
increased serotonergic neurotransmission delays the 
rapid reversibility of 13-adrenoreceptor downregulation 
occurring after cessation of the antidepressant adminis
tration (Asakura et al. 1987). In addition, increased sero-
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tonergic neurotransmission, through chronic adminis
tration of fluoxetine, accelerates and enhances the 
!3-adrenoreceptor downregulation induced by repeated 
treatment with desmethylimipramine, a tricyclic antide
pressant that inhibits the reuptake of NE (Baron et al. 
1988). Another interesting synergism between these 
two neurotransmitter systems involves enhancement of 
SSRI-induced increase of 5-HT levels in the frontal cor
tex through simultaneous inhibition of NE reuptake 
with drugs such as tricyclic antidepressants (Bel and 
Artigas 1996; Romero et al. 1996). Finally, a recent inter
esting observation is that administration of a selective 
5-HT lA antagonist, LY 206130, enhanced the effects of 
duloxetine, a 5-HT and NE uptake inhibitor, on extra
cellular 5-HT, NE, and DA levels (as measured by in 
vivo microdialysis) in the rat hypothalamus (Engleman 
et al. 1996), three neurotransmitter systems that have 
been implicated in depression. Even though it is diffi
cult at this point to generate hypotheses as to how these 
observed interactions between the serotonergic and the 
NE systems may mediate the therapeutic effects of anti
depressants, the above described observations suggest 
that both serotonergic and noradrenergic neurotrans
mission may be involved in the mechanism of action of 
some antidepressants, independent of whether the pri
mary pharmacological drug action is in the serotonergic 
or the noradrenergic system. Consequently, administra
tion of either antidepressant compounds, such as tricy
clics and MAOis, or drugs of abuse, such as psycho
stimulants or ethanol, would potentially alter both 
serotonergic and noradrenergic neurotransmission. 
Nevertheless, not all antidepressant treatments induce 
changes in both serotonergic and noradrenergic func
tion, as indicated by the fact that SSRis affect 5-HT but 
not NE neurotransmission. 

Another potential interaction involves serotonergic 
and dopaminergic systems. Serotonin stimulates DA re
lease in the striatum (e.g., Benloucif et al. 1993; Parsons 
and Justice 1993). Thus, a primary 5-HT abnormality in 
depression could also lead to a dopaminergic deficit. 
Administration of SSRis, MAOis, or several different 
drugs of abuse, especially stimulants and ethanol, has 
the potential to enhance all monoaminergic neurotrans
mission, including this serotonergic-dopaminergic in
teraction. 

There are also interactions between the cholinergic 
and dopaminergic systems that may explain how nico
tine administration through cigarette smoking would 
reverse a dopaminergic deficit that has been implicated 
in depression. A cholinergic projection from the pedun
culopontine nucleus to the ventral tegmental area en
hances DA release in the striatum, through activation of 
nicotinic receptors on dopaminergic neurons (Clarke 
and Pert 1985; Nisell et al. 1994a,b, 1995; Yeomans 
1995). This cholinergic-dopaminergic interaction is par
ticularly relevant given the strong association that has 
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been shown between depression and cigarette smoking 
(see above). 

Consideration of the Three Hypotheses 
Addressing the Comorbidity of Depression 
and Drug Dependence 

To summarize the discussion up to this point, clinical, 
epidemiological, and neurobiological evidence, together 
with theoretical considerations, suggests several com
monalities in the neurobiology of the affective symp
tomatology of depression and drug dependence, which 
supports either of the two hypotheses of shared neuro
biology. Given the available data, however, it is difficult 
to favor either of the two hypotheses. It appears that the 
two psychiatric disorders of depression and drug de
pendence are interrelated at some neurobiological level. 
Nevertheless, it is not obvious whether similar preexist
ing abnormalities are manifested behaviorally either as 
depressive symptomatology or as compulsive drug 
abuse (hypothesis 1), or whether drug abuse leads to 
the abnormalities mediating depression (hypothesis 2). 

Furthermore, it should be clarified that these two hy
potheses are not mutually exclusive--especially be
cause it is conceivable that there are subcategories of 
depression, with some depressions potentially having 
more common elements to drug dependence than other 
types of depression. The hypothesis that depression is 
not a homogeneous disorder is supported by the evi
dence that SSRI-, MAOI-, or light-treated depressives 
are more susceptible to the mood-lowering effects of 5-
HT depletions than tricyclic-treated depressives (Shop
sin et al. 1976; Delgado et al. 1991; Lam et al. 1996), 
whereas the reverse is true after catecholamine deple
tions (Delgado et al. 1993; Heninger et al. 1996). Never
theless, given the inherent difficulty in collecting the 
relevant clinical data in depressed humans, it remains 
unclear whether these interesting results are attribut
able to: (1) the existence of subpopulations of depres
sives, which are preferentially responsive to either 
SSRis or tricyclics, reflecting their particular neuro
chemical deficits (i.e., subcategories of depression hy
pothesis), or (2) the induction of neurochemical adapta
tions, through chronic antidepressant administration, 
that renders individuals more susceptible to the deple
tion affecting the system mediating the therapeutic effect 
of the particular antidepressant used (i.e., antidepressant
induced neuroadaptation hypothesis). The observation 
that 5-HT depletion did not affect mood in drug-free 
depressed individuals (Delgado et al. 1994) supports 
the latter explanation. Nevertheless, many of the sub
jects in this study were nonresponders to a variety of 
antidepressant treatments leaving open the possibility 
that these patients may constitute another subcategory 
of depression, with yet another primary neurochemical 
abnormality, that is not reversed with classical antide-
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pressant treahnents. In addition, further evidence against 
the antidepressant-induced neuroadaptation hypothesis 
and in support of the subcategories of depression hy
pothesis,. indicated that 5-HT depletion lowers mood in 
drug-free healthy individuals (Young et al. 1985), and 
with a greater effect in drug-free individuals with a 
family history of depression (Benkelfat et al. 1994) and 
in drug-free healthy women that tend to be more sus
ceptible to depression than healthy men (Ellenbogen et 
al. 1996). 

The third hypothesis suggests that drug dependence 
and depression have different and independent neurobi
ological mechanisms. Evidence in support of this hypoth
esis would involve demonstration of clear dissociation 
between the mechanism(s) mediating the two disorders, 
that is, rejection of the two alternative hypotheses of 
shared neurobiology. Given the current poor under
standing of the mechanisms involved in these disor
ders, such evidence is difficult to generate. Further, 
based on the similarities in the neurobiological pro
cesses associated with both diseases, the existing evi
dence would more strongly support the hypotheses of 
shared rather than independent neurobiology for de
pression and drug dependence. 

Self-Medication Hypothesis 

An extension of the two hypotheses of shared neurobi
ology is that drug dependence may involve, at least in 
some cases, self-medication to reverse some of the neu
rotransmitter abnormalities associated with depression. 
These abnormalities may have exi:,ted prior to drug use 
(hypothesis 1: non-drug-induced depression) or could 
have been induced by the drug use (hypothesis 2: drug
induced depression). For hypothesis 1, it is possible that 
through experimentation with several drugs and 
through the simultaneous use of multiple drugs, people 
determine the drug or drug combination that best nor
malizes their neurochemical imbalance that is ex
pressed behaviorally as depression. For those individu
als, the need to control their depre~.sive symptomatology 
through self-medication would play an important role 
in the maintenance of drug dependence. In the case of 
drug dependence without any preceding or comorbid 
depression, other than drug-induced depression, re
peated drug use can be conceptualized as self-medica
tion to counterbalance the neuroadaptations produced 
with chronic drug administration, and thus, used as a 
treatment for withdrawal symptomatology. 

Drugs of abuse directly influence the function of sev
eral neurotransmitter systems implicated in depressive 
symptomatology. As such, these pharmacological effects 
lend credence to the idea of antidepressant self-medica
tion with drugs of abuse. For example, acute adminis
tration of psychostimulants, which directly enhance 
monoaminergic neurotransmission, would temporarily 
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reverse potential serotonergic, dopaminergic, or norad
renergic deficits that may be found in depressed individ
uals. Drugs such as ethanol, morphine, and nicotine 
also have the ability to enhance monoaminergic neu
rotransmission, and thus to act as antidepressant self
medications. Further, ethanol or benzodiazepines could 
acutely reverse a potential GABAergic deficit, whereas 
nicotine would also influence cholinergic system func
tion. None of these drugs of abuse are considered clini
cally effective antidepressants by practicing clinicians. 
Nevertheless, the possibility remains that simultaneous 
or sequential use of various drugs, as "self-prescribed" 
by the emotional needs of the drug-using individual, 
leads to an adequate therapeutic antidepressant effect. 
The best clinical support for this self-medication hy
pothesis is provided by the evidence that antidepres
sant treatment is more effective in reducing drug use in 
depressed drug abusers than in non-depressed abusers, 
suggesting that antidepressant medication may replace 
the need for consumption of drugs of abuse (see above). 

Future Research Directions and Approaches 

Throughout the present review, whenever warranted, 
fruitful and interesting areas for specific future investi
gations have been indicated. These recommendations 
will not be repeated here. Rather, some general recom
mendations will be made for future research directions 
and approaches. In the context of further exploring the 
potential neurobiological similarities between depres
sion and drug dependence, it would be critical to de
sign research programs that would explicitly test, with 
similar experimental approaches, hypotheses generated 
in the field of depression in animal models of drug de
pendence and vice versa. Further, exploration of the 
self-medication hypothesis would involve testing whether 
various drugs of abuse reverse depressive symptoma
tology in animal models of depressive symptoms or in 
depressed individuals. 

Another fruitful area of research would be the explo
ration of possible subtypes of depression (non-drug- or 
drug-induced) that may be characterized by different 
neurotransmitter abnormalities, and thus be treated 
with different types of antidepressant treatments. For 
instance, from the above review of the literature, it ap
pears that electroconvulsive therapy and antidepres
sant compounds may produce their antidepressant re
sponses through different therapeutic mechanisms, 
because the biochemical changes induced by electro
convulsive therapy are often different from those pro
duced by antidepressant drugs. Further, the studies in
dicating that 5-HT and NE depletion induce depression 
only in those individuals treated by SSRis or tricyclics, 
respectively, further support the hypothesis of subtypes 
of depression. The identification of such subtypes of de
pression may reveal more readily potential similarities 
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between certain types of non-drug-induced depressions 
and certain types of drug-induced depressions. Con
ceivably, such investigations would allow one to deter
mine whether the observed clinical comorbidity be
tween depression and drug dependence is due to similar 
preexisting abnormalities that are manifested behavior
ally either as depressive symptomatology or as compul
sive drug abuse (hypothesis 1), or whether drug abuse 
leads to the abnormalities mediating depression (hy
pothesis 2). The previous review of the available data 
did not allow us to favor one versus the other hypothe
sis. Obviously, direct investigation of these two hypoth
eses, particularly at the clinical level, is warranted. 

Finally, considering that all psychiatric disorders, in
cluding depression and drug dependence, involve pri
marily behavioral symptoms that reflect underlying 
neurobiological abnormalities, progress in understand
ing these diseases at any level of analysis will certainly 
involve a multidisciplinary approach to research. The 
most fruitful and realistic approach is investigation, at 
both the behavioral and the neurobiological level, of 
specific behavioral dimensions or psychological pro
cesses (e.g., specific symptoms), which are thought to 
be affected by the psychiatric disorder of interest (Geyer 
and Markou 1995). For instance, in the case of drug de
pendence, it would be useful to study the neurobiology 
of the various aspects and phases of dependence, such 
as maintenance of drug self-administration while in the 
dependence stage, affective/motivational aspects of 
drug withdrawal, drug craving and relapse, using rele
vant animal models of these phases of drug depen
dence. In the case of depression, research should focus 
on investigating specific core symptoms of the disease, 
such as reward/motivational symptoms, sleep distur
bances, weight abnormalities, specific cognitive impair
ments and disturbances in psychomotor activation in 
both humans and in animal models. Such explicit focus 
on specific aspects of a disorder, which is lacking in 
many published studies, would greatly facilitate progress 
in the field, especially when combined with an interdis
ciplinary approach. 

Concluding Remarks and Summary 

Review of the clinical, epidemiological, and neurobio
logical literature indicates that depression and drug de
pendence are likely to be linked disorders with shared 
neurobiological mechanisms. Several neurobiological 
hypotheses have been articulated and discussed in the 
present review that may have heuristic value in exploring 
the similarities and/ or differences in i:he abnormalities 
mediating the various symptoms of these two disorders. 
Further, self.-medication of depressive symptomatology 
with drugs of abuse may be an important explanatory 
concept in understanding the observE·d clinical comor
bidity of depression and drug dependence. An elucida-
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hon of the neurobiological and behavioral mechanisms 
mediating this comorbidity would lead not only to the 
development of better treatments for these two psychiatric 
disorders, but would also enhance our understanding 
of the mechanisms subserving motivational and affec
tive processes in both healthy and diseased individuals. 
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