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a  b  s  t  r  a  c  t

This  review  discusses  recent  research  of mood  disorders  associated  with  the  cessation  of psychoactive
substances,  with  an  emphasis  on preclinical  studies  that  have  been  published  in  the  last  decade.  Animal
models  exhibiting  anhedonic  and  depressive-like  behaviours  associated  with  drug  withdrawal  have  been
used to study  the  neurobiology  of mood  disorders  and  have  culminated  in  the identification  of  novel  tar-
gets  for  the  treatment  of  depressive-like  symptoms.  This  review  will  introduce  the behavioural  as  well
as the  neurochemical  and  plasticity  changes  in  depressed  patients  and  several  animal  models  of  depres-
sion.  Following,  we  provide  a more  in-depth  discussion  of the  role  of  serotonergic  neurotransmission  and
Hypothalamic-Pituitary-Adrenal  (HPA)  axis  regulation  as well  as  the  neurogenic  changes  occurring  after
chronic  drug  intake  focusing  on the  withdrawal  associated  depression.  Although  we  mainly  focus  on  ani-
mal data,  some  relevant  human  studies  are  also  discussed.  Establishing  the  commonalities  of  depression
and  drug-seeking  behaviour  will  allow  us  to elucidate  the  factors driving  the  high  co-morbidity  between
mood  disorders  and  drug  dependence.

©  2011  Elsevier  Ltd.  All  rights  reserved.

Contents

1. Introduction  . . .  .  . . . . . .  .  . . .  .  .  . . .  . . .  .  . . .  . . .  .  . . .  . . .  .  .  .  .  .  .  . .  .  . . .  . . . . . . .  .  . . . . .  .  . . .  . . . .  .  . .  . . .  . .  .  .  . . . . . .  . . . . . . .  .  . . .  .  . . .  . . .  . . . . .  . .  .  . . .  .  .  . .  .  . .  .  .  . . .  .  . . . . .  . . . . .  697
2.  Drugs  of abuse:  from  historical  traces  to animal  models  . . .  .  . . .  .  . .  .  . . .  .  .  . .  . . .  .  .  .  .  . . .  .  . .  . . . . .  .  . .  . . .  . . .  .  .  . . .  . . . .  . . . . . . .  .  .  . . .  . . .  . . . . . .  . . .  .  .  .  . . . .  . . . . . . 697
3.  Depressive-like  states:  from  clinical  data  to animal  models  of  depression  through  mechanism  of  action  of  antidepressants  . . . . . . . .  . .  .  . .  .  . . . . . 698

3.1. Clinical  data  . . . .  .  . . .  .  . . .  .  . . .  . . .  .  . . .  .  . .  .  .  . . .  . . . .  . . . . . . . .  . . . . . . .  . . . . . . .  .  . . . . . .  .  . . . . .  . . . .  . . . .  .  . . . . . . .  . . . . . . .  . . .  .  . . . .  .  . . .  . . . .  .  . . .  . . .  .  . . . . . .  .  . .  .  . .  . 698
3.1.1.  Serotonergic  neurotransmission  . . .  . . .  .  . . .  . . . .  .  . . .  . . . . . . .  .  . . . . . .  . . .  . . .  . . . .  . . . .  . .  . . . .  .  . . .  . . . .  .  . . . . . . .  . . . . . . .  . . .  .  .  .  . . . .  .  . . . . .  . . .  . . . . 699
3.1.2. Hypothalamic-Pituitary-Adrenal  axis  . . .  .  . . . .  . . . . . .  .  .  . . . . . .  .  . . . . . .  .  . . . . .  .  . . .  . . . . .  .  .  . . .  .  . . .  .  . . .  . .  .  . . .  . . . .  . . .  .  . . . .  .  . .  .  .  .  .  . . . . .  .  . . .  . . 699
3.1.3.  Hippocampal  atrophy  . . .  .  . . .  . . .  .  . . .  .  . .  .  . . . . . . .  . . . . . . .  . .  . . . .  .  . . .  . . .  . .  .  .  . .  . . .  . . . .  . . .  .  . . .  .  . . .  .  .  . .  . . .  . .  . . . . . . .  .  .  .  . . .  .  .  .  .  . .  . . . . . .  .  . . .  . .  . 700

3.2.  Mechanism  of  action  of  antidepressants  in animal  models .  .  . . . .  . .  .  . . . . . .  . . .  . . .  . .  . . . . . . .  . . . .  . . .  . . .  .  .  . . . . .  . . . . .  .  . .  .  . . . .  .  . . .  . . . . . .  . . . .  .  .  .  . . .  .  701
3.2.1.  Serotonergic  neurotransmission  .  .  . . .  .  . . .  . . . .  .  . . .  . . .  . . . . .  . . .  . . .  . . .  .  . . .  . .  .  . .  . . . .  .  .  . . . .  .  .  . . . . . .  .  . . . .  . . .  . . . . .  . . .  .  . . . .  .  .  .  .  . .  . . . . .  . . . . .  701
3.2.2. Glucocorticoid  receptor  function  .  . . .  .  . . .  .  . .  .  . . . . . . .  . . . .  . . .  . . . . . . .  . . .  .  .  . . .  . . .  .  . . .  . .  . . . . . . .  . . . . . .  .  . .  .  . . . . . . .  . .  .  . . . .  .  . . . . .  . . . .  .  .  .  . . .  .  701
3.2.3. Hippocampal  neurogenesis  .  . . . .  . . .  . . . .  . . .  .  .  . . . . .  .  . . . .  . . .  .  . . .  . .  .  . . . . . .  .  . . . . . . .  . .  . . . .  .  . . .  . . . . .  . . .  . . . . . .  .  . . . .  .  .  .  . . .  .  .  .  .  . .  . . . .  .  . .  . . .  . .  702

3.3. Animal  models  of  depression. .  . . . .  . . .  .  . .  .  .  . .  .  .  . .  .  .  . . . . . .  .  . . . .  . . .  .  . . .  .  . .  . . .  . . . . . . .  . . . . . . .  . . .  . . . .  .  . . . . .  .  . . .  . . . .  . . .  . . . . .  .  .  . . . .  .  .  .  .  . .  . . . . . .  . . . .  .  702
3.3.1.  Olfactory  bulbectomized  (OBX)  rats  .  .  . .  .  .  . .  .  . . . .  . .  .  . . . .  .  . . . . .  . .  .  . . . . .  . . .  . . . . .  .  . . . .  . . .  . .  . . .  . . . . .  .  .  . . .  .  .  . .  . . . . .  .  .  . . . .  .  . .  .  . .  . . . .  . .  . . . 702
3.3.2.  Fawn-Hooded  (FH)  rats  .  .  .  . . .  . . .  .  . . .  . . . .  . . . .  . . . .  . . .  .  . . . .  . .  .  . . .  . . .  .  . . . . .  . . .  . . . .  .  . . . .  .  . . .  . . . . .  .  .  .  . .  . . . . .  .  . . . .  . . .  .  . .  .  . .  .  . . . . .  .  . . . . . .  .  . 702
3.3.3.  Wistar  Kyoto  (WKY)  rats.  . .  . . .  . . . .  .  . . .  .  . . .  .  . . .  . . .  .  . .  .  . . .  . .  . . . . . .  .  . . . .  . . . .  .  . . . . .  . .  . . . . .  .  . . . .  .  . .  .  . . . . .  .  . . . .  . . . . .  . . .  .  .  .  .  . . . . . . . . .  . . . .  .  703
3.3.4.  Flinders  Sensitive  Line  (FSL)  rats  . .  . . .  . . . .  . . . .  .  . . .  .  . .  .  . . . . . . .  . . .  . . .  . . . . . .  .  . . . . . .  . . . . . . . .  . . . . . . .  . . . . . .  .  . . .  . . . . . . . . . . .  .  .  .  . .  .  . . . . .  . . . .  703
3.3.5. Inborn  Learned  Helplessness  (cLH)  rats  . .  . . . .  . . .  . . .  . . . .  .  .  . . . . .  .  . . . . . .  .  . .  . . . .  .  . . . . . .  .  .  . . . .  . . .  . . .  . . .  .  . . .  .  . . .  . .  .  . . .  . .  .  .  .  .  . . . . . .  . . . .  .  .  703
3.3.6.  High  (HAB)  and  Low  (LAB)  anxiety-related  behaviour  rats  . . .  .  . . . . . .  . . . . . . .  .  . .  . . .  . .  . . .  . .  .  . . . .  . . .  . . .  . . .  .  . . . .  .  .  .  .  .  . .  .  . . .  .  . . . . .  .  .  . .  .  703
3.3.7.  “Helpless”  (HL)  mice  from  Rouen. . . .  .  . . . .  . . .  . . .  . . . .  . . . . . . . .  .  . . . . .  . . .  . . . . .  .  . .  . . . . .  .  . . . .  .  . .  . . . . . . .  . . . . . . .  .  .  . . . . .  . .  .  . .  . . . . .  . . . . .  .  .  .  .  . 703
3.3.8. Glucocorticoid-receptor-impaired  transgenic  (Gr-i)  mice  .  . . . . .  . .  . . . . . . .  . . . . .  . . .  .  . . . . .  .  .  .  . .  . .  .  . . . . . . .  .  .  . .  .  . . . .  .  . . . . . .  . . .  .  .  .  . . .  . . .  704
3.3.9.  Chronic  stress  procedures  . .  .  . . .  .  . . .  .  . . .  .  . . .  . . .  . . .  .  .  . .  . . . . .  . . . . . . .  . . .  . . .  . . .  .  . . .  . . .  . . .  .  . . .  .  . .  .  . .  . .  .  .  . . . .  . . . . . . . .  .  . .  . . . . . . . . . .  .  .  . .  . .  .  704

∗ Corresponding author at: Howard Florey Institute, University of Melbourne, Parkville, VIC 3010, Australia. Tel.: +61 383447319; fax: +61 393481707.
E-mail  address: tibo.renoir@gmail.com (T. Renoir).

0149-7634/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neubiorev.2011.10.003

dx.doi.org/10.1016/j.neubiorev.2011.10.003
http://www.sciencedirect.com/science/journal/01497634
http://www.elsevier.com/locate/neubiorev
mailto:tibo.renoir@gmail.com
dx.doi.org/10.1016/j.neubiorev.2011.10.003


T. Renoir et al. / Neuroscience and Biobehavioral Reviews 36 (2012) 696–726 697

4.  Withdrawal  from  drugs  of  abuse:  symptoms  and  mechanisms  .  .  . . . . .  .  .  . . . . . .  .  . . . . .  .  . . .  . . . . .  .  .  . . .  . . .  .  . . . .  . .  .  . . .  . .  .  .  .  . .  .  . . . .  .  . . . . . .  . . .  .  .  .  .  . .  . . . . . . . 705
4.1.  Clinical  data  .  . . .  .  . . . .  . . .  . . . .  . .  .  .  . . .  . . .  .  .  .  .  .  .  . .  . .  .  .  . . .  . . .  .  . .  .  . . .  . .  .  . . . .  . .  .  . . . . . .  .  . . . . . .  .  . . . . . .  . . . . . . . .  . . . .  .  . .  .  . .  .  .  . . . .  .  .  . . . . .  . . .  .  . .  .  .  .  .  .  . .  . .  .  .  .  705

4.1.1.  Nicotine  withdrawal  . .  .  .  . .  .  .  .  .  .  . .  .  .  . .  .  .  . . .  .  . .  .  . . .  . . . .  .  . . . . .  .  .  . . . . .  .  .  . . . .  .  . . .  .  . . . .  .  . . . . . . .  .  . . . . . .  . . . . . . . . .  .  . . .  .  .  .  . . .  . . . . . . . . . .  .  .  .  .  . .  705
4.1.2.  Alcohol  withdrawal  . . .  . . . .  . . .  .  . . .  . . . .  . . .  . . .  .  . . . . . .  .  .  . . .  . . .  . . . . . .  .  . . .  . . . . . . .  . . .  . . . .  . . . . .  .  . .  . . . . .  . . .  . . . . . . . .  . .  .  . . .  .  . . . . . .  .  . .  .  . .  . .  .  .  .  . 706
4.1.3.  Cocaine  withdrawal .  . .  .  . . .  . . . .  . . .  . . . .  . . . .  . . . .  . . .  . . . .  .  .  . . . . . .  . . .  . . .  . . .  . . . . . . .  . . . . . . .  .  . .  . . . . . . .  . . . . . . .  .  . . . .  . . . . .  . .  . .  . .  .  . . .  . . . . . .  .  . . .  .  706
4.1.4.  Amphetamines  withdrawal.  .  . . .  . . . .  . . .  .  . . . .  . . .  . . . . . . . . .  . . .  . . .  . . .  . . .  .  .  . .  . . .  . .  . . .  . . . .  .  . . . . . .  .  . . . . . .  . . .  . . . . . . . .  . .  .  .  . .  .  . . . . . .  . . .  . . . . .  . 706
4.1.5.  Opiate  withdrawal  (Morphine  and  Heroin)  .  . .  .  .  . . .  .  .  . .  . . . .  .  . .  . . .  .  . .  .  . . . .  . .  . . . .  .  . . .  .  . . . . . . .  .  . . . . . .  .  . .  . . . .  .  . .  .  . . . .  . . . . . .  .  . .  .  . .  .  . .  .  .  706
4.1.6.  Challenges  in  human  studies  of  drug  dependence  . . . . .  .  . .  .  . . . .  . .  . . .  . . . .  . . . . . . .  . .  .  . . .  .  .  . .  . . . .  .  . . . . . .  .  . . . .  . . .  . .  .  . . .  .  . . . .  .  . .  . . . .  .  . .  .  706

4.2. Animal  models  of drug  withdrawal-induced  depression  .  .  . .  .  . . .  .  . .  .  . . . . . .  . . . .  . . .  . . .  . . . . . . .  . .  . . .  . .  .  .  . . .  .  . .  . . . .  .  .  .  .  . . .  .  .  .  . .  . . . . . . . . . .  .  . . .  . .  .  707
4.2.1.  Depression-like  behaviours .  .  .  . .  .  .  . .  .  .  . . .  . . .  . . .  .  .  . .  . . . .  .  . .  . . .  . . .  .  . . .  .  . .  .  . . . . .  .  .  . . .  . . . .  .  . . .  . . . .  . . .  . . .  .  .  . . . .  .  . . . .  .  .  . .  . .  .  . . . . . . . .  .  .  . .  .  707
4.2.2.  Serotonergic  neurotransmission  .  . .  .  .  . . . . . .  .  . . . . . .  .  . . . . . . .  .  . . . . .  . .  .  . . . .  .  . . . .  . . .  . . .  . . . . . . .  .  . . . .  .  . .  . . . .  .  .  . . .  .  .  . .  . .  .  . . . . . . . . .  .  .  . .  .  .  .  .  709
4.2.3.  Hypothalamic-Pituitary-Adrenal  axis  .  .  . .  . . . .  .  . .  . . . .  . . . . . . .  . . .  . . . . .  .  . . . . . . .  . . . .  .  . . .  . .  .  . . . .  . .  .  . . . . . .  .  . . . .  . .  . . .  . . . . . . .  . . .  .  .  .  .  . .  . . . . . 710
4.2.4.  Hippocampal  neuroplasticity  .  . . . . . . .  . . .  .  . . . . . .  . . . . . . .  .  . . . . .  .  . .  .  . . . .  . .  . . . . . .  . .  . . .  . .  .  . . . .  . .  .  .  . . . .  . . .  .  . .  . . . . .  .  . . . .  .  . . . .  .  .  .  .  . .  .  . . . .  . . . 712

5. Conclusion  . .  . . . . .  . . .  .  . . .  .  . . .  .  . .  .  . . . .  . .  .  . . .  .  . . .  .  . . .  . . . .  . . . .  . . . . . .  .  . . . . . .  .  .  .  . .  .  . .  .  . . .  . . .  . . . .  .  . .  . . . .  .  . . .  . . . . . . . . .  . . . . . . .  . . . .  . . .  .  . .  .  .  .  . . . . .  .  . . . .  . .  .  .  . .  . . .  713
Conflict  of  interest  .  . . .  .  . . .  . . . .  .  . .  . . . .  . . .  . . . .  . . .  .  .  . .  . . . .  .  . . .  . . .  .  . . .  .  . . .  .  . .  . . . .  . . .  . .  . . .  . . . .  .  . . . . .  . . .  . . .  . . . . . .  .  .  . . .  .  .  . .  . . .  .  . .  .  . . . .  . . . .  .  .  .  . . .  .  . . .  . . .  . . .  .  713
References  . .  .  . . . . . .  .  .  . .  .  .  . . .  .  . .  .  . . .  . . . .  . .  .  .  . . .  .  . .  .  .  . .  .  .  . .  .  . .  .  . . .  .  . . . . . . .  .  . . . . . .  . . .  . . . .  .  . . . . .  . . .  . . . . .  . . . . . . . .  . .  . . .  .  .  . . .  . . . . .  .  .  . . .  .  .  .  . . .  .  . . . . . .  . . .  .  .  . .  . 713

1. Introduction

Epidemiological data indicates that the incidence of drug abuse
among depressed patients is substantially higher than expected
from the individual rate of these disorders (Davis et al., 2008).
However, it is unclear whether drug abuse increases the risk of
depression or vice versa (Fergusson et al., 2009).

From a theoretical perspective, it is intriguing that alter-
ations in reward and motivational processes could be central to
the development and symptomatology of both depression and
drug dependence. As such, the hypothesis of self-medication
of depression with drugs of abuse could be discussed as an
explanatory concept for understanding the observed clinical co-
morbidity of depression and drug dependence. High positive
correlations (0.38–0.56) were reported between mood disorders
and drug dependence (Kessler et al., 2005). For instance, the
prevalence of lifetime alcohol dependence could be as high as
20.3% in people with combined lifetime anxiety and depres-
sive disorders (Boschloo et al., 2011). Drug-induced adaptive
changes within the neurocircuitry could underlie the core features
of both disorders. Paradoxically, the neuroadaptations follow-
ing repeated drug administration and/or during drug-withdrawal
usually oppose those induced by the acute effects of the drugs.
Therefore when drug administration is discontinued, many of these
adaptations (detailed in Section 3 of this review) may  remain
unopposed, which may  constitute the basis of the withdrawal
syndromes. The opponent-process theory of emotion (Solomon
and Corbit, 1974) predicts a reversal of emotional valence dur-
ing motivational or affective withdrawal in a homeostatic control
mechanism.

Abnormalities in dopaminergic transmission in the nucleus
accumbens (NAc) and ventral tegmental area (VTA) are well-
described by numerous studies investigating the neurochemical
consequences of exposure to drugs of abuse (Radke et al., 2011).
The amygdala is another brain region of interest relevant to drug
abuse and mood disorders, especially anxiety. Interestingly, dis-
tinct profiles of anxiety and dysphoria have been suggested during
morphine withdrawal and each reflect changes in distinct neu-
ral systems (Rothwell et al., 2009). D’Souza and Markou (2010)
recently reviewed the neural substrates involved in drug with-
drawal focusing on the anhedonia experienced after cessation of
psychostimulant administration. Other recent reports have dis-
cussed the anxiety-like states during drug withdrawal taking into
consideration the interaction between catecholamines (DA and
NA), CRF and glutamate in VTA and the extended amygdala (Koob,
2009a,b; Corominas et al., 2010; Erb, 2010; Koob and Volkow,
2010). As syndromes, anxiety and mood disorders share several
features. Both can be treated with Selective Serotonin Reuptake
Inhibitors (SSRIs) as an initial pharmacological intervention

(Katzman, 2009; Baldwin et al., 2010). However, since some key
pathological differences exist between anxiety and depressive dis-
orders (Craske et al., 2009; Martin et al., 2010), it is important that
these are addressed separately (see Chourbaji et al., 2011 for an
illustration using mouse models).

Despite evidence for the beneficial effects of antidepressant
drugs that act by modulating serotonin levels in the brain such
as the SSRIs on affective and addiction-related behaviours, as well
as the availability of substantial data of depressed patients having
reduced hippocampal volumes, there is yet to be a review focus-
ing on serotonin (5-HT), hypothalamic-pituitary-adrenal (HPA) axis
and hippocampal plasticity in the context of withdrawal-induced
depression. Indeed, the neurobiological mechanisms underlying
the withdrawal from psychoactive drug may  involve alterations
within the serotonergic and stress systems that have been hypoth-
esized to contribute to the negative affective states associated with
abstinence from the drug in question (Watkins et al., 2000) and are
well-established as being the key systems involved in the patho-
physiology of depression. Therefore, this review aims to introduce
the behavioural as well as the neurochemical and plasticity changes
in depressed patients and several animal models of depression. Fol-
lowing, we  provide a more in-depth discussion of the specific roles
of serotonergic neurotransmission, the HPA axis and hippocampal
plasticity in depression-associated with withdrawal from chronic
drug intake.

2. Drugs of abuse: from historical traces to animal models

The history of the human race is steeped with evidence of drug
use—for medicinal or recreational intentions. Evidence gathered
from the mummified bodies of the Tinawaku, predecessors of the
ancient Incan race flourishing in Peru and Bolivia from 1000 to 200
B.C., suggest the use hallucinogens (Ogalde et al., 2009). Marijuana
has existed in written records for 2000 years and its use as an anaes-
thetic can be traced back to China some 5000 years ago. Sumerian
clay tablets from 500 years ago reflect the use of narcotics. The old-
est bottle of wine from the Roman civilisation dates back to 325
A.D. while recent archaeological evidence indicates that wine was
being produced as far back as 6500 years ago. It is human nature
to seek pleasure, and the wonton display of excess embodied by
Greek and Roman feastings have now been replaced by its modern
version—drugs of abuse, resulting in the social evil we know as drug
addiction.

The recognition of drug addiction as a health and social problem
is fairly recent given its illustrious history. It was  only in 1906 that
the first national drug law in the United States of America (Pure
Food and Drug Act of 1906) was  passed mandating the accurate
labelling of patent medicines containing opium and certain other
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