For reprint orders, please contact: reprints@futuremedicine.com

Future Neurology

Review

Antidepressants and adolescent
brain development
Emily Karanges1 & Iain S McGregor†1
School of Psychology A18, University of Sydney, Sydney, NSW 2006, Australia
Author for correspondence: Tel.: +61 293 513 571 n Fax: +61 293 518 023 n iain@psych.usyd.edu.au

1

†

Despite being a first-line treatment for adolescent depression and anxiety,
antidepressant drugs appear to have questionable efficacy and carry an
increased risk of adverse effects in this population. The neural mechanisms
underlying this phenomenon are currently unknown. Recent research into the
neural effects of alcohol and recreational drugs suggests that the developmental
trajector y of the adolescent brain may be par ticularly vulnerable to
pharmacological disturbance. It is therefore important to consider whether
prescription psychotropic drugs may have analogous effects. This article reviews
the contribution of recent preclinical, clinical and pharmacogenetic literature
to current knowledge on the short-term and enduring neural effects of
antidepressants on the adolescent brain, with a particular focus on the major
neurotransmitter systems and neuroplasticity.

The idea that the developing brain is a highly
malleable structure that is particularly vulnerable to environmental toxins has long been
recognized. Both the preclinical and human
literature has repeatedly demonstrated that
prenatal and early life exposure to a variety
of drugs can have untoward and lasting consequences on brain development (see [1–3] for
reviews). Examples include methamphetamineinduced disturbances in dopaminergic regions
[4] and the widespread structural and functional
abnormalities apparent in individuals with fetal
alcohol spectrum disorders [5] . The last decade
has brought increasing recognition that this
period of vulnerability is not limited to early life.
Instead, the brain continues to undergo extensive reorganiz ation and growth during childhood and adolescence and into early adulthood,
rendering it susceptible to environmental influences throughout these periods. While much of
the literature has focused on the characteristics
of the adolescent brain in terms of vulnerability
to addiction and susceptibility to the toxicity of
alcohol, nicotine and illicit drugs [6–12] , there
is increasing recognition that the susceptibility of this period also extends to the effects of
psychotropic drugs, including antidepressants,
stimulants and antipsychotics [13–15] . Children
and adolescents are not little adults, and often
display different behavioral and neural responses
to pharmacological manipulations.
However, there is debate on whether the malleability of the brain during adolescence is a window
of opportunity in which treatment might allow
greater potential for adaptive recovery or whether
exposure to psychotropic medications may have
enduring negative effects [14] . Given the recent
10.2217/FNL.11.51 © 2011 Future Medicine Ltd

increases in the prescription of psychotropic drugs
to children and adolescents [16] and the explosion
in the diagnosis of psychiatric disorders in this
population [17,18] , a detailed knowledge of the
immediate and long-term effects of such drug
treatment is vital to informing clinical practice.
In this article, we review and discuss the current
knowledge on both the immediate and long-term
neural effects of antidepressant treatment during
late childhood and early adolescence.
Adolescent neural development

Adolescence is broadly defined in terms of the
transition from childhood to adulthood, or
dependence to independence, occurring approximately between the ages of 12 and 20 years in
humans [6] . Other species have a corresponding
developmental stage marked by similar behavioral and neural changes [12] . In male rodents,
for example, adolescence occurs from around
postnatal day (P)28 until P55, with sexual maturity occurring at approximately P45 [12,19] . As in
female humans, this life stage begins and ends
slightly earlier in female rodents, spanning from
approximately P25 until P42 [12] .
Much of our knowledge of brain development
in late childhood and adolescence comes from
cross-sectional studies using rodents or from
post-mortem human data [20] . More recently,
however, the development of MRI technology
has afforded the ability to noninvasively gather
longitudinal data on overall structural and tissuespecific developmental trajectories [21] . Several
comprehensive and recent reviews summarize
these findings in detail (e.g., [6,13,20,22]); therefore,
only the most salient features of adolescent brain
development will be reviewed here.
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Gross structural changes & remodeling

Adolescent brain development can be reduced
in its simplest form to five general processes: a
‘deeper-to-higher’ trajectory; a ‘back-to-front’
developmental trajectory; early overproduction of synapses followed by pruning; increased
myelination and efficiency of signal transduction; and increased connectivity between and
within regions. The first of these points refers
to the fact that the adolescent brain does not
develop in a uniform fashion. Rather, in keeping with the stereotypical adolescent behavioral
characteristics of risk taking, novelty and sensation seeking, affective reactivity and increased
social interaction [23] , maturation of ‘deeper’ subcortical brain regions precedes that of ‘higher’
cortical regions involved in cognitive control and
decision making [24] . MRI studies demonstrate
an inverted U-shaped developmental trajectory
in gray matter volume, with maximal volume
reached sometime in late childhood or early adolescence, depending on the lobe [21] . This growth
and cortical thinning that follows proceeds in a
‘back-to-front’ fashion across the cortex: motor
and sensory cortical regions mature first, followed by association regions, with higher cortical areas such as the prefrontal cortex (PFC)
maturing later [20,21,25] . Cortical thinning and
gray matter volume reduction encompasses, but
is not limited to, processes of synaptic regression
and pruning, particularly of excitatory glutamatergic cortical inputs [12] . Also contributing to the
reduction in gray matter is a concurrent increase
in myelination [26] . Volumetric increases in white
matter occur fairly uniformly across the cortex
and are accompanied by increases in anisotropy,
facilitating efficient neuronal communication,
particularly between subcortical and cortical
regions [7,27] . Indeed, an important part of brain
maturation is a remodeling and strengthening of
connections between limbic regions and the PFC
[12] , reflected in the marked increase in dopaminergic, serotonergic and cholinergic inputs
to the PFC during adolescence [6] . Accordingly,
synaptic plasticity [28] , neurogenesis [29] and dendritic spine proliferation [30] are elevated in the
adolescent brain.
Monoaminergic maturation

Changes at the level of individual neurotransmitter systems are of great relevance in considering the effects of psychotropic drugs on the
adolescent brain, many of which work primarily through monoaminergic systems. Modern
antidepressants typically inhibit the reuptake
capabilities of the serotonin transporter (5-HTT;
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e.g., the selective serotonin-reuptake inhibitors
[SSRIs]) and/or norepinephrine transporter
(e.g., serotonin–norepinephrine-reuptake inhibitors [SNRIs] and the tricyclic antidepressants
[TCAs]), while the majority of antipsychotics
are antagonists of the dopamine and/or serotonin system [31] . Stimulants such as atomoxetine
and methylphenidate have both dopaminergic
and noradrenergic effects [32] .
The extensive functional connectivity between
the monoamine systems means that alterations
in one system can have consequences on the
other systems, with potential developmental
implications. For example, the inhibitory effects
of serotonin (5-hydroxytryptamine [5-HT]) on
dopaminergic outgrowth to the rodent medial
PFC during late postnatal development has
potential implications for the use of serotonergic drugs during this developmental period [33] .
Similarly, 5-HT neurons in the raphe nucleus
exert largely inhibitory effects on dopaminergic
transmission in the substantia nigra and ventral
tegmental area (VTA), key regions of the mesolimbic ‘reward’ pathway [34] . Thus, the SSRIs,
despite their relative selectivity for the 5-HT
system, have been shown to indirectly increase
dopaminergic activity in these brain regions in
adult rats [35] . Conversely, the SSRI escitalopram
has inhibitory effects on the firing of noradrenergic neurons in the locus coeruleus (LC) through
serotonergic mechanisms [36] .
Age-related changes to the monoamine systems vary considerably depending on the sex
of the individual, brain region of interest and
receptor subtype [6,22] . For example, in the
striatum, an important area of the mesolimbic
pathway, dopamine receptor expression follows
an inverted U trajectory, peaking in early adolescence before declining to adult levels [37] . This
is accompanied by a steady increase in striatal
dopamine turnover, synthesis and transporter
density [6,12,38] . By contrast, dopamine receptors
in the frontal cortex rise to reach adult levels
by mid-adolescence, while dopamine turnover
and synthesis peak before decreasing [6,12] . These
regional changes appear to reflect a functional
shift in the balance of mesocortical to meso
limbic dopaminergic activity as adolescence
progresses [12] , underscoring the malleability of
the dopaminergic system during this epoch.
The serotonin system develops to near maturity early in life, with adult serotonergic innervation and serotonin synthesis capabilities
obtained by the end of the third postnatal week
in the rat [39] . However, maturational changes
within the serotonin system occur throughout
future science group
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adolescence. Serotonin levels and 5-HT1A and
5-HT2A receptor densities are elevated in the
adolescent brain [6,39] , while 5-HTT density
and serotonin turnover is generally lower and
increases towards adult levels as adolescence
progresses [6,40] .
Development of the norepinephrine system
lags behind that of the serotonin system, with
adult concentrations of norepinephrine not
obtained until mid-adolescence in the rat [39] .
Although somewhat variable between brain
regions, the inverted U function is apparent for
adrenergic receptors [41] , synaptic density [39]
and the norepinephrine transporter [42] .
Maintaining the balance

Given the high levels of reorganization, growth
and pruning occurring during adolescence both
within and between brain systems, perturbations of the balance between these processes can
have profound and lasting consequences. The
adolescent brain is highly receptive to environmental signals, whether natural or synthetic,
and becomes wired to match this input [14] .
Adolescence is also a period of heightened susceptibility to stress [43] and development of psychopathologies [26] for which psychotropic drugs
are the most common form of treatment. As
such, it is vital to evaluate the safety and efficacy
of such treatments in adolescent populations.
Antidepressant treatment of children
& adolescents

Rates of antidepressant prescription have
increased over the past two decades, with
antidepressants now the most commonly prescribed class of medications in the USA [44] .
Prescription of antidepressant drugs, particularly the SSRIs, also increased over this period
in pediatric and adolescent populations [16,44] ,
although declines followed the 2004 US FDA
warnings on the hazards of antidepressant use
in children and teenagers [45] . Despite these
declines, approximately 2.5% of US children under the age of 18 years are thought to
currently receive antidepressant drugs [44,45] .
One factor driving these high rates of antidepressant prescription is the difficulty in
finding effective treatments for depression
in children and adolescents. While psychotherapeutic options such as cognitive–behavioral therapy and interpersonal therapy show
some benefit [46] , they tend to be slow to take
effect and are less effective in cases of greater
severity or with externalizing comorbid conditions [47,48] . TCAs and monoamine oxidase
future science group
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inhibitors (MAOIs) are not recommended in
young people due to their unfavora ble sideeffect profile, cardiotoxicity, lack of efficacy
and association with fatal overdose [48,49] .
Consequently, the SSRIs and to a certain
extent, SNRIs are widely used as first-line
treatments for young people with depression.
The SSRI controversy

In recent years, the use of SSRIs in the treatment of childhood and adolescent depression
and anxiety has become a topic of considerable debate. This debate is concerned with two
issues, namely efficacy (i.e., SSRIs, with the possible exception of fluoxetine [50] , appear to have
minimal efficacy in young people with depressive disorders [51,52]) and safety (i.e., SSRIs may
cause serious psychiatric side effects in children
and adolescents, being associated with worsening of depression and increased risk of suicidal
ideation and behavior [53–56] , particularly during
the early stages of treatment [57]). There are some
indications that the SNRIs and TCAs may carry
similar risks in adolescent populations [58] .
Concerns about the safety of the SSRIs began
in the early 1990s with several case reports detailing the emergence of suicidal preoccupation and
deliberate self-harm in adults and young people
treated with fluoxetine [59,60] . Subsequent investigations largely dismissed safety concerns in
adults: many well-controlled studies revealed
that, overall, adults treated with SSRIs had a
similar or lower risk of suicidal ideation and
attempts compared with those treated with placebo [53,54,61] . However, there is a recognition
that as many as 50% of adult patients do not
show a clinically significant response to SSRI
treatment [62,63] , and a subset are susceptible to
treatment-emergent suicidality [54] .
By contrast, concerns about pediatric suicidality
due to SSRI treatment has intensified. In the late
1990s, the FDA requested well-controlled pediatric studies from the manufacturers of various
antidepressants in an attempt to resolve the issue
[301] . Although no completed suicides occurred in
any of these studies, the FDA reviewers noted that
many of the reports suggested an increased risk
of suicidality among treated children and adolescents compared with placebo-treated controls.
Furthermore, many of the studies reported little
evidence of efficacy [301] .
The most concerning findings, perhaps, were
associated with the SSRI paroxetine. In 2001,
a controversial and apparently ghostwritten
paper published in the Journal of the American
Academy of Child and Adolescent Psychiatry under
www.futuremedicine.com
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the authorship of Keller and colleagues presented
the results of SmithKline Beecham’s Study 329
on paroxetine in adolescent major depression
(Box 1) [64] . Contrary to the misleading claims of
the published paper that “paroxetine is generally
well-tolerated and effective for major depression
in adolescents” [65] , Study 329 actually showed
evidence of elevated rates of adverse effects,
including suicidal ideation/gestures, worsening
depression and aggression in paroxetine-treated
adolescents. Furthermore, paroxetine failed to
show efficacy on the two predefined primary
measures. Later studies supported these initial
findings [50,66,67] . In 2003, the FDA recommended against the use of paroxetine in depressed
children and adolescents [68] . The UK Medicines
and Healthcare Regulatory Agency (MHRA)
took a more drastic approach, prohibiting its use
entirely in those under 18 years of age [302] .
Paroxetine was not the only antidepressant
to show such effects. Although some studies demonstrated efficacy of sertraline [69] and
citalopram [70] for the treatment of depression
in young people, the majority showed no benefit
over placebo [50,51,67] . Furthermore, elevated risk
of suicidal ideation and other potentially related
adverse effects (e.g., mania, hypomania, agitation and aggression) have been reported in pediatric trials involving sertraline, citalopram and
fluvoxamine [55,61,71] . The only exception appears
to be fluoxetine, which demonstrates efficacy in
pediatric randomized controlled trials [72,73]
and appears to be associated with a lower risk of

suicide-related adverse effects than other SSRIs
[50,55] . Consequently, fluoxetine is currently the
only antidepressant approved for the treatment
of depression in pediatric patients in the UK and
USA [301] . Even so, questions remain about the
safety and efficacy of fluoxetine in adolescent
populations [74] .
Although the pediatric use of all other SSRIs is
contraindicated in the UK [303] , the FDA stopped
short of such a move in light of the limited treatments available for depression in young people.
Instead, in 2004 the FDA introduced a black
box warning on all SSRIs, notifying prescribers
and consumers of the potential increased risk of
suicidal ideation and behavior in people under
18 years of age [75] . This warning was modified in
2007 to include people aged 24 years and under,
following evidence that the increased risk extends
into young adulthood [54] .
Nevertheless, the association between SSRIs
and suicidality in pediatric patients remains
uncertain. Although evidence from randomized
controlled trials appears to point to a causal relationship, methodological shortcomings relating
to sample selection [76,77] suggest that the results
should be treated with caution. The rarity of suicide also necessitates the use of less definite measures of suicidality in these trials, such as attempts
and ideation, which may not necessarily predict
suicide completion [78] . In addition, some epidemiological studies suggest a negative relationship
between SSRI prescription and suicide rates [76,79] ,
although these claims are contested [78,80–82] .

Box 1. Adolescents and paroxetine: misleading claims of Study 329.
n

n

n

n

n

In 1992, Keller and colleagues formulated a proposal for a multicenter, randomized controlled trial comparing the selective serotoninreuptake inhibitor paroxetine and the tricyclic antidepressant imipramine in adolescent major depression. SmithKline Beecham (SKB;
now GlaxoSmithKline; producers of paroxetine [Paxil®]) accepted the proposal and the resulting study, Study 329, was completed in
1997 [201] . In 2001, the study was published in the Journal of the American Academy of Child and Adolescent Psychiatry with Keller as
first author. The publication concludes: “The findings of this study provide evidence of the efficacy and safety of the selective
serotonin-reuptake inhibitor, paroxetine, in the treatment of adolescent depression” [65] .
Following publication, however, the authenticity of these claims was questioned, and in 2004, various lawsuits were filed against SKB
for misrepresentation of the efficacy and safety of paroxetine in young people [202,203] . These lawsuits led to disclosure of the contents
of thousands of industry documents, the details of which are reviewed in detail elsewhere [201,203] . In summary, these internal
documents revealed that “study 329 was negative for efficacy and positive for harm” [201] .
The study protocol specified two predefined primary outcome measures (change in Hamilton Depression Rating Scale score and
proportion with Hamilton Depression Rating Scale score ≤8 or reduced by ≥50%) and six secondary measures, none of which reached
significance for paroxetine compared with placebo. At least 19 additional measures were introduced following initial data analysis. Of
these, only four gave positive results [201] . The final published study presents these outcomes as primary and depression-related
outcome measures.
The paper also reports the occurrence of 11 serious adverse effects in adolescents treated with paroxetine (compared with five and two
in imipramine and placebo groups, respectively). Of these, ten were considered psychiatric events and five were grouped under the
term ‘emotional lability’. However, the authors concluded that only one of these serious adverse effects (headache) was related to
treatment. By contrast, SKB’s internal reports revealed that at least eight paroxetine-treated patients self-harmed or reported
treatment-emergent suicidal ideation, and that most adverse effects were considered to be related or possibly related to
treatment [201] . Despite these revelations, requests to the publishing journal for retraction of the article have been denied [203] .
Some have cited Study 329 as symptomatic of a larger problem within medical research, whereby widespread practices such as
selective publishing [204] and medical ghostwriting [205,206] undermine the scientific ethic of objective reporting.
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Overall, however, the evidence suggests that
adults and young people respond differently to
antidepressant drugs, with SSRIs less likely to
show efficacy and more likely to lead to adverse
psychiatric effects in those under 25 years of
age. The mechanism underlying these effects
is unknown, although pharmacokinetic differences [83] and increased susceptibility to activating side effects [84] have been suggested to play a
role in the emergence of suicidal behavior. Studies
investigating developmental differences in neural
responses to antidepressants have provided additional clues. These studies will be reviewed in the
following sections. Summaries of the key preclinical and pharmacogenomic findings are presented
in Tables 1 & 2, respectively.
Neural effects of antidepressants in
adolescents: considerations in reviewing
the literature
Why animal studies?

Given the complications involved in the investigation of brain structure and function, it is not
surprising that the majority of studies exploring
developmental differences in neural effects of antidepressants have employed laboratory animals. In
addition to this prime advantage, animal studies
overcome many limitations associated with the
use of clinical samples, such as attrition, prior,
current and future treatment exposure, difficulties in cause–effect determination and the prohibitive time span of studies looking for long-term
effects [14] . In addition, clinical trials often employ
patients with a wide age range, limiting their ability to detect developmental differences [85] . By
contrast, animal studies allow for examination of
effects over a clearly restricted age range with key
variables under strict experimental control.
Of course, the limitations of animal studies cannot be ignored. Extrapolation to the human condition can be complicated by species differences, dose
selection and route of drug administration. These
issues are of particular relevance when conducting
developmental comparisons [12] . For example, agerelated pharmacokinetic differences may produce
dramatically different drug concentrations in the
brain and plasma of adolescent rodents compared
with those seen in adults given an equivalent
dose [86,87] . Strain differences can also complicate conclusions drawn from animal studies as
different strains often differ in baseline behavior
and neurochemistry, as well as responsiveness to
antidepressants and other drugs [88,89] .
Regardless, adolescent rodents provide some
surprising analogs of the behavioral response
of young persons to antidepressants, generally
future science group
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displaying behaviors reflective of minimal efficacy
and increased risk of adverse effects. For example,
SSRI administration to adolescent rodents has
been associated with increases in anxiety-like
[90] and depression-like behaviors [87] , minimal
antidepressant-like effects (see Figure 1 [86]) and
decreased sociability [86] .
Normal animals versus animal models
of depression

An additional advantage of animal studies is the
ability to separate drug effects from the underlying disease state, allowing easier detection of
adverse neural and behavioral effects [14] . For
example, animal studies have an important role
to play in resolving the recent controversy on the
role of antipsychotic drugs in the regional brain
atrophy observed in schizophrenic patients [91] .
Similarly, studies employing ‘normal’ animals
can help to disentangle the effects of antidepressant drug exposure from the effects of the under
lying depressive or anxious states. Furthermore,
although most people who are prescribed anti
depressants suffer from a mood disorder, a significant proportion of prescriptions are for alternative diagnoses such as anxiety disorders, eating
disorders, substance abuse, dementia, headache,
fibromyalgia and chronic pain [92,93] . Concerns
about off-label prescribing, overdiagnosis and
overprescription [94] suggest the use of ‘normal’
animals may be increasingly relevant to the
clinical situation.
Nonetheless, the primary aim of therapeutic
drugs is to normalize aberrant behavior and/or
brain function, and this cannot be examined in
normal animals [14] . Animal models of depression
have been developed in an attempt to reflect the
etiology of depression and its neural correlates.
Given the association between stressful life events
and the development of depression in humans (see
[95,96] for reviews), many paradigms expose standard or genetically susceptible strains to early-life
or chronic stress [97] . Use of such models facilitates
detection of interaction effects occurring between
the disease state and the drug treatment, whereby
the treatment has one effect in a model of depression and an opposite (or null) effect in normal animals (e.g., [98]). The use of a combination of animal models, normal animals and clinical studies
is needed to obtain a full picture of drug actions.
Timing of drug administration
& outcome assessment

Critical or sensitive periods are time-limited
windows when development requires, or is
strongly influenced by, certain environmental
www.futuremedicine.com
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Species
Age during drug
and strain administration

Sex Drug and route
Duration Washout Results: adolescent
of administration

Results: adult

Ref.
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5-HT and metabolites

W rat

Adolescent (P28–49) M
Adult (P70–91)

10 mg/kg PRX
(drinking water)

22 d

Karanges
et al.
Wegerer
et al.

5-HTT binding

W rat
W rat

10 mg/kg PRX
(drinking water)
5 mg/kg FLX
(drinking water)

22 d

5-HTT binding/affinity

Adolescent (P28–49) M
Adult (P70–91)
Early adolescent
M
(P25–40)
Late adolescent
(P50–65)

Wegerer
et al.

5-HTT binding/affinity

W rat

Early adolescent
(P25–40)

5 mg/kg FLX
(drinking water)

14 d

Homberg
et al.
de Jong
et al.
Landry
et al.
Bhansali
et al.

5-HT1A-R binding

WU rat
W rat

30 d

14 w

SD rat

Adolescent (P35–49) M

12 mg/kg FLX
(oral gavage)
15 mg/kg PRX;
30 mg/kg FLV
10 mg/kg FLX (ip.)

21 d

5-HT1A-R function via
8-OH-DPAT challenge
5-HT2A-R function via
± DOI challenge
5-HT2C mRNA
pre‑editing

Adolescent (P25–49) M
Adult (P67–88)
Adolescent (P33–62) M

↓ striatal 5-HIAA, 5-HT
turnover
↔ striatal 5-HT
5d
↑ 5-HTT (BLA)
↔ 5-HTT (CA3)
10 d
↑ 5-HTT binding (FC) in early
(early)
adolescent
25 d (late) ↔ 5-HTT binding (PC, OC,
HYP, MB) in early adolescent
↔ 5-HTT binding in late
adolescent
↔ 5-HTT affinity
50 d
↑ 5-HTT binding (FC)
↔ 5-HTT binding (PC, OC
HYP, MB)
↔ 5-HTT affinity
14–17 d
↔ 5-HT1A

14 d

None

BALB/cJ
mice
(SFR/IMS)

Adolescent (P32–61) M/F 7.5–16 mg/kg
Adult (P60–88)
(adolescent)
16 mg/kg (adult)
FLX (drinking water)

28 d

1d

M

14 d

None

future science group

↔ Sexual behavior, lower lip
retraction
↓ oxytocin release
↔ ACTH, Cort, PRA, PRC
↑ 5-HT2C mRNA pre-editing
(↑ expression of 5-HT2C-R with
reduced function) (SFR)
↓ 5-HT2C mRNA pre-editing
(IMS)
↓ 5-HT2C mRNA pre-editing
increase in response to adult
stress (IMS)
↔ cytoplasmic 5-HT2C-R
mRNA concentration (SFR/
IMS)
↓ Gaq mRNA (IMS)
↔ Gaq mRNA (SFR)

↓ striatal 5-HIAA,
5-HT turnover
↔ striatal 5-HT
↔ 5-HTT (BLA,
CA3)
–

[105]

–

[105]

↔ 5-HT1A

[125]

–

[123]

–

[124]

↔ 5-HT2C mRNA
pre-editing or
cytoplasmic
5-HT2C-R mRNA
(IMS)
↔ Gaq mRNA
(SFR)
↓ Gaq mRNA/
protein (IMS)

[130]

[86]

[86]

↔: No difference versus controls; ↑: Increase; ↓: Decrease; (↑): Trend toward increase versus controls (p < 0.07); (↓): Trend toward decrease versus controls (p < 0.07); 5-HIAA: 5-hydroxyindoleacetic acid;
5-HT: 5-hydroxytryptamine; 5-HTT: Serotonin transporter; ACTH: Adrenocorticotropic hormone; Amyg: Amygdala; BDNF: Brain-derived neurotrophic factor; b.i.d.: Twice daily; BLA: Basolateral amygdala;
CA1: CA1 region of the hippocampus; CA3: CA3 region of the hippocampus; Cort: Corticosterone; CPu: Caudate putamen; CREB: cAMP response element-binding protein; d: Day; DA: Dopamine; DAT: Dopamine
transporter; DG: Dentate gyrus; DMI: Desipramine; DOPAC: 3,4-dihydroxyphenylacetic acid; DRN: Dorsal raphe nucleus; egr-3: Early growth response gene 3; ERK2: Extracellular signal-regulated kinase 2;
ESC: Escitalopram; F: Female; FC: Frontal cortex; FLV: Fluvoxamine; FLX: Fluoxetine; Glu:Cr: Glutamate:creatine ratio; HIPP: Hippocampus; HVA: Homovanillic acid; HYP: Hypothalamus; IMS: Infant maternal separation;
int.: Significant age versus treatment interaction effect; ip.: Intraperitoneal; M: Male; m: Month; MB: Midbrain; MI:Cr: Myo-inositol:creatine ratio; mPFC: Medial prefrontal cortex; NAA:Cr: N-acetylaspartate:creatine
ratio; NAcc: Nucleus accumbens; NE: Norepinephrine; NET: Norepinephrine transporter; OC: Occipital cortex; P: Postnatal day; PC: Parietal cortex; PRA: Plasma renin activity; PRC: Plasma renin concentration;
PRX: Paroxetine; PSA-NCAM: Polysialylated from of the neural cell adhesion molecule; R: Right; SD: Sprague–Dawley; Ser: Sertraline; SFR: Standard facility reared; SIR: Social isolation rearing; SS: Social stress;
STR: Striatum; SW: Swiss Webster; TIAN: Tianeptine; VEN: Venlafaxine; VTA: Ventral tegmental area; W: Wistar; w: Week; WU: Wistar Unilever; zif268: Early growth response protein-1.

Karanges & McGregor

Serotonergic function

Review

788

Table 1. Preclinical literature investigating the neural responses to antidepressants in adolescent rodents.

Table 1. Preclinical literature investigating the neural responses to antidepressants in adolescent rodents (cont.).
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Measure

Species
Age during drug
and strain administration

Sex Drug and route
Duration Washout Results: adolescent
of administration

Results: adult

Ref.

↓ prolactin at 2,
10 mg/kg

[85]

↑ striatal HVA,
DA turnover
↔ DA
(↑) DOPAC (int.)
↔ DAT (NAcc, medial/lateral ↓ DAT (NAcc)
CPu)
↔ DAT (medial/
lateral CPu)

[86]

↔ NE

[86]

Serotonergic function (cont.)
Carrey
et al.

Fenfluramine challenge SD rat

Early adolescent
(P20–39)
Late adolescent
(P40–59)
Adult (P80–100)

M

2, 10 mg/kg SER (ip.) 14 d

5d

↔ prolactin at 2, 10 mg/kg

↔ striatal DA, HVA, DA
turnover
(↓) DOPAC (int.)

Dopaminergic function
DA and metabolites

W rat

Adolescent (P28–49) M
Adult (P70–91)

10 mg/kg PRX
(drinking water)

22 d

None

Karanges
et al.

DAT

W rat

Adolescent (P28–49) M
Adult (P70–91)

10 mg/kg PRX
(drinking water)

22 d

5d

Adolescent (P28–49) M
Adult (P70–91)
Early adolescent
M
(P25–40)
Late adolescent
(P50–65)
Adolescent (P45–58) M
Adult (5+ m)

10 mg/kg PRX
(drinking water)
5 mg/kg FLX
(drinking water)

22 d

None

14 d

10, 50 d
↔ NET binding/affinity
(early)
25 d (late)

0.625, 1.25, 2.5,
5 mg/kg PRX
(minipump)

2, 4, 8,
14 d

None

Adolescent (P45–48) M

10 mg/kg VEN
2.5 mg/kg DMI
(minipump)

4d

None

[86]

Noradrenergic function
Karanges
et al.
Wegerer
et al.

NE

W rat

NET binding/affinity

W rat

West
et al.

Locus coeruleus activity SD rat

West
et al.

Locus coeruleus activity SD rat

↑ spontaneous firing/
sensory-evoked firing at
1.25, 2.5 mg/kg (2, 4 d)
↓ spontaneous firing at
5 mg/kg (2 d)
↓ spontaneous firing/
sensory-evoked firing at all
tested doses (8, 14 d)
↑ spontaneous firing/
sensory-evoked firing (VEN)
↓ spontaneous firing/
sensory-evoked firing (DMI)

↔ NE
–

↓ spontaneous
firing/sensoryevoked firing at
2.5 mg/kg (after
2 d); 2.5,
5 mg/kg (4 d); all
tested doses
(8, 14 d)
–

[105]

[87]

[143]
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↔: No difference versus controls; ↑: Increase; ↓: Decrease; (↑): Trend toward increase versus controls (p < 0.07); (↓): Trend toward decrease versus controls (p < 0.07); 5-HIAA: 5-hydroxyindoleacetic acid;
5-HT: 5-hydroxytryptamine; 5-HTT: Serotonin transporter; ACTH: Adrenocorticotropic hormone; Amyg: Amygdala; BDNF: Brain-derived neurotrophic factor; b.i.d.: Twice daily; BLA: Basolateral amygdala;
CA1: CA1 region of the hippocampus; CA3: CA3 region of the hippocampus; Cort: Corticosterone; CPu: Caudate putamen; CREB: cAMP response element-binding protein; d: Day; DA: Dopamine; DAT: Dopamine
transporter; DG: Dentate gyrus; DMI: Desipramine; DOPAC: 3,4-dihydroxyphenylacetic acid; DRN: Dorsal raphe nucleus; egr-3: Early growth response gene 3; ERK2: Extracellular signal-regulated kinase 2;
ESC: Escitalopram; F: Female; FC: Frontal cortex; FLV: Fluvoxamine; FLX: Fluoxetine; Glu:Cr: Glutamate:creatine ratio; HIPP: Hippocampus; HVA: Homovanillic acid; HYP: Hypothalamus; IMS: Infant maternal separation;
int.: Significant age versus treatment interaction effect; ip.: Intraperitoneal; M: Male; m: Month; MB: Midbrain; MI:Cr: Myo-inositol:creatine ratio; mPFC: Medial prefrontal cortex; NAA:Cr: N-acetylaspartate:creatine
ratio; NAcc: Nucleus accumbens; NE: Norepinephrine; NET: Norepinephrine transporter; OC: Occipital cortex; P: Postnatal day; PC: Parietal cortex; PRA: Plasma renin activity; PRC: Plasma renin concentration;
PRX: Paroxetine; PSA-NCAM: Polysialylated from of the neural cell adhesion molecule; R: Right; SD: Sprague–Dawley; Ser: Sertraline; SFR: Standard facility reared; SIR: Social isolation rearing; SS: Social stress;
STR: Striatum; SW: Swiss Webster; TIAN: Tianeptine; VEN: Venlafaxine; VTA: Ventral tegmental area; W: Wistar; w: Week; WU: Wistar Unilever; zif268: Early growth response protein-1.
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Study

Measure

Sex Drug and route
Duration Washout Results: adolescent
of administration
M/F 5 mg/kg FLX (ip.)

Results: adult

Ref.

↑ DNA synthesis;
cell proliferation
(M)
↔ cell survival
(M)
↔ DNA
synthesis, cell
proliferation, cell
survival (F)
↔ DG volume
↔ cell
proliferation/
survival
–

[161]

Neurogenesis and plasticity

Future Neurol. (2011) 6(6)

14–18 d

1, 2, 29 d

↔ DNA synthesis; cell
proliferation (M/F)
↔ cell survival (M)
(↓) cell survival (F)

25 d

1d

↔ DG volume
↔ cell proliferation/survival

3 mg/kg FLX
(minipump +
drinking water)
Adolescent (P32–56) M/F 10, 16, 25 mg/kg
Adult (P60–84)
FLX (drinking water)

28 d

None

↔ cell proliferation

24 d

0, 14 d

Mouse
(SIR/SFR)

Adolescent (P24–37) M

10 mg/kg FLX (ip.)

14 d

None

Rat

Prepubertal
(P24–28)
Adult

10, 15 mg/kg ESC,
DMI (ip. b.i.d.)

4d

12–14 h

↑ cell proliferation, survival,
differentiation (C57Bl/6J at
16, 25 mg/kg after SFR)
↑ cell proliferation (BALB/cJ
at 16, 25 mg/kg after SFR)
↔ cell survival,
differentiation (BALB/cJ at
16, 25 mg/kg after SFR)
↔ cell proliferation, survival,
differentiation (C57Bl/6J,
BALB/cJ at 16, 25 mg/kg
after IMS)
↑ cell survival and NeuNpositive cells (DG) (SIR)
↔ cell survival (DG) (SFR)
↔ TrkB mRNA, BDNF
mRNA/protein

Hodes
et al.

Adult hippocampal
neurogenesis

SD rat

Peripubertal
(P24–40)
Adult (P63–90)

Cowen
et al.

Adult hippocampal
neurogenesis

SD rat

Adolescent (P28–52) M
Adult (P70–94)
Aged (12 m)

Oh et al.

Adult hippocampal
neurogenesis

SW mice

Juvenile (P14–42)

Navailles
et al.

Adult hippocampal
neurogenesis

C57Bl/6J,
BALB/cJ
mice
(SFR/IMS)

Ibi et al.

Adult hippocampal
neurogenesis

Kozisek
et al.

BDNF, TrkB mRNA

5 mg/kg FLX (ip.)

M

↔ cell
proliferation,
survival,
differentiation
(C57Bl/6J,
BALB/cJ at 10,
16, 25 mg/kg)
after IMS/SFR

[28]

[90]

[98]

–

[159]

↔ TrkB mRNA,
BDNF mRNA/
protein

[160]

future science group

↔: No difference versus controls; ↑: Increase; ↓: Decrease; (↑): Trend toward increase versus controls (p < 0.07); (↓): Trend toward decrease versus controls (p < 0.07); 5-HIAA: 5-hydroxyindoleacetic acid;
5-HT: 5-hydroxytryptamine; 5-HTT: Serotonin transporter; ACTH: Adrenocorticotropic hormone; Amyg: Amygdala; BDNF: Brain-derived neurotrophic factor; b.i.d.: Twice daily; BLA: Basolateral amygdala;
CA1: CA1 region of the hippocampus; CA3: CA3 region of the hippocampus; Cort: Corticosterone; CPu: Caudate putamen; CREB: cAMP response element-binding protein; d: Day; DA: Dopamine; DAT: Dopamine
transporter; DG: Dentate gyrus; DMI: Desipramine; DOPAC: 3,4-dihydroxyphenylacetic acid; DRN: Dorsal raphe nucleus; egr-3: Early growth response gene 3; ERK2: Extracellular signal-regulated kinase 2;
ESC: Escitalopram; F: Female; FC: Frontal cortex; FLV: Fluvoxamine; FLX: Fluoxetine; Glu:Cr: Glutamate:creatine ratio; HIPP: Hippocampus; HVA: Homovanillic acid; HYP: Hypothalamus; IMS: Infant maternal separation;
int.: Significant age versus treatment interaction effect; ip.: Intraperitoneal; M: Male; m: Month; MB: Midbrain; MI:Cr: Myo-inositol:creatine ratio; mPFC: Medial prefrontal cortex; NAA:Cr: N-acetylaspartate:creatine
ratio; NAcc: Nucleus accumbens; NE: Norepinephrine; NET: Norepinephrine transporter; OC: Occipital cortex; P: Postnatal day; PC: Parietal cortex; PRA: Plasma renin activity; PRC: Plasma renin concentration;
PRX: Paroxetine; PSA-NCAM: Polysialylated from of the neural cell adhesion molecule; R: Right; SD: Sprague–Dawley; Ser: Sertraline; SFR: Standard facility reared; SIR: Social isolation rearing; SS: Social stress;
STR: Striatum; SW: Swiss Webster; TIAN: Tianeptine; VEN: Venlafaxine; VTA: Ventral tegmental area; W: Wistar; w: Week; WU: Wistar Unilever; zif268: Early growth response protein-1.
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Table 1. Preclinical literature investigating the neural responses to antidepressants in adolescent rodents (cont.).

Table 1. Preclinical literature investigating the neural responses to antidepressants in adolescent rodents (cont.).
future science group

Study

Measure

Species
Age during drug
and strain administration

Sex Drug and route
Duration Washout Results: adolescent
of administration

Results: adult

Ref.

–

[104]

–

[104]

(↓) PSA-NCAM
(Amyg)
↔ PSA-NCAM
(DRN, mPFC)
–

[125]

Neurogenesis and plasticity (cont.)
BDNF and related
signaling molecules

SD rat

Peripubertal
(P20–34)

M

2.5 mg/kg FLX
(ip. b.i.d.)

15 d

1d

Warren
et al.

BDNF and related
signaling molecules

SD rat

Peripubertal
(P20–34)

M

2.5 mg/kg FLX
(ip. b.i.d.)

15 d

60 d

Homberg
et al.

Synaptic remodeling via WU rat
PSA-NCAM expression

Peripubertal
(P25–49)
Adult (P67–88)

M

12 mg/kg FLX
(oral gavage)

21 d

14–17 d

Leussis
et al.

Synaptic plasticity via
synaptophysin
expression

SD rat
(SS/SFR)

Adolescent (P40–55) M

10 mg/kg TIAN (ip.)

16 d

5d

SD rat

Juvenile (P21)

5 mg/kg FLX,
5 mg/kg FLV (ip.)

1d

1d

Norrholm Dendritic spine density
and
Ouimet

M

↓ ERK2, CREB mRNA
↑ mTOR mRNA
↔ BDNF, c-fos, zif268 mRNA
(VTA)
↓ BDNF mRNA
↔ ERK2, CREB, mTOR, c-fos,
zif268 mRNA (VTA)
(↑) PSA-NCAM (Amyg)
↔ PSA-NCAM (DRN, mPFC)

↑ synaptophysin (HIPP)
after SFR
↔ synaptophysin (HIPP)
after SS
↔ synaptophysin (PFC, STR)
after SFR/SS
↑ dendritic spine density
–
(CA1, DG) with FLV
↔ dendritic spine density
(CA1, DG) with FLX
↔ secondary dendrite length
(CA1, DG) with FLV, FLX
↑ secondary dendrites (CA1)
with FLX
↑ summed dendritic lengths
(CA1) with FLX, FLV

[163]

[30]

↔: No difference versus controls; ↑: Increase; ↓: Decrease; (↑): Trend toward increase versus controls (p < 0.07); (↓): Trend toward decrease versus controls (p < 0.07); 5-HIAA: 5-hydroxyindoleacetic acid;
5-HT: 5-hydroxytryptamine; 5-HTT: Serotonin transporter; ACTH: Adrenocorticotropic hormone; Amyg: Amygdala; BDNF: Brain-derived neurotrophic factor; b.i.d.: Twice daily; BLA: Basolateral amygdala;
CA1: CA1 region of the hippocampus; CA3: CA3 region of the hippocampus; Cort: Corticosterone; CPu: Caudate putamen; CREB: cAMP response element-binding protein; d: Day; DA: Dopamine; DAT: Dopamine
transporter; DG: Dentate gyrus; DMI: Desipramine; DOPAC: 3,4-dihydroxyphenylacetic acid; DRN: Dorsal raphe nucleus; egr-3: Early growth response gene 3; ERK2: Extracellular signal-regulated kinase 2;
ESC: Escitalopram; F: Female; FC: Frontal cortex; FLV: Fluvoxamine; FLX: Fluoxetine; Glu:Cr: Glutamate:creatine ratio; HIPP: Hippocampus; HVA: Homovanillic acid; HYP: Hypothalamus; IMS: Infant maternal separation;
int.: Significant age versus treatment interaction effect; ip.: Intraperitoneal; M: Male; m: Month; MB: Midbrain; MI:Cr: Myo-inositol:creatine ratio; mPFC: Medial prefrontal cortex; NAA:Cr: N-acetylaspartate:creatine
ratio; NAcc: Nucleus accumbens; NE: Norepinephrine; NET: Norepinephrine transporter; OC: Occipital cortex; P: Postnatal day; PC: Parietal cortex; PRA: Plasma renin activity; PRC: Plasma renin concentration;
PRX: Paroxetine; PSA-NCAM: Polysialylated from of the neural cell adhesion molecule; R: Right; SD: Sprague–Dawley; Ser: Sertraline; SFR: Standard facility reared; SIR: Social isolation rearing; SS: Social stress;
STR: Striatum; SW: Swiss Webster; TIAN: Tianeptine; VEN: Venlafaxine; VTA: Ventral tegmental area; W: Wistar; w: Week; WU: Wistar Unilever; zif268: Early growth response protein-1.
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Study

Measure

Species
Age during drug
and strain administration

Sex Drug and route
Duration Washout Results: adolescent
of administration

Results: adult

Ref.

Future Neurol. (2011) 6(6)

Norrholm Dendritic spine density
and
Ouimet

SD rat

Juvenile (P21–P42)

M

Hui et al.

HIPP integrity

SD rat
(IMS/SFR)

Adolescent
(P43–60)

Hodes
et al.

Cort

SD rat

Hodes
et al.

Cort

SD rat

Landry
et al.

Cort

SD rat

Peripubertal
(P24–40)
Adult (P63–90)
Peripubertal
(P24–40)
Adult (P63–90)
Adolescent
(P35–49)

5 mg/kg FLX,
5 mg/kg FLV (ip.)

↓ dendritic spine density
(CA1) with FLX
↔ dendritic spine density
(DG) with FLX, FLV
↔ secondary dendrites,
length secondary dendrites,
summed dendritic length
(CA1) with FLX, FLV
↔ HIPP volume (M/F)
↑ NAA:Cr (R HIPP) for
SFR/IMS
↑ Glu:Cr (R HIPP), MI:Cr
(bilateral) for IMS only
↔ Cort (M/F)

–

[30]

–

[171]

↔ Cort (M/F)

[161]

29 d

↔ Cort (M)
↓ Cort (F)

↔ Cort (M/F)

[161]

14 d

None

↔ basal ACTH, Cort

–

[124]

↓ GABA A-R a1 subunit
mRNA (IMS)
↔ GABA A-R a1 subunit
mRNA (SFR)
↓ egr-3 mRNA (IMS)
↑ egr-3 mRNA (SFR)
↔ basal plasma oxytocin,
PRA, PRC

↔ GABA A-R a1
subunit mRNA
(IMS/SFR)
↔ egr-3 mRNA
(IMS/SFR)

[130]

–

[124]

21 d

1, 21 d

M/F 10 mg/kg ESC
(oral gavage)

17 d

10–15 d

M/F 5 mg/kg FLX (ip.)

14–18 d

1d

M/F 5 mg/kg FLX (ip.)

14–18 d

M

10 mg/kg FLX (ip.)

Other
Bhansali
et al.

GABA A-R mRNA, egr-3 BALB/cJ
mRNA
mice
(SFR/IMS)

Adolescent (P32–61) M/F 7.5–16 mg/kg
Adult (P60–88)
(adolescent)
16 mg/kg (adult)
FLX (drinking water)

28 d

1d

Landry
et al.

Neuropeptides

Adolescent
(P35–49)

14 d

None

SD rat

M

10 mg/kg FLX (ip.)

future science group

↔: No difference versus controls; ↑: Increase; ↓: Decrease; (↑): Trend toward increase versus controls (p < 0.07); (↓): Trend toward decrease versus controls (p < 0.07); 5-HIAA: 5-hydroxyindoleacetic acid;
5-HT: 5-hydroxytryptamine; 5-HTT: Serotonin transporter; ACTH: Adrenocorticotropic hormone; Amyg: Amygdala; BDNF: Brain-derived neurotrophic factor; b.i.d.: Twice daily; BLA: Basolateral amygdala;
CA1: CA1 region of the hippocampus; CA3: CA3 region of the hippocampus; Cort: Corticosterone; CPu: Caudate putamen; CREB: cAMP response element-binding protein; d: Day; DA: Dopamine; DAT: Dopamine
transporter; DG: Dentate gyrus; DMI: Desipramine; DOPAC: 3,4-dihydroxyphenylacetic acid; DRN: Dorsal raphe nucleus; egr-3: Early growth response gene 3; ERK2: Extracellular signal-regulated kinase 2;
ESC: Escitalopram; F: Female; FC: Frontal cortex; FLV: Fluvoxamine; FLX: Fluoxetine; Glu:Cr: Glutamate:creatine ratio; HIPP: Hippocampus; HVA: Homovanillic acid; HYP: Hypothalamus; IMS: Infant maternal separation;
int.: Significant age versus treatment interaction effect; ip.: Intraperitoneal; M: Male; m: Month; MB: Midbrain; MI:Cr: Myo-inositol:creatine ratio; mPFC: Medial prefrontal cortex; NAA:Cr: N-acetylaspartate:creatine
ratio; NAcc: Nucleus accumbens; NE: Norepinephrine; NET: Norepinephrine transporter; OC: Occipital cortex; P: Postnatal day; PC: Parietal cortex; PRA: Plasma renin activity; PRC: Plasma renin concentration;
PRX: Paroxetine; PSA-NCAM: Polysialylated from of the neural cell adhesion molecule; R: Right; SD: Sprague–Dawley; Ser: Sertraline; SFR: Standard facility reared; SIR: Social isolation rearing; SS: Social stress;
STR: Striatum; SW: Swiss Webster; TIAN: Tianeptine; VEN: Venlafaxine; VTA: Ventral tegmental area; W: Wistar; w: Week; WU: Wistar Unilever; zif268: Early growth response protein-1.
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Table 1. Preclinical literature investigating the neural responses to antidepressants in adolescent rodents (cont.).
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Table 2. Pharmacogenetic studies of antidepressant response in children and adolescents.
Study

Gene of
interest

Population

Treatment

Brent et al.

FKBP5 +
11 others

176 adolescents with
treatment-resistant
MDD (12–18 y) in the
TORDIA study

Joyce et al.

5-HTT
GNb3

169 depressed
patients (mean age:
31.8 y)

Kronenberg 5-HTT
et al.

74 treatment-naive
out-patients with
MDD and/or anxiety
disorder (7–18 y)
83 children and
adolescents with
depression and
anxiety disorders

SSRI (FLX, PRX, CIT) FKBP5 rs1360780TT, rs3800373GG genotypes
or VEN or SSRI + CBT (subsensitivity of glucocorticoid receptor) associated with
or VEN + CBT
suicidal events
No associations with treatment response (including
TPH2, 5-HTT)
NOR, FLX for 6 w
5-HTTLPR ss genotype associated with lower treatment
response in patients aged ≥25 y (FLX, NOR)
No association with treatment response in patients
aged <25 y
GNb3 T allele associated with poorer treatment response
in patients aged <25 y (NOR only)
CIT (10 mg x 1 w,
5-HTTLPR ss genotype associated with less symptom
then 20 mg x 2 w,
improvement on CDRS-R scale (depression), higher rates
then 20–40 mg) for of suicidal ideation, lower rates of agitation
up to 8 w
CIT for 8 w
5-HTTLPR s allele associated with lower remission rate
TPH2 T allele associated with lower remission rate
(trend only)
5-HTTLPR L allele + TPH2 G allele most likely to remit
5-HTTLPR s allele + TPH2 T allele least likely to remit
Retrospective
5-HTTLPR genotype not associated with
assessment of prior
antidepressant‑induced mania
reactions to
antidepressant
treatment

Rotberg
et al.

5-HTT
TPH2

Baumer
et al.

5-HTT

47 children and
adolescents with
bipolar disorder or
subthreshold mania

Results

Ref.
[183]

[184]

[182]

[181]

[185]

5-HTT: Serotonin transporter; 5-HTTLPR: Serotonin-transporter-linked polymorphic region; CBT: Cognitive–behavioral therapy; CDRS-R: Children’s Depression Rating
Scale – Revised; CIT: Citalopram; FLX: Fluoxetine; GNb3: G protein b3 subunit; MDD: Major depressive disorder; NOR: Nortriptyline; PRX: Paroxetine; SSRI: Selective
serotonin-reuptake inhibitor; TORDIA: Treatment of SSRI-Resistant Depression in Adolescents; TPH2: Tryptophan hydroxylase 2; VEN: Venlafaxine; w: Week; y: Year.

future science group

life 5-HTT blockade [3,101,102] . Similar consequences may conceivably occur following alteration of maturational processes by adolescent
40

30
Counts†

factors [6,14] . The timing of a critical or sensitive
period is influenced by the developmental trajectory of the affected system, and even small shifts
in timing may dramatically alter the behavioral
or neural effects of a drug. Indeed, a shift of timing by 1 week during a key period of noradrenergic development alters the antidepressant-like
response of rats to TCAs from nonresponsive at
P21 to responsive at P28 [99] .
Equally important is the timing of outcome
assessment. Conclusions regarding beneficial and/or adverse effects of adolescent drug
exposure will differ depending on whether
the outcomes are assessed during treatment,
shortly after treatment cessation or following
an extended phase of drug washout. Andersen
and Navalta propose an elegant model describing the ‘equal, but opposite’ enduring effects of
developmental drug exposure [13,14,100] : although
a drug may produce similar short-term effects in
the developing and adult brain (e.g., the inhibition of 5-HTT by SSRIs), the enduring effects
on the developing system may well be opposite to those seen during treatment in adults.
Such enduring ‘opposite’ behavioral and neural
effects are clearly seen following in utero or early

Adult/CON
Adult/PRX

*

Ado/CON
Ado/PRX

*
20

10

0

Swimming

Climbing

Immobility

Behavior

Figure 1. Effects of paroxetine (10 mg/kg in drinking water for 22 days) on
depression-like behavior in the forced swim test in adolescent and
adult rats.
†
The number of 5‑s intervals throughout the 5‑min test period in which the
specified behavior (swimming, climbing or immobility) is the dominant behavior.
*Significant treatment effect compared with age-matched controls (p < 0.05).
Ado: Adolescent; CON: Control; PRX: Paroxetine.
Adapted with permission from [86] .
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drug exposure. Indeed, unlike the anxiolytic
effects of adult antidepressant treatment [103] ,
SSRI exposure during adolescence appears to
have anxiogenic consequences in adulthood
[104] . Similarly, as described in the ‘Serotonin
system’ section, the enduring increases in
5-HTT expression following developmental
SSRI exposure contrast with the decreases in
expression normally observed during treatment
in adults [105,106] .
Choice of antidepressant drug:
differences between SSRIs

Despite their similarities, the SSRIs differ markedly from one another in pharmacokinetic and
pharmacological profiles, and therefore in their
efficacy, safety and suitability for clinical and
animal studies. For example, the relative safety
of fluoxetine in adolescents has been attributed
to its long half-life and active metabolite, while
paroxetine’s short half-life has been implicated
in its association with treatment-emergent suicidality [107] . Half-life is also a consideration in
animal studies using once- or twice-daily drug
administration, where a short half-life may prevent attainment of the steady-state levels needed
for the detection of neural effects [108] . By contrast, many pharmacogenomic studies favor
citalopram or escitalopram for its selectivity for
the 5-HTT and limited interaction with the liver
cytochrome P450 system [109] .
Neural effects of antidepressants in
adolescent animals
Effects on major neurotransmitter systems
Serotonin system

Interest in the role of 5-HT in depression and the
antidepressant response began in the 1960s following the discovery of the serotonergic effects
of the TCAs [110] and was heightened following
the development of the SSRIs. While it is now
generally accepted that there is no simple relationship between serotonergic dysfunction and
depression [111] , 5-HT remains a major research
interest due to its involvement in the regulation
of mood, emotional processing, appetite and
sleep, all of which are disrupted in depression
[111,112] , and its importance in the mechanism
of action of the SSRIs.
The effects of the SSRIs on the serotonergic system during adulthood are generally well
characterized. 5-HTT, the primary target of
the SSRIs, controls the intensity and duration
of 5-HT signaling, being responsible for the
reuptake of synaptic 5-HT into the presynaptic neuron. Upon administration, SSRIs bind
794
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5-HTT with high affinity, inhibiting reuptake
and increasing the synaptic concentration of
5-HT. However, increases in synaptic 5-HT
are rapidly attenuated by homeostatic activation of 5-HT1A and 5-HT1B autoreceptors [113] .
Therefore, lasting alterations in serotonergic
tone may not occur until these receptors become
desensitized 2–3 weeks later [114] .
In addition to 5-HT1A and 5-HT1B autoreceptor
desensitization, chronic SSRI treatment in adults
has frequently been associated with desensi
tization and/or downregulation of other receptor
subtypes including 5-HT2A [115,116] , 5-HT2C [117]
and 5-HT4 receptors [116] . Downregulation of
5-HTT is also often observed [106,108] , although
some studies report no difference from controls
[118] . The reduction in the activity of 5-HT
receptors and 5-HTT has been used to explain
the delayed therapeutic response to SSRIs [119] ,
although additional adaptive mechanisms are
likely involved. Reductions in 5-HT turnover
and in concentrations of the 5-HT metabolite
5-hydroxyindoleacetic acid also accompany
chronic SSRI treatment in adults [86,120] .
Studies in adolescent animals suggest that
some components of the developing serotonergic system respond to SSRI treatment
in a similar fashion to the adult system. For
example, chronic (over 22 days) paroxetine had
similar effects on whole-tissue concentrations of
5-HT (unchanged), 5-hydroxyindoleacetic acid
(reduced) and 5-HT turnover (reduced) in the
striatum of adult and adolescent rats (see Figure 2
[86] ). However, the majority of studies describe
age-specific effects of SSRIs on this system.
Two separate groups have investigated SSRIinduced changes in 5-HTT density in various
regions of the adolescent rat brain following
chronic SSRI administration. In contrast to the
often-found decrease or null effect on 5-HTT
binding density observed in adults, both studies report regional increases in 5-HTT binding in their younger cohort. An early study
by Wegerer et al. reported increased levels of
5-HTT in the frontal cortex of early adolescent
(P25) rats treated with fluoxetine for 14 days,
with no alterations in binding density in the
parietal cortex, occipital cortex, midbrain or
hypothalamus [105] . Interestingly, no such effects
were found in rats when treatment was started at
P50, pointing to a sensitive period during early
adolescent life. Karanges et al. reported similar
findings, showing upregulation of 5-HTT in
the amygdala, but not the hippocampus, in adolescent rats following chronic paroxetine treatment [86] . The frontal cortex and amygdala both
future science group
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receptor isoforms that differ in their sensitivity
for 5-HT and their ability to activate the receptor’s associated G protein, Gaq [129] . Studies
have demonstrated that chronic stress alters
pre-mRNA editing, and treatment with SSRIs
during adulthood reverses these effects [128] .
Although the effect of antidepressants on
5-HT2C receptor desensitization in adolescents is
unknown, Bhansali et al. investigated the impact
of 28 days of fluoxetine treatment on adult and
adolescent ����������������������������������
BALB������������������������������
/c mice with or without a history of infant maternal separation (IMS), and
reported differential effects of the antidepressant depending on prior stress experiences and
age [130] . IMS increased editing, thus reducing
the sensitivity of the receptor for 5-HT. In what
appears to be a compensatory response for the
reduced interaction of the receptor with its G
protein, the level of Gaq was also increased in
IMS mice. Fluoxetine treatment normalized
these effects in adolescents, but only reversed the
increase in Gaq in adults. In contrast, normal
adolescent mice showed the opposite response to
fluoxetine, with increases in pre-mRNA editing
without compensatory changes in Gaq binding.
This resembles the response to chronic stress [128]
and may suggest adverse effects of fluoxetine on
the serotonin system in normal adolescent animals. This study provides a strong indication
that effects of SSRIs on the developing brain
may differ depending on prior history and
depressive symptomatology.
9000
Concentration (ng/g wet tissue)

receive serotonergic innervation from the raphe
nucleus [121] , suggesting that these findings may
reflect regional increases in serotonergic innervation and synaptic outgrowth rather than a direct
increase in 5-HTT expression. Indeed, given
the extensive remodeling and strengthening of
connections occurring during adolescence and
the role of 5-HT in synaptic outgrowth during development [101,122] , such an explanation
is plausible.
Interestingly, Wegerer et al. provide evidence
that the regional increases in 5-HTT density
endure into adult life [105] , in contrast to the
rapid recovery of SSRI-induced 5-HTT downregulation in adults [119] . Lasting changes in
5-HTT may explain the increases in anxietylike behavior and sexual dysfunction observed
in adult rats that have been treated with SSRIs
during adolescence [123] .
Several studies exploring the effects of SSRIs
on 5-HT receptor function in adolescents have
employed neuroendocrine or behavioral drug
challenge techniques. In a study investigating
the effects of chronic sertraline on serotonergic
function, treated adult rats displayed the usual
suppression of prolactin release to fenfluramine
challenge, suggesting desensitization of postsynaptic serotonergic receptors in response to
sertraline [85] . By contrast, the response to fenfluramine challenge was not altered by sertraline
in prepubertal or peripubertal rats, suggesting
that receptor desensitization may not occur prior
to adulthood. Similarly, fluoxetine appears to
have different effects on hypothalamic 5-HT2A
receptor function in adult and adolescent rats, as
shown by the neuroendocrine response to DOI
challenge [124] .
Two studies have investigated the effects of
adolescent SSRI treatment on 5-HT1A receptors
in adulthood. These studies report no changes
in 5-HT1A receptor binding [125] or function
[123] following extended wash-out periods (14–
17 days and 14 weeks, respectively). Changes in
5-HT1A binding density do not appear to occur
during SSRI treatment of adult animals [126] ,
although decreases in receptor function have
been observed [127] . It is currently unknown how
5-HT1A function is affected during treatment in
adolescent animals.
In adults, chronic SSRI treatment probably
modulates the 5-HT2C receptor in two ways: the
receptor becomes desensitized [117] and alterations in pre-mRNA editing modify the balance
of different receptor isoforms [128] . The primary
transcript of the 5-HT2C receptor is subject to
post-transcriptional editing, producing various
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Figure 2. Chronic paroxetine (10 mg/kg in drinking water) exerts
differential neurochemical effects in the striatum of adult and adolescent
rats (n = 8/group).
*Significant treatment effect compared with age-matched controls (p < 0.05).
**Significant age × treatment interaction effect (p < 0.05).
5-HIAA: 5-hydroxyindoleacetic acid; 5-HT: Serotonin; Ado: Adolescent;
CON: Control; DA: Dopamine; DOPAC: 3,4-dihydroxyphenylacetic acid;
HVA: Homovanillic acid; PRX: Paroxetine.
Adapted with permission from [86] .
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Dopamine system

The mesocorticolimbic dopamine system, originating from the VTA and connecting with the
PFC, amygdala, hippocampus and nucleus
accumbens, is thought to play a role in the
regulation of motivation, hedonic state, reward,
social behavior, cognition and emotional control
[112] . Given that anhedonia and loss of motivation are two of the core symptoms of depression, it is unsurprising that dopamine has been
implicated in depression and the antidepressant
response [131,132] .
With the exception of high-dose sertraline,
SSRIs have low affinity for components of the
dopamine system, yet they are capable of influencing dopaminergic function after both chronic
and acute administration [133] . Temporary attenuation of mesolimbic dopaminergic activity by
acute SSRI treatment, mediated by serotonergic
activation of 5-HT2C receptors, is thought to
contribute to the early anxiogenic effects and
delay in efficacy of the SSRIs [134] . Conversely,
chronic SSRI treatment in adults has been associated with increased firing of mesocorticolimbic
dopaminergic neurons [135] and increases in synaptic dopamine [136] , suggesting that disinhibition of the dopamine system may be important
for the therapeutic effects of the SSRIs [137] .
Only one study has investigated whether
SSRIs have similar effects on the dopamine system in adolescents. Karanges et al. conducted a
direct adolescent versus adult comparison of the
behavioral and neural effects of chronic paroxetine in rats, reporting developmental differences
in the effects of the drug on dopamine metabolites and turnover in the striatum (see Figure 2 ),
and dopamine transporter binding density in
the nucleus accumbens [86] . Specifically, paroxetine increased measures of dopamine turnover,
homovanillic acid (a dopamine metabolite) and
dopamine transporter in adult rats, with no such
effects in adolescents. As reviewed earlier, the
developing brain may not respond to chronic
SSRI treatment with desensitization of the 5-HT
receptor subtypes involved in the moderation of
dopamine release, thus preventing the dopaminergic upregulation commonly seen in adults.
These findings potentially explain some of the
adverse behavioral effects and lack of therapeutic
efficacy reported in adolescents.
Norepinephrine system

Dysfunction of the noradrenergic system
has been implicated in depression and anxiety disorders [138] , particularly with regard to
symptoms associated with arousal, energy and
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Future Neurol. (2011) 6(6)

vigilance [139] . Antidepressant drugs such as
the TCAs and SNRIs have direct effects on
noradrenergic function, while SSRIs appear to
affect this system primarily through serotonergic mechanisms [139] . Specifically, chronic treatment with SSRIs in adults has been associated
with reductions in extracellular norepinephrine
in the amygdala and LC [140] and reductions in
spontaneous and sensory-evoked firing of LC
neurons [141] . Interestingly, inhibition of LC neuronal activity has been reliably associated with
other antidepressant therapies including TCAs,
MAOIs and electroconvulsive shock [135,141] .
This has been proposed as a mechanism by
which antidepressants facilitate dopamine release
from the VTA [142] , contributing to the relief of
depression-related symptoms such as anhedonia.
However, a recent study by West et al. (see [87] ,
and its addendum [143]) demonstrates that shortterm treatment with some antidepressants may
actually produce opposite effects in adolescent
rats. In contrast to the decrease in LC neuronal
activity found in adults, short-term administration (over 2–4 days) of paroxetine or venlafaxine
increased LC activity in adolescents, with reductions emerging after 8 or more days of treatment.
Compellingly, the directional changes in LC
activity reflected depressive-like behaviors in the
forced swim test, suggesting that hyperactivity
of LC neurons may contribute to depressogenic
effects of antidepressants in some adolescents.
Indeed, increases in LC neuronal activity have
been previously observed in conjunction with
depression-like behaviors in animal models of
chronic stress [142] .
However, certain components of the norepinephrine system are not commonly modulated
by SSRI treatment. With the exception of paroxetine, which is known to block norepinephrine
reuptake at high doses [144] , SSRIs do not appear
to modulate norepinephrine transporter binding
or affinity [105] or total tissue norepinephrine [86]
in adult or adolescent rodents.
Effects on neurogenesis
& synaptic plasticity

The neurotrophic hypothesis of depression and
antidepressant action, reviewed extensively
elsewhere [145–149] , proposes that reductions in
hippocampal neurogenesis and/or neurotrophic
factors play a role in the etiology of depression,
and that antidepressants act to normalize these
deficits. Supporting evidence for the role of
neurogenesis in depression includes the hippocampal atrophy and reduced concentrations
of neurotrophic factors such as brain-derived
future science group
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neurotrophic factor (BDNF) in individuals
with depression [146] , and decreases in neurogenesis and BDNF expression in animals exposed
to chronic stress [149] . Conversely, stimulation
of neurogenesis is a key feature of many anti
depressant therapies, including the SSRIs and
other antidepressant drugs [150] , exercise [151] and
electroconvulsive shock [152] , and suppression of
these neurotrophic actions can prevent the relief
of certain depression- or anxiety-like symptoms
by such treatments [150,153,154] . Antidepressant
treatment in adults has also been associated
with upregulation of BDNF and other neurotrophic proteins [147,155,156] , downregulation of
proapoptotic proteins [155] and stimulation of
dendritic arborization and synaptic plasticity
[154,157] . Together, these findings suggest that the
actions of antidepressants on neurogenesis may
be important for their therapeutic effects [148,154] .
Although it is not the purpose of this article
to critique this hypothesis (see [158] for a recent
critique), it is worth noting that not all studies
support a causal relationship between stimulation of neurogenesis and antidepressant action.
The behavioral effects of antidepressants appear
to be neurogenesis independent in certain strains
of rodents such as the BALB/cJ mouse [88] ,
and stimulation of hippocampal neurogenesis
appears to be required for relief of anxiety-like
but not depression-like symptoms in some animal models [154] . These findings and others have
led to the proposal that it is the stimulation of
neuronal plasticity and associated processes
rather than neurogenesis per se that underlies the
behavioral response to antidepressants [149,154] .
Regardless of whether the effect of antidepressants on neurotrophic processes are an epiphenomenon, the ability of antidepressants to affect
synaptic plasticity has important implications for
the treatment of adolescents, given the elevation
of baseline synaptic plasticity and neurogenesis
and the malleability of limbic–cortical links during adolescence [28] . The adolescent response to
antidepressants has therefore been investigated
more heavily with relation to neuroplasticity
than any other aspect of the neural response.
However, as with the adult literature, the adolescent literature is complicated by differences
in prior stressor exposure, strain, drug, dose and
variation in the dependent variables investigated.
Several studies have found no effect of anti
depressant treatment on measures of hippocampal cell proliferation, differentiation and/or survival in standard-reared adolescent rodents. For
example, following treatment with fluoxetine for
25 days, Cowen et al. report no differences in
future science group
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dentate gyrus volume, cell proliferation or cell
survival in adolescent rats [28] . Similar findings
have been reported in mice treated with fluoxetine during the juvenile and early adolescent
periods [90,159] . In addition, in contrast to commonly observed effects in adults, adolescent
antidepressant treatment does not appear to
stimulate expression of neurotrophic factors,
and may even disrupt associated signaling pathways [104,160] . However, it should be noted that
these studies either lack an adult comparison
group [90,104,159] or show none of the commonly
observed neurogenic effects of antidepressant
treatment in adults [28,160] , limiting robust
conclusions on developmental differences.
However, two studies have employed direct
adult versus adolescent comparisons investigating the effects of chronic fluoxetine on hippocampal neurogenesis. While both studies
report differential age effects, they are seemingly contradictory in direction and mediation by sex. Following administration of fluoxetine (5 mg/kg) to rats for 14–18 days, Hodes
et al. report increased DNA synthesis and cell
proliferation in adult male rats, with no such
effects in sex-matched adolescents [161] . The
pattern differed in females: aside from a trend
toward decreased cell survival in fluoxetinetreated adolescents, fluoxetine did not stimulate hippoc ampal neurogenesis in either age
group. In direct contrast, Navailles et al. show
no effects of chronic fluoxetine (16 or 25 mg/
kg) on neurogenesis in adult mice of either sex,
while observing increases in some, but not all,
measures of neurogenesis in standard-reared
adolescents [98] . The reason for these contradictory findings is unclear, but may be related
to dose or species differences. Indeed, higher
doses, such as those used by Navailles et al.
[98] , may be required to stimulate neurogenesis
in adolescent rodents, which are known to
metabolize drugs more rapidly than their adult
counterparts [12] . Furthermore, granule cell
proliferation and maturation follow different
time courses in rats and mice, and are of greater
functional importance in rats, with suggestions
that the rat hippocampus may better model that
of the human [162] .
Rodent models of chronic stress may provide a more etiologically valid environment in
which to examine the effects of antidepressants
on neurogenesis. The studies relevant to this
article employing such models have demonstrated modulation of adolescent responses to
chronic fluoxetine and tianeptine by early life
or adolescent stress paradigms [98,159,163] . In the
www.futuremedicine.com
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study conducted by Navailles et al. reviewed
earlier, IMS abolished the neurogenic responses
to f luoxetine observed in standard facility
reared adolescents [98] . Similarly, exposure to
adolescent social stress removed the stimulatory effects of tianeptine on synaptophysin, a
marker of synaptic plasticity [163] . By contrast,
fluoxetine increased hippocampal cell proliferation and survival in adolescent mice exposed
to social isolation rearing (SIR), with no such
effects in standard facility-reared mice [159] .
These conflicting findings may again reflect
procedural differences: SIR and IMS may have
different neural effects [164] , influencing antidepressant action and neurogenesis. Furthermore,
the inhibitory effects on hippocampal neurogenesis were only reported following the SIR
manipulation in these studies.
Several studies have pointed to a relationship between adult hippocampal neurogenesis,
hypothalamic–pituitary–adrenal axis activity
and glucocorticoids. Glucocorticoids inhibit
hippocampal neurogenesis [165] and the release
of neurotrophic factors such as BDNF via activation of the glucocorticoid receptor (GR) [166] .
Furthermore, antidepressants stimulate neurogenesis by GR-dependent mechanisms [167] and
have been associated with reductions in cortisol
and adrenocorticotropic hormone concentrations in treatment responders, but not in treatment nonresponders [168] . As such, changes in
corticosterone concentrations with treatment
may provide an indication of antidepressant efficacy. Studies investigating adolescent responses
to SSRIs have uniformly reported no effects on
corticosterone or adrenocorticotropic hormone
concentrations during or shortly after treatment
[124,161] . However, these studies were conducted
in ‘normal’ animals, who are less likely to show
alterations in corticosterone with treatment [169] .
As previously inferred, the effects of anti
depressants are not restricted to neurogenesis
or even to the hippocampal region, but extend
to related processes such as neuroplasticity,
synaptic remodeling and synaptogenesis (Box 2
& Table 3) . Unsurprisingly, there are indications
that antidepressant treatment during adolescence may cause lasting perturbations in normal developmental processes, altering dendritic
spine development and synaptic outgrowth. For
example, chronic treatment of rats with fluoxetine from P21 until P42 prevented the normal
age-related increase in dendritic spine density in
the CA1 region of the hippocampus [30] . This
contrasts with reports that fluoxetine inhibits
stress-induced atrophy of dendritic spines in
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adults [154] , suggesting that hippocampal plasticity may be differentially affected by fluoxetine in
adolescents. However, these effects may be specific to dendritic arborization, given indications
that hippocampal N-acetyl aspartate, a marker
of neuronal density and function, appears to
increase in response to SSRI treatment in both
adult humans [170] and adolescent rodents [171] .
Chronic SSRI treatment during adolescence
also seems to moderate synaptic plasticity in the
amygdala. The polysialylated form of the neural
cell adhesion molecule (PSA-NCAM) is a promoter of neurite and synaptic outgrowth and
plays a key role in neuronal development [172] .
Generally, upregulation of PSA-NCAM expression is indicative of increased synaptic remodel
ing, while reductions may indicate regressive
structural changes [173] . In adult rodents, fluoxetine increases PSA-NCAM expression in the
medial PFC and parts of the hippocampus, but
decreases expression in the amygdala [173] . In a
recent study, Homberg et al. measured lasting
changes (14–17 days post-treatment) in PSANCAM in adult and adolescent rats treated
chronically with fluoxetine [125] . In line with
previous findings, fluoxetine tended to reduce
PSA-NCAM concentrations in the amygdala
of adult rats. By contrast, however, there was a
trend towards increased PSA-NCAM expression
in the amygdala of adolescent rats, suggesting
increased amygdala plasticity in this age group
in response to fluoxetine treatment. It is possible that these neuroplastic effects may underlie the increases in behavioral despair observed
selectively in adolescent rats in this study.
Pharmacogenetics of adolescent
antidepressant response

As mentioned earlier, antidepressant medications
appear to be associated with efficacy or alternatively, with adverse effects, in certain subgroups
of the adult and adolescent population. It has
been hypothesized that genetic variation may
play a role in determining treatment response,
and pharmacogenetic approaches provide a
means whereby such genotype–response associations can be investigated. Literature on the
pharmacogenetics of the antidepressant response
in adult populations is extensive (see [174–176] for
recent reviews�������������������������������
)������������������������������
. Notable and replicated associations with treatment response include polymorphisms within the 5-HTT, BDNF, TPH1,
5-HT1A and 5-HT 2A receptor subtype and
CYP2D6 genes [176] . In addition, certain genes
have been associated with adverse effects, particularly antidepressant-induced mania (e.g., 5-HTT
future science group
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Box 2. Hippocampal protein expression is differentially altered by paroxetine in
adolescent and adult rats.
n

A recent study in our laboratory examined the effects of the selective serotonin-reuptake inhibitor
paroxetine on the hippocampal protein expression profile of adolescent (postnatal day 28–49) and
adult (postnatal day 70–91) rats via 2D gel electrophoresis proteomics. As in our previous study [86] ,
we administered paroxetine in drinking water at a target dose of 10 mg/kg for 22 days. Of the 30
proteins significantly altered by paroxetine administration, eight were altered only in adolescents
and ten only in adults, suggesting differential regulation of expression profiles by paroxetine in
adult and adolescent rats. Five such proteins are presented in Table 3.

Data taken from [Karanges E & McGregor IS, Unpublished Data].

polymorphisms) and treatment-emergent suicidal ideation (e.g., BDNF, FKBP5, CREB1 and
GRIA3 polymorphisms) [174,177] .
However, it is not possible to extend these findings to adolescent populations. Genes and their
protein products can have different expression patterns, functions and interactions with other genes
at different stages of development, thus associations between genes and treatment response may
differ in younger populations. We have identified
five pharmacogenetic studies of antidepressant
response in children and adolescents (see Table
2 ), some of which have been reviewed previously
[109] . All are of relatively small scale and most are
open-label, therefore the findings within must be
treated with caution until sufficiently replicated.
Furthermore, treatment response is unlikely to be
moderated extensively by any one gene, but rather
by a combination of many environmental and
genetic factors [178] . Regardless, these studies may

inform future research by highlighting potential
moderators of antidepressant response in pediatric
and adolescent populations.
One of the most extensively researched polymorphisms in adult populations is the 5-HTTlinked polymorphic region (5-HTTLPR) within
the promoter of the 5-HTT gene (SLC6A4).
Studies have shown that the short (s) form of this
variable-length repeat region is less transcriptionally active than the long (l) form, and has been
associated with increased risk of major depressive
disorder and other psychiatric diagnoses [179] ,
poorer antidepressant response [180] , and greater
propensity to develop adverse effects [176] , at least
in caucasian populations. Accordingly, this polymorphic region has been investigated in all five
known pediatric studies on the pharmacogenetics of antidepressant response. Of these, two
report an association between poorer response
to citalopram and the s allele or ss genotype in

Table 3. Hippocampal protein expression changes following chronic paroxetine treatment of adolescent and
adult rats.
Protein

Fold change
Adolescent

Adult

Phosphodiesterase
10A (PDE10A)

↔

↓ 6.48

Neurogenin 1

↔

↑ 4.19

BH3-interacting
domain death agonist
(BID)

↑ 4.34

ND

PKC

↓ 3.12

↔

Syntaxin 7

↑ 5.74

ND

Protein function

Implications and comments

Responsible for degradation of adenosine PDE10A polymorphisms have been
and guanine nucleotides; role in regulation associated with major depression [207]
of cAMP and cGMP signaling
Neurotrophic protein
Neurotrophic actions of antidepressant
therapies may be important for their
therapeutic effects [153]
Proapoptotic member of the Bcl-2 family;
BID inhibitors have antidepressant
sequesters antiapoptotic proteins
properties [208]
(e.g., Bcl-2) and activates proapoptotic
family members (e.g., Bax and Bak)
Phosphoinositide signaling;
Reductions in PKC signaling linked to
phosphorylation of proteins implicated in
adolescent suicide [209]
cell proliferation, cell differentiation,
apoptosis and neurotransmitter release
Component of the endosomal SNARE
Implications for serotonin
complex; role in the transport of
neurotransmission
neurotransmitter-containing vesicles

2D gel electrophoresis proteomic analysis was conducted on hippocampal samples (n = 6/group) from adolescent (postnatal day 28–49) and adult (postnatal day
70–91) Wistar rats treated with paroxetine (10 mg/kg in drinking water) or standard drinking water for 22 days. Significant alterations in protein expression are
expressed as fold change in comparison with age-matched vehicle-treated gels.
↔: No difference versus controls; ↑: Increase; ↓: Decrease; ND: Not detected.
Data taken from [Karanges E & McGregor IS, Unpublished Data].
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children and adolescents with depression or anxiety disorders [181,182] . In addition, the ss genotype was associated with higher rates of suicidal
ideation, although this was not restricted to
treatment-emergent effects [182] . These studies
suggest that reduced expression of the 5-HTT
may contribute to poor treatment outcome in
adolescents, as in adults. However, it should be
noted that these two studies used patients from
the same population pool, potentially limiting
the generalizability of these results. Indeed, the
5-HTT polymorphism was not associated with
treatment response [183,184] , suicidal events [183] or
antidepressant-induced mania [185] in other pediatric populations. Interestingly, despite finding
no association between 5-HTT polymorphism
and treatment response in young patients with
depression, Joyce et al. report an association
between the ss genotype and poorer response to
fluoxetine in patients older than 25 years [184] .
There are also other indications that variations in serotonergic function may influence
SSRI response in children and adolescents.
TPH2 is the rate-limiting enzyme in 5-HT
biosynthesis, and there is some indication that
polymorphisms in TPH2 may play a role in susceptibility to major depression, suicidal behavior
and antidepressant response in adult populations, although these associations have not been
replicated [176] . Similarly, there is some evidence
that the TPH2 polymorphisms may predict
antidepressant response in adolescents, whereby
carriers of a T allele in the TPH2 promoter
(G-703T; rs4570625) show a somewhat poorer
antidepressant response to citalopram [181] . This
study also demonstrates an additive effect of
this TPH2 polymorphism and the 5-HTTLPR
s allele in predicting lower remission rates.
Finally, results from the Treatment of SSRIResistant Depression in Adolescents (TORDIA)
study point to a relationship between polymorph
isms in the FKBP5 gene and onset of suicidal
events during SSRI treatment [183] . The FKBP5
gene encodes a co-chaperone protein that moderates the sensitivity of the GR to glucocorticoids.
Certain polymorphisms in this gene increase the
GR-induced expression of FKBP5, decreasing
the sensitivity of the GR to glucocorticoids and
impairing negative-feedback regulation of the
hypothalamic–pituitary–adrenal axis in healthy
controls, with opposite effects in many clinical
populations [186] . In adult populations, these
alleles have been associated with major depressive
disorder and other psychiatric diagnoses [186] , as
well as treatment response to antidepressants [187] .
However, while Brent et al. report associations
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between the FKBP5 rs1360780 TT genotype
and suicidal events in the TORDIA population
[183] , the T allele has been associated with better response to antidepressants in adults [187,188] ,
suggesting that these polymorphisms may have
differential effects in different age groups.
Conclusion

Despite their status as the current treatment
of choice for depressive and anxiety disorders
in children and adolescents, many questions
remain concerning the efficacy and safety of
SSRIs in this population. Given the malleability of the adolescent brain to environmental
stimuli, exposure to psychotropic drugs during
this developmental period can have unexpected
short-term and enduring neural consequences.
Indeed, studies in laboratory animals demonstrate a myriad of differences between the adult
and adolescent neural response to SSRIs. Most
notable are the age-specific alterations in monoaminergic components. Differential effects on
the serotonin system (such as regional 5-HTT
upregulation and the absence of typical desensi
tization in serotonergic receptor function) likely
underlie differential dopaminergic and noradrenergic responses. Antidepressant administration during adolescence may also modify
normal developmental neurotrophic processes,
having lasting effects on the maturation of the
brain regions involved in emotional regulation.
However, the nature of these effects may be
moderated by genetic and environmental factors including early life experiences, sex and
coexisting psychopathology. In the absence of
more certain conclusions on the short-term and
enduring behavioral and neural consequences
of antidepressant exposure during adolescence,
the treatment of young persons with these agents
should be approached with caution.
Future perspective

Although developmental stage is an obvious
mediator of neural response to antidepressants,
the precise nature of these effects and their
links to behavioral response is not yet clear. The
mechanisms by which antidepressants produce
their therapeutic effects are complex and largely
unknown, thus further research is required,
even in adult populations. Despite this, the
current findings on antidepressant effects in
adults can guide future research into effects on
adolescent populations.
Thus far, there has been a strong focus on
monoaminergic and neurotrophic mediators of
adolescent response to antidepressants. However,
future science group
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there is increasing evidence that antidepressant
action may be mediated by other systems and
processes, many of which mature throughout
adolescence. For example, glucocorticoid signaling is a recently recognized contributor to the
antidepressant response [166] , and it is of particular interest given the susceptibility of the
brain to glucocorticoids during adolescence [43] .
Epigenetic mechanisms such as histone acetylation, histone deacetylation and DNA methylation have also been associated with chronic
stress, depressive disorders and the antidepressant
response [189,190] . Indeed, chronic fluoxetine stimulates the expression of methyl-CpG DNA binding domain proteins and histone deacetylase 2,
repressing gene expression in GABAergic interneurons of the adult rat brain [191] . Epigenetic
mechanisms have also been implicated in synaptic plasticity and the enduring neurobiological

Review

consequences of adolescent recreational drug use
[192] , suggesting a potential role in the antidepressant response in adolescents. Other mechanisms of interest include glutamatergic [193] and
GABAergic neurotransmission [194] , regulation of
proinflammatory cytokines [195] and moderation
of serotonergic signaling by miRNAs [196] .
Currently, there is a paucity of human
research on the neural response of young people to antidepressants, although pharmacogenetic studies are emerging. Ultimately, the goal
of pharmacogenetic research is personalized
medicine, whereby clinicians tailor treatment
to individual patients based on genetic indicators of a favorable response. Progress toward
this goal, whether in pediatric or adult populations, requires replication of previous findings
with adequately powered and well-controlled
studies [109,175] .

Executive summary
Adolescent neural development
n
n

n

The developing brain is a highly malleable structure that is susceptible to environmental influences.
Exposure to psychotropic drugs during the adolescent period can have lasting consequences on brain development, as well as having
unexpected behavioral and neural outcomes in the short term.
Adolescent brain development is characterized by synaptic regression and pruning, increases in myelination, strengthening of
connections between limbic and cortical regions and maturation of monoaminergic systems.

Antidepressant treatment of children & adolescents
n
n
n

n

Selective serotonin-reuptake inhibitors (SSRIs) are the first-line pharmacological treatment for adolescent depressive disorders.
SSRIs, with the exception of fluoxetine, have minimal efficacy in children and adolescents.
Reports that SSRIs are associated with an increased risk of psychiatric adverse effects such as suicidal ideation in children and
adolescent populations have led the US FDA to introduce a black box warning on all SSRIs.
The mechanisms underlying SSRI-induced suicidality are unknown.

Neural effects of antidepressants in adolescents: considerations in reviewing the literature
n
n

n

Most of the available knowledge on neural effects of antidepressants in adolescents comes from animal studies.
Experiments using ‘normal’ animals are valuable in disentangling antidepressant response from disease state and in examining likely
effects in nondepressed clinical populations, but are unable to demonstrate corrective effects of the drug on aberrant states or
drug–disease interactions.
Conclusions may differ depending on drug selection and the timing of drug administration and outcome assessment.

Neural effects of antidepressants on major neurotransmitter systems in adolescent animals
n

n
n

SSRIs have contrasting effects on serotonin transporter expression and serotonin receptor subtypes in adolescent compared with
adult animals.
Dopaminergic upregulation in response to chronic SSRI treatment may be absent in adolescents.
Early increases in noradrenergic activity may underlie the adverse psychiatric effects of antidepressant administration in adolescents.

Neural effects of antidepressants on neural plasticity & neurogenesis in adolescent animals
n

n

Antidepressants may have differing effects on neurogenesis depending on rearing environment, dose and species/strain in both adult
and adolescent animals.
SSRIs may interact with increases in neuroplasticity during adolescence, modulating the growth and development of limbic regions.

Human findings: pharmacogenetics of adolescent antidepressant response
n

n

Pharmacogenetic studies of antidepressant response in children and adolescents are rare, small in scale and often open-label; therefore,
replication of findings is vital.
Antidepressant response and/or adverse effects in adolescents have been associated with polymorphisms in the 5-HTT, TPH2 and
FKBP5 genes.

Future perspective
n

Antidepressants are known to affect a variety of neural systems and processes: future research should consider other hypotheses of
antidepressant action. Imaging studies in children and adolescents may reveal important neural correlates of treatment.
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Recent brain imaging studies have revealed
neural correlates of adolescent psychopathology
(e.g., 200]), but few have investigated correlates of
antidepressant response in this population (but see
[198,199]). Imaging studies have revealed regional
effects of antidepressants on brain volume, neuronal activation and biochemistry in adults [200] ,
highlighting the need for corresponding studies
in adolescents.
Bibliography

2.

3.

4.

5.

6.

7.

8.

9.

Bock N, Gerlach M, Rothenberger A.
Postnatal brain development and
psychotropic drugs. Effects on animals and
animal models of depression and attentiondeficit/hyperactivity disorder. Curr. Pharm.
Des. 16(22), 2474–2483 (2010).
Gentile S. Neurodevelopmental effects of
prenatal exposure to psychotropic
mediations Depress. Anxiety 27(7), 675–686
(2010).
Oberlander TF, Gingrich JA, Ansorge MS.
Sustained neurobehavioral effects of
exposure to SSRI antidepressants during
development: molecular to clinical evidence.
Clin. Pharmacol. Ther. 86(6), 672–677
(2009).
Roussotte F, Soderberg L, Sowell E.
Structural, metabolic, and functional brain
abnormalities as a result of prenatal exposure
to drugs of abuse: evidence from
neuroimaging. Neuropsychol. Rev. 20(4),
376–397 (2010).
Norman A, Crocker N, Mattson S, Riley E.
Neuroimaging and fetal alcohol spectrum
disorders. Dev. Disab. Res. Rev. 15(3),
209–217 (2009).
Crews F, He J, Hodge C. Adolescent cortical
development: a critical period of vulnerability
for addiction. Pharmacol. Biochem. Behav.
86(2), 189–199 (2007).
Lubman DI, Yücel M, Hall WD. Substance
use and the adolescent brain: a toxic
combination? J. Psychopharmacol. 21(8),
792–794 (2007).
Doremus-Fitzwater T, Varlinskaya E,
Spear LP. Motivational systems in
adolescence: possible implications for age
differences in substance abuse and other
risk-taking behaviors. Brain Cogn. 72(1),
114–123 (2010).
Schramm-Sapyta N, Walker Q, Caster J,
Levin E, Kuhn C. Are adolescents more
vulnerable to drug addiction than adults?
Evidence from animal models.
Psychopharmacology (Berl.) 206(1), 1–21
(2009).

802

The authors have no relevant affiliations or financial
involvement with any organization or entity with a
financial interest in or financial conflict with the subject
matter or materials discussed in the manuscript. This
includes employment, consultancies, honoraria, stock
ownership or options, expert testimony, grants or patents
received or pending, or royalties. No writing assistance
was utilized in the production of this manuscript.

10. Bava S, Tapert S. Adolescent brain

21.

development and the risk for alcohol and
other drug problems. Neuropsychol. Rev.
20(4), 398–413 (2010).

Papers of special note have been highlighted as:
n of interest
nn of considerable interest
1.

Financial & competing interests disclosure

11.

Schneider M. Puberty as a highly vulnerable
developmental period for the consequences of
cannabis exposure. Addict. Biol. 13(2),
253–263 (2008).

22. Brenhouse HC, Andersen SL. Developmental

trajectories during adolescence in males and
females: a cross-species understanding of
underlying brain changes. Neurosci. Biobehav.
Rev. 35(8), 1687–1703 (2011).

12. Spear LP. Assessment of adolescent

neurotoxicity: rationale and methodological
considerations. Neurotoxicol. Teratol. 29(1),
1–9 (2007).

23. Steinberg L. Cognitive and affective

development in adolescence. Trends Cog. Sci.
9(2), 69–74 (2005).

13. Andersen SL, Navalta CP. Altering the course

of neurodevelopment: a framework for
understanding the enduring effects of
psychotropic drugs. Int. J. Dev. Neurosci.
22(5–6), 423–440 (2004).
14.

nn

15.

Andersen SL, Navalta CP. Annual research
review: new frontiers in developmental
neuropharmacology: can long term
therapeutic effects of drugs be optimized
through carefully timed early intervention?
J. Child Psychol. Psyc. 52(4), 476–503 (2011).
Consideration of the known and possibly
enduring consequences of administration
of psychotropic drugs during development.
Carlezon W, Konradi C. Understanding the
neurobiological consequences of early
exposure to psychotropic drugs: linking
behavior with molecules. Neuropharmacology
47(Suppl. 1), 47–60 (2004).

24. Casey B, Jones R. Neurobiology of the

adolescent brain and behavior: implications
for substance use disorders. J. Am. Acad.
Child Adolesc. Psychiat. 49(12), 1189–1201
(2010).
25. Paus T. Mapping brain maturation and

cognitive development during adolescence.
Trends Cog. Sci. 9(2), 60–68 (2005).
26. Paus T, Keshavan M, Giedd J. Why do many

psychiatric disorders emerge during
adolescence? Nat. Rev. Neurosci. 9(12),
947–957 (2008).
27.

17.

Moreno C, Laje G, Blanco C, Jiang H,
Schmidt A, Olfson M. National trends in the
outpatient diagnosis and treatment of bipolar
disorder in youth. Arch. Gen. Psychiat. 64(9),
1032–1039 (2007).

Age-dependent decline in hippocampal
neurogenesis is not altered by chronic
treatment with fluoxetine. Brain Res. 1228,
14–19 (2008).
29. He J, Crews F. Neurogenesis decreases during

brain maturation from adolescence to
adulthood. Pharmacol. Biochem. Behav. 86(2),
327–333 (2007).
30. Norrholm S, Ouimet C. Chronic fluoxetine

administration to juvenile rats prevents
age-associated dendritic spine proliferation in
hippocampus. Brain Res. 883(2), 205–215
(2000).

18. Mayes R, Bagwell C, Erkulwater J. ADHD

and the rise in stimulant use among children.
Harv. Rev. Psychiat. 16(3), 151–166 (2008).
19.

McCutcheon J, Marinelli M. Age matters.
Eur. J. Neurosci. 29(5), 997–1014 (2009).

20. Tau G, Peterson B. Normal development of

brain circuits. Neuropsychopharmacology 35(1),
147–168 (2009).

Future Neurol. (2011) 6(6)

Giedd J. The teen brain: insights from
neuroimaging. J. Adolesc. Health 42(4),
335–343 (2008).

28. Cowen D, Takase L, Fornal C, Jacobs B.

16. Hsia Y, MacLennan K. Rise in psychotropic

drug prescribing in children and adolescents
during 1992–2001: a population-based study
in the UK. Eur. J. Epidemiol. 24(4), 211–216
(2009).

Lenroot R, Giedd J. Brain development in
children and adolescents: insights from
anatomical magnetic resonance imaging.
Neurosci. Biobehav. Rev. 30(6), 718–729
(2006).

31.

Newman-Tancredi A, Kleven M.
Pharmacology of ‘atypicality’ of antipsychotic
drugs: status and perspectives. Arch. Psychiatr.
Psychother. 4, 5–11 (2010).

32. Arnsten A. Stimulants: therapeutic actions in

ADHD. Neuropsychopharmacology 31(11),
2376–2383 (2006).

future science group

Antidepressants & adolescent brain development

33. Benes FM, Taylor JB, Cunningham MC.

Convergence and plasticity of
monoaminergic systems in the medial
prefrontal cortex during the postnatal period:
implications for the development of
psychopathology. Cereb. Cortex 10(10),
1014–1027 (2000).

45.

46. Pratt H. Point-counter-point: psychotherapy

35.

Sekine Y, Suzuki K, Ramachandran P,
Blackburn T, Ashby J, Charles R. Acute and
repeated administration of fluoxetine,
citalopram, and paroxetine significantly alters
the activity of midbrain dopamine neurons in
rats: an in vivo electrophysiological study.
Synapse 61(2), 72–77 (2007).

36. Dremencov E, El Mansari M, Blier P.

Noradrenergic augmentation of escitalopram
response by risperidone: electrophysiologic
studies in the rat brain. Biol. Psychiat. 61(5),
671–678 (2007).
37.

Wahlstrom D, Collins P, White T,
Luciana M. Developmental changes in
dopamine neurotransmission in adolescence:
behavioral implications and issues in
assessment. Brain Cogn. 72(1), 146–159
(2010).

38. Spear LP. The adolescent brain and age-related

47.

Murrin L, Sanders J, Bylund D. Comparison
of the maturation of the adrenergic and
serotonergic neurotransmitter systems in the
brain: implications for differential drug
effects on juveniles and adults. Biochem.
Pharmacol. 73(8), 1225–1236 (2007).

41.

Happe H, Coulter C, Gerety M et al.
a-2 adrenergic receptor development in rat
CNS: an autoradiographic study. Neuroscience
123(1), 167–178 (2004).

49.

Cottrell D, Cotgrove A, Boddington E.
Selective serotonin reuptake inhibitors in
childhood depression: systematic review of
published versus unpublished data. Lancet
363(9418), 1341–1345 (2004).
n

51.

44. Olfson M, Marcus S. National patterns in

antidepressant medication treatment. Arch.
Gen. Psychiat. 66(8), 848–856 (2009).

future science group

Tsapakis E, Soldani F, Tondo L,
Baldessarini R. Efficacy of antidepressants in
juvenile depression: meta-analysis.
Br. J. Psychiat. 193(1), 10–17 (2008).
efficacy and safety of antidepressants in youth
depression. J. Child Psychol. Psyc. 46(7),
735–754 (2005).

intense suicidal preoccupation during
fluoxetine treatment. Am. J. Psychiat. 147(2),
207–210 (1990).
61.

The Sequenced Treatment Alternatives to
Relieve Depression (STAR*D) trial:
a review. Can. J. Psychiatry 55(3), 126–135
(2010).
63. Trivedi MH, Rush AJ, Wisniewski SR et al.

Evaluation of outcomes with citalopram for
depression using measurement-based care
in STAR*D: implications for clinical
practice. Am. J. Psychiat. 163(1), 28–40
(2006).
64. McHenry LB, Jureidini JN. Industry-

sponsored ghostwriting in clinical trial
reporting: a case study. Account. Res. 15(3),
152–167 (2008).
65.

Paroxetine treatment in children and
adolescents with major depressive disorder:
a randomized, multicenter, double-blind,
placebo-controlled trial. J. Am. Acad. Child
Adolesc. Psychiat. 45(6), 709–719 (2006).

suicidality in clinical trials of antidepressants
in adults: analysis of proprietary data
submitted to US Food and Drug
Administration. BMJ 339, B2880 (2009).

67.

Hammad TA, Laughren T, Racoosin J.
Suicidality in pediatric patients treated with
antidepressant drugs. Arch. Gen. Psychiat. 63,
332–339 (2006).

68. Rosack J. FDA warns of suicide risk with

56. Robertson H, Allison D. Drugs associated

with more suicidal ideations are also
associated with more suicide attempts. PloS
One 4(10), E7312 (2009).
57.

Keller M, Ryan N, Strober M et al. Efficacy of
paroxetine in the treatment of adolescent
major depression: a randomized, controlled
trial. J. Am. Acad. Child Adolesc. Psychiat.
40(7), 762–772 (2001).

66. Emslie G, Wagner K, Kutcher S et al.

54. Stone M, Laughren T, Jones M et al. Risk of

55.

Olfson M, Marcus S, Shaffer D.
Antidepressant drug therapy and suicide in
severely depressed children and adults:
a case–control study. Arch. Gen. Psychiat.
63(8), 865–872 (2006).

62. Sinyor M, Schaffer A, Levitt A.

53. Barbui C, Esposito E, Cipriani A. Selective

serotonin reuptake inhibitors and risk of
suicide: a systematic review of observational
studies. Can. Med. Assoc. J. 180(3), 291–297
(2009).

King R, Riddle M, Chappell P et al.
Emergence of self-destructive phenomena in
children and adolescents during fluoxetine
treatment. J. Am. Acad. Child Adolesc.
Psychiat. 30(2), 179–186 (1991).

60. Teicher M, Glod C, Cole J. Emergence of

Influential meta-analysis exploring the
risks and benefits of selective serotoninreuptake inhibitors in adolescents, with a
focus on unpublished studies.

52. Cheung A, Emslie G, Mayes T. Review of the

43. Lupien S, McEwen B, Gunnar M, Heim C.

Effects of stress throughout the lifespan on
the brain, behaviour and cognition. Nat. Rev.
Neurosci. 10(6), 434–445 (2009).

59.

Smiga S, Elliott G. Psychopharmacology of
depression in children and adolescents. Pediatr.
Clin. North Am. 58(1), 155–171 (2011).

50. Whittington C, Kendall T, Fonagy P,

42. Sanders JD, Happe HK, Bylund DB,

Murrin LC. Development of the
norepinephrine transporter in the rat CNS.
Neuroscience 130(1), 107–117 (2005).

Delaney M. A critical evaluation of the role of
cognitive behaviour therapy in children and
adolescents with depression. Cognit. Behavi.
Therapist 2(02), 83–91 (2009).
Pharmacotherapy of major depressive disorder
in adolescents. Exp. Opin. Pharmacother.
11(3), 375–386 (2010).

40. Moll G, Mehnert C, Wicker M et al.

Age-associated changes in the densities of
presynaptic monoamine transporters in
different regions of the rat brain from early
juvenile life to late adulthood. Dev. Brain Res.
119(2), 251–257 (2000).

et al. Comparative safety of antidepressant
agents for children and adolescents regarding
suicidal acts. Pediatrics 125(5), 876–888
(2010).

48. Masi G, Liboni F, Brovedani P.

behavioral manifestations. Neurosci. Biobehav.
Rev. 24(4), 417–463 (2000).
39.

58. Schneeweiss S, Patrick AR, Solomon DH

in the age of pharmacology. Pediatr. Clin.
North Am. 58(1), 1–9 (2011).

34. Wood M, Wren P. Serotonin-dopamine

interactions: implications for the design of
novel therapeutic agents for psychiatric
disorders. Prog. Brain Res. 172, 213–230
(2008).

Pamer C, Hammad T, Wu Y et al. Changes in
US antidepressant and antipsychotic
prescription patterns during a period of FDA
actions. Pharmacoepidemiol. Drug Saf. 19(2),
158–174 (2010).

Review

Laje G, Paddock S, Manji H et al. Genetic
markers of suicidal ideation emerging
during citalopram treatment of major
depression. Am. J. Psychiat. 164(10), 1530
(2007).

www.futuremedicine.com

Mann J, Emslie G, Baldessarini R et al.
ACNP task force report on SSRIs and suicidal
behavior in youth. Neuropsychopharmacology
31(3), 473–492 (2005).
paroxetine. Psychiatr. News 38(14), 1–37
(2003).

69.

Wagner K, Ambrosini P, Rynn M et al.
Efficacy of sertraline in the treatment of
children and adolescents with major
depressive disorder. JAMA 290(8),
1033–1041 (2003).

70. Wagner K, Robb A, Findling R, Jin J,

Gutierrez M, Heydorn W. A randomized,
placebo-controlled trial of citalopram for the

803

Review

Karanges & McGregor

treatment of major depression in children and
adolescents. Am. J. Psychiat. 161(6),
1079–1083 (2004).
71.

Bridge JA, Iyengar S, Salary CB et al. Clinical
response and risk for reported suicidal
ideation and suicide attempts in pediatric
antidepressant treatment: a meta-analysis of
randomized controlled trials. JAMA 297(15),
1683–1696 (2007).

84. Harada T, Sakamoto K, Ishigooka J.

85. Carrey NJ, Dursun S, Clements R,

Renton KEN, Waschbusch DAN,
MacMaster FP. Noradrenergic and
serotonergic neuroendocrine responses in
prepubertal, peripubertal, and postpubertal
rats pretreated with desipramine and
sertraline. J. Am. Acad. Child Adolesc.
Psychiat. 41(8), 999–1006 (2002).

72. March J, Silva S, Petrycki S et al. Fluoxetine,

cognitive-behavioral therapy, and their
combination for adolescents with depression:
Treatment for Adolescents with Depression
Study (TADS) randomized controlled trial.
JAMA 292(7), 807–820 (2004).

86. Karanges E, Li KM, Motbey C,

Callaghan PD, Katsifis A, McGregor IS.
Differential behavioural and neurochemical
outcomes from chronic paroxetine treatment
in adolescent and adult rats: a model of
adverse antidepressant effects in human
adolescents? Int. J. Neuropsychopharmacol.
14(4), 491–504 (2011).

73. Emslie GJ, Heiligenstein JH, Wagner KD

et al. Fluoxetine for acute treatment of
depression in children and adolescents:
a placebo-controlled, randomized clinical
trial. J. Am. Acad. Child Adolesc. Psychiat.
41(10), 1205–1215 (2002).
74.

Jureidini J, Tonkin A, Mansfield PR. TADS
study raises concerns. BMJ 329(7478), 1343
(2004).

nn

87.

75. Rosack J. FDA issues controversial black

box warning. Psychiatr. News 39, 1–48
(2004).
76. Gibbons RD, Brown CH, Hur K et al. Early

evidence on the effects of regulators’
suicidality warnings on SSRI prescriptions
and suicide in children and adolescents.
Am. J. Psychiat. 164, 1356–1363 (2007).
77.

Antonuccio D. Treating depressed children
with antidepressants: more harm than
benefit? J. Clin. Psychol. Med. Settings 15(2),
92–97 (2008).

nn

81.

Isacsson G, Rich CL, Jureidini J, Raven M.
The increased use of antidepressants has
contributed to the worldwide reduction in
suicide rates. Br. J. Psychiat. 196(6), 429–433
(2010).

82. Hammad TA, Mosholder AD. Suicide and

antidepressants: beware extrapolation from
ecological data. BMJ 341, C6844 (2010).
83. Teixeira MZ. Antidepressants, suicidality and

rebound effect: evidence of similitude?
Homeopathy 98(2), 114–121 (2009).

804

Preclinical study showing the contrasting
effects of short-term antidepressant
administration on noradrenergic activity in
the adult and adolescent brain, with
implications for the mechanisms underlying
treatment-emergent suicidality in youth.

89. Mason SS, Baker KB, Davis KW et al.

Differential sensitivity to SSRI and tricyclic
antidepressants in juvenile and adult mice of
three strains. Eur. J. Pharmacol. 602(2–3),
306–315 (2009).
90. Oh J, Zupan B, Gross S, Toth M. Paradoxical

anxiogenic response of juvenile mice to
fluoxetine. Neuropsychopharmacology 34(10),
2197–2207 (2009).

80. Baldessarini RJ, Tondo L, Strombom IM

et al. Ecological studies of antidepressant
treatment and suicidal risks. Harv. Rev.
Psychiat. 15(4), 133–145 (2007).

West CHK, Ritchie JC, Weiss JM.
Paroxetine-induced increase in activity of
locus coeruleus neurons in adolescent rats:
implication of a countertherapeutic effect of
an antidepressant. Neuropsychopharmacology
35(8), 1653–1663 (2010).

fluoxetine treatment alters behavior, but not
adult hippocampal neurogenesis. Mol.
Psychiat. 13(2), 119–121 (2008).

79. Gibbons RD, Kwan H, Bhaumik DK,

Mann JJ. The relationship between
antidepressant prescription rates and rate of
early adolescent suicide Am. J. Psychiat. 163,
1898–1904 (2006).

Direct comparison of adult and adolescent
behavioral and neural responses to
paroxetine in rats.

88. Huang GJ, Bannerman D, Flint J. Chronic

78. Pompili M, Serafini G, Innamorati M et al.

Antidepressants and suicide risk:
a comprehensive overview. Pharmaceuticals
3(9), 2861–2883 (2010).

94. Jureidini JN, McHenry LB. Key opinion

Incidence and predictors of activation
syndrome induced by antidepressants.
Depress. Anxiety 25(12), 1014–1019 (2008).

91.

Lewis DA. Antipsychotic medications and
brain volume: do we have cause for concern?
Arch. Gen. Psychiat. 68(2), 126–127 (2011).

92. Mark TL. For what diagnoses are psychotropic

medications being prescribed? A nationally
representative survey of physicians. CNS Drugs
24(4), 319–326 (2010).
93. Milea D, Verpillat P, Guelfucci F, Toumi M,

Lamure M. Prescription patterns of
antidepressants: findings from a US claims
database. Curr. Med. Res. Opin. 26(6),
1343–1353 (2010).

Future Neurol. (2011) 6(6)

leaders and paediatric antidepressant
overprescribing. Psychother. Psychosom. 78(4),
197–201 (2009).
95. Hammen C. Stress and depression. Ann. Rev.

Clin. Psychol. 1, 293–319 (2005).
96. Nugent NR, Tyrka AR, Carpenter LL,

Price LH. Gene–environment interactions:
early life stress and risk for depressive and
anxiety disorders. Psychopharmacology (Berl.)
214(1), 175–196 (2011).
97.

Nestler EJ, Hyman SE. Animal models of
neuropsychiatric disorders. Nat. Neurosci.
13(10), 1161–1169 (2010).

98. Navailles S, Hof PR, Schmauss C.

Antidepressant drug-induced stimulation
of mouse hippocampal neurogenesis is
age-dependent and altered by early life
stress. J. Comp. Neurol. 509(4), 372–381
(2008).
99. Reed A, Happe H, Petty F, Bylund D.

Juvenile rats in the forced-swim test model
the human response to antidepressant
treatment for pediatric depression.
Psychopharmacology (Berl.) 197(3), 433–441
(2008).
100. Andersen SL. Trajectories of brain

development: point of vulnerability or
window of opportunity? Neurosci. Biobehav.
Rev. 27(1–2), 3–18 (2003).
101. Gaspar P, Cases O, Maroteaux L.

The developmental role of serotonin: news
from mouse molecular genetics. Nat. Rev.
Neurosci. 4(12), 1002–1012 (2003).
102. Ansorge MS, Zhou M, Lira A, Hen R,

Gingrich JA. Early-life blockade of the 5-HT
transporter alters emotional behavior in
adult mice. Science 306(5697), 879–881
(2004).
103. Holick KA, Lee DC, Hen R, Dulawa SC.

Behavioral effects of chronic fluoxetine in
BALB/cJ mice do not require adult
hippocampal neurogenesis or the serotonin 1A
receptor. Neuropsychopharmacology 33(2),
406–417 (2008).
104. Warren BL, Iñiguez SD, Alcantara LF et al.

Juvenile administration of concomitant
methylphenidate and fluoxetine alters
behavioral reactivity to reward- and
mood-related stimuli and disrupts
ventral tegmental area gene expression in
adulthood. J. Neurosci. 31(28), 10347–10358
(2011).
105. Wegerer V, Moll GH, Bagli M,

Rothenberger A, Rüther E, Huether G.
Persistently increased density of serotonin
transporters in the frontal cortex of rats
treated with fluoxetine during early juvenile
life. J. Child Adolesc. Psychopharmacol. 9(1),
13–24 (1999).

future science group

Antidepressants & adolescent brain development

106. Kovacevic T, Skelin I, Diksic M. Chronic

fluoxetine treatment has a larger effect on the
density of a serotonin transporter in the
Flinders sensitive line (FSL) rat model of
depression than in normal rats. Synapse 64(3),
231–240 (2010).
107. Smith EG. Association between

antidepressant half-life and the risk of suicidal
ideation or behavior among children and
adolescents: confirmatory analysis and
research implications. J. Affect. Disord.
114(1–3), 143–148 (2009).
108. Luellen BA, Gilman TL, Andrews AM.

Presynaptic adaptive responses to constitutive
versus adult pharmacologic inhibition of
serotonin uptake. In: Experimental Models in
Serotonin Transporter Research. Kalueff AV,
Laporte JL (Eds). Cambridge University
Press, UK, 1–42 (2010).
109. Kronenberg S, Frisch A, Rotberg B, Carmel M,

Apter A, Weizman A. Pharmacogenetics of
selective serotonin reuptake inhibitors in
pediatric depression and anxiety.
Pharmacogenomics 9(11), 1725–1736 (2008).
110. Lapin IP, Oxenkrug G. Intensification of the

central serotoninergic processes as a possible
determinant of the thymoleptic effect. Lancet
293(7586), 132–136 (1969).
111. Cowen PJ. Serotonin and depression:

pathophysiological mechanism or marketing
myth? Trends Pharmacol. Sci. 29(9), 433–436
(2008).
112. Goodyer IM. Emanuel miller lecture: early

onset depressions – meanings, mechanisms
and processes. J. Child Psychol. Psychiat.
49(12), 1239–1256 (2008).
113. Artigas F, Celada P, Laruelle M, Adell A.

How does pindolol improve antidepressant
action? Trends Pharmacol. Sci. 22(5),
224–228 (2001).
114. Blier P. Altered function of the serotonin 1A

autoreceptor and the antidepressant response.
Neuron 65(1), 1–2 (2010).
115. Yamauchi M, Miyara T, Matsushima T,

Imanishi T. Desensitization of 5-HT2A
receptor function by chronic administration
of selective serotonin reuptake inhibitors.
Brain Res. 1067(1), 164–169 (2006).
116. Licht CL, Marcussen AB, Wegener G,

Overstreet DH, Aznar S, Knudsen GM.
The brain 5-HT4 receptor binding is
down-regulated in the Flinders sensitive line
depression model and in response to paroxetine
administration. J. Neurochem. 109(5),
1363–1374 (2009).
117. Yamauchi M, Tatebayashi T, Nagase K,

Kojima M, Imanishi T. Chronic treatment with
fluvoxamine desensitizes 5-HT2C receptormediated hypolocomotion in rats. Pharmacol.
Biochem. Behav. 78(4), 683–689 (2004).

future science group

118. Gould GG, Altamirano AV, Javors MA,

Frazer A. A comparison of the chronic
treatment effects of venlafaxine and other
antidepressants on serotonin and
norepinephrine transporters. Biol. Psychiat.
59(5), 408–414 (2006).
119. Hirano K, Seki T, Sakai N et al. Effects of

continuous administration of paroxetine on
ligand binding site and expression of
serotonin transporter protein in mouse
brain. Brain Res. 1053(1–2), 154–161
(2005).
120. Miura H, Kitagami T, Ozaki N.

Suppressive effect of paroxetine, a
selective serotonin uptake inhibitor, on
tetrahydrobiopterin levels and dopamine
as well as serotonin turnover in the
mesoprefrontal system of mice. Synapse 61(9),
698–706 (2007).
121. Michelsen KA, Schmitz C,

Steinbusch HWM. The dorsal raphe
nucleus – from silver stainings to a role in
depression. Brain Res. Rev. 55(2), 329–342
(2007).
122. Daubert EA, Condron BG. Serotonin:

a regulator of neuronal morphology and
circuitry. Trends Neurosci. 33(9), 424–434
(2010).
123. de Jong TR, Snaphaan LJAE, Pattij T et al.

Effects of chronic treatment with fluvoxamine
and paroxetine during adolescence on
serotonin-related behavior in adult male rats.
Eur. Neuropsychopharmacol. 16(1), 39–48
(2006).
124. Landry M, Frasier M, Chen Z et al.

Fluoxetine treatment of prepubescent rats
produces a selective functional reduction
in the 5‑HT2A receptor mediated
stimulation of oxytocin. Synapse 58(2),
102–109 (2005).
125. Homberg JR, Olivier JDA, Blom T et al.

Fluoxetine exerts age-dependent effects on
behavior and amygdala neuroplasticity in the
rat. PloS One 6(1), E16646 (2011).
126. Riad M, Rbah L, Verdurand M,

Aznavour N, Zimmer L, Descarries L.
Unchanged density of 5-HT1A autoreceptors
on the plasma membrane of nucleus raphe
dorsalis neurons in rats chronically treated
with fluoxetine. Neuroscience 151(3),
692–700 (2008).
127. Richardson-Jones JW, Craige CP, Guiard BP

et al. 5-HT1A autoreceptor levels determine
vulnerability to stress and response to
antidepressants. Neuron 65(1), 40–52
(2010).
128. Iwamoto K, Nakatani N, Bundo M,

Yoshikawa T, Kato T. Altered RNA editing of
serotonin 2C receptor in a rat model of
depression. Neurosci. Res. 53(1), 69–76
(2005).

www.futuremedicine.com

Review

129. Schmauss C. Regulation of serotonin 2C

receptor pre-mRNA editing by serotonin. Int.
Rev. Neurobiol. 63, 83–100 (2005).
130. Bhansali P, Dunning J, Singer SE, David L,

Schmauss C. Early life stress alters adult
serotonin 2C receptor pre-mRNA editing and
expression of the subunit of the heterotrimeric
G-protein Gq. J. Neurosci. 27(6), 1467–1473
(2007).
131. Yadid G, Friedman A. Dynamics of the

dopaminergic system as a key component to
the understanding of depression. Prog. Brain
Res. 172, 265–286 (2008).
132. Nestler EJ, Carlezon JWA. The mesolimbic

dopamine reward circuit in depression. Biol.
Psychiat. 59(12), 1151–1159 (2006).
133. Dunlop BW, Nemeroff CB. The role of

dopamine in the pathophysiology of depression.
Arch. Gen. Psychiat. 64(3), 327–337 (2007).
134. Di Matteo V, Di Giovanni G, Pierucci M,

Esposito E. Serotonin control of central
dopaminergic function: focus on in vivo
microdialysis studies. Prog. Brain Res. 172,
7–44 (2008).
135. West CHK, Weiss JM. Effects of chronic

antidepressant drug administration and
electroconvulsive shock on activity of
dopaminergic neurons in the ventral
tegmentum. Int. J. Neuropsychopharmacol.
14(2), 201–210 (2011).
136. Valentini V, Cacciapaglia F, Frau R,

Di Chiara G. Selective serotonin reuptake
blockade increases extracellular dopamine in
noradrenaline rich isocortical but not
prefrontal areas: dependence on serotonin 1A
receptors and independence from
noradrenergic innervation. J. Neurochem.
93(2), 371–382 (2005).
137. Di Giovanni G, Di Matteo V, Pierucci M,

Esposito E. Serotonin-dopamine interaction:
electrophysiological evidence. Prog. Brain Res.
172, 45–71 (2008).
138. Kalk N, Nutt D, Lingford-Hughes A.

The role of central noradrenergic
dysregulation in anxiety disorders: evidence
from clinical studies. J. Psychopharmacol.
(Oxf.) 25(1), 3–16 (2011).
139. Blier P, Briley M. The noradrenergic

symptom cluster: clinical expression and
neuropharmacology. Neuropsychiatr. Dis.
Treat. 7(1), 15–20 (2011).
140. Kawahara Y, Kawahara H, Kaneko F,

Tanaka M. Long-term administration of
citalopram reduces basal and stress-induced
extracellular noradrenaline levels in rat brain.
Psychopharmacology (Berl.) 194(1), 73–81
(2007).
141. West CHK, Ritchie JC, Boss-Williams KA,

Weiss JM. Antidepressant drugs with
differing pharmacological actions decrease

805

Review

Karanges & McGregor

activity of locus coeruleus neurons. Int.
J. Neuropsychopharmacol. 12(05), 627–641
(2009).

153. Santarelli L, Saxe M, Gross C et al.

Requirement of hippocampal
neurogenesis for the behavioral effects
of antidepressants. Science 301(5634),
805–809 (2003).

142. Weiss JM, Boss-Williams KA, Moore JP,

Demetrikopoulos MK, Ritchie JC,
West CHK. Testing the hypothesis
that locus coeruleus hyperactivity
produces depression-related changes via
galanin. Neuropeptides 39(3), 281–287
(2005).

154. Bessa J, Ferreira D, Melo I et al.

The mood‑improving actions of
antidepressants do not depend on
neurogenesis but are associated with
neuronal remodeling. Mol. Psychiat. 14(8),
764–773 (2009).

143. West CHK, Ritchie JC, Weiss JM.

Addendum to paroxetine-induced increase in
activity of locus coeruleus neurons in
adolescent rats: implication of a
countertherapeutic effect of an
antidepressant. Neuropsychopharmacology
35(8), 1836–1837 (2010).

n

155. Kosten TA, Galloway MP, Duman RS,

Russell DS, D’Sa C. Repeated unpredictable
stress and antidepressants differentially
regulate expression of the bcl-2 family of
apoptotic genes in rat cortical, hippocampal,
and limbic brain structures.
Neuropsychopharmacology 33(7), 1545–1558
(2007).

144. Owens MJ, Krulewicz S, Simon JS et al.

Estimates of serotonin and norepinephrine
transporter inhibition in depressed patients
treated with paroxetine or venlafaxine.
Neuropsychopharmacology 33(13), 3201–3212
(2008).
145. Sahay A, Hen R. Adult hippocampal

neurogenesis in depression. Nat. Neurosci.
10(9), 1110–1115 (2007).

156. Murray F, Hutson PH. Hippocampal Bcl-2

expression is selectively increased following
chronic but not acute treatment with
antidepressants, 5-HT1A or 5-HT2C/2B receptor
antagonists. Eur. J. Pharmacol. 569(1–2),
41–47 (2007).

146. Balu DT, Lucki I. Adult hippocampal

neurogenesis: regulation, functional
implications, and contribution to disease
pathology. Neurosci. Biobehav. Rev. 33(3),
232–252 (2009).

157. Wang JW, David DJ, Monckton JE,

Battaglia F, Hen R. Chronic fluoxetine
stimulates maturation and synaptic
plasticity of adult-born hippocampal
granule cells. J. Neurosci. 28(6), 1374–1384
(2008).

147. Drzyzga LR, Marcinowska A,

Obuchowicz E. Antiapoptotic and
neurotrophic effects of antidepressants:
a review of clinical and experimental
studies. Brain Res. Bull. 79(5), 248–257
(2009).

158. DeCarolis NA, Eisch AJ. Hippocampal

neurogenesis as a target for the treatment
of mental illness: a critical evaluation.
Neuropharmacology 58(6), 884–893
(2010).

148. Feldmann RE. Causality of stem cell based

neurogenesis and depression-to be or not to
be, is that the question? J. Psychiatr. Res.
41(9), 713–723 (2007).
149. Duman RS, Monteggia LM. A neurotrophic

model for stress-related mood disorders. Biol.
Psychiat. 59(12), 1116–1127 (2006).
150. Surget A, Saxe M, Leman S et al. Drug-

dependent requirement of hippocampal
neurogenesis in a model of depression and of
antidepressant reversal. Biol. Psychiat. 64(4),
293–301 (2008).
151. Lucassen P, Meerlo P, Naylor A et al.

Regulation of adult neurogenesis by stress,
sleep disruption, exercise and
inflammation: implications for
depression and antidepressant action.
Eur. Neuropsychopharmacol. 20(1), 1–17
(2010).
152. Ito M, Seki T, Liu J et al. Effects of repeated

electroconvulsive seizure on cell proliferation
in the rat hippocampus. Synapse 64(11),
814–821 (2010).

806

Preclinical study exploring the roles
of adult hippocampal neurogenesis
and neural plasticity in the
antidepressant response.

n

Critique of the involvement of
neurogenesis in mental illness (including
depression) and its treatment.

159. Ibi D, Takuma K, Koike H et al. Social

isolation rearing induced impairment of the
hippocampal neurogenesis is associated with
deficits in spatial memory and emotion
related behaviors in juvenile mice.
J. Neurochem. 105(3), 921–932 (2008).
160. Kozisek ME, Middlemas D, Bylund DB.

The differential regulation of BDNF and
TrkB levels in juvenile rats after four days
of escitalopram and desipramine
treatment. Neuropharmacology 54(2),
251–257 (2008).
161. Hodes GE, Yang L, Van Kooy J, Santollo J,

Shors TJ. Prozac during puberty: distinctive
effects on neurogenesis as a function of age
and sex. Neuroscience 163(2), 609–617
(2009).

Future Neurol. (2011) 6(6)

162. Snyder JS, Choe JS, Clifford MA et al.

Adult-born hippocampal neurons are more
numerous, faster maturing, and more
involved in behavior in rats than in mice.
J. Neurosci. 29(46), 14484 (2009).
163. Leussis MP, Lawson K, Stone K, Andersen

SL. The enduring effects of an adolescent
social stressor on synaptic density, part II:
poststress reversal of synaptic loss in the
cortex by adinazolam and MK 801. Synapse
62(3), 185–192 (2008).
164. Weiss IC, Domeney AM, Heidbreder CA,

Moreau JL, Feldon J. Early social isolation,
but not maternal separation, affects
behavioral sensitization to amphetamine in
male and female adult rats. Pharmacol.
Biochem. Behav. 70(2–3), 397–409 (2001).
165. David DJ, Samuels BA, Rainer Q et al.

Neurogenesis-dependent and -independent
effects of fluoxetine in an animal model of
anxiety/depression. Neuron 62(4), 479–493
(2009).
166. Anacker C, Zunszain PA, Carvalho LA,

Pariante CM. The glucocorticoid receptor:
pivot of depression and of antidepressant
treatment? Psychoneuroendocrinology 36(3),
415–425 (2011).
167. Anacker C, Zunszain PA, Cattaneo A et al.

Antidepressants increase human hippocampal
neurogenesis by activating the glucocorticoid
receptor. Mol. Psychiat. 16(7), 738–750
(2011).
168. Jeon Y, Park E, Yi J. ACTH and cortisol in

major depressive disorders: antidepressant
responders and non-responders. Eur.
Neuropsychopharmacol. 18, S334–S335
(2008).
169. Szymanska M, Budziszewska B,

Jaworska‑Feil L et al. The effect of
antidepressant drugs on the HPA axis activity,
glucocorticoid receptor level and FKBP51
concentration in prenatally stressed rats.
Psychoneuroendocrinology 34(6), 822–832
(2009).
170. Huang Y, Chen W, Li Y, Wu X, Shi X,

Geng D. Effects of antidepressant treatment
on N-acetyl aspartate and choline levels in the
hippocampus and thalami of post-stroke
depression patients: a study using
1
H magnetic resonance spectroscopy. Psychiat.
Res. 182(1), 48–52 (2010).
171. Hui J, Zhang Z, Liu S et al. Adolescent

escitalopram administration modifies
neurochemical alterations in the hippocampus
of maternally separated rats. Eur.
Neuropsychopharmacol. 20(12), 875–883
(2010).
172. Bisaz R, Conboy L, Sandi C. Learning under

stress: a role for the neural cell adhesion
molecule NCAM. Neurobiol. Learn. Mem.
91(4), 333–342 (2009).

future science group

Antidepressants & adolescent brain development

173. Varea E, Castillo-Gomez E,

Gomez‑Climent MA et al. Chronic
antidepressant treatment induces contrasting
patterns of synaptophysin and PSA-NCAM
expression in different regions of the adult rat
telencephalon. Eur. Neuropsychopharmacol.
17(8), 546–557 (2007).
174. Brent D, Melhem N, Turecki G.

Pharmacogenomics of suicidal events.
Pharmacogenomics 11(6), 793–807
(2010).
175. Porcelli S, Drago A, Fabbri C, Gibiino S,

Calati R, Serretti A. Pharmacogenetics of
antidepressant response. J. Psychiat. Neurosci.
36(2), 87–113 (2011).
176. Kato M, Serretti A. Review and meta-

analysis of antidepressant pharmacogenetic
findings in major depressive disorder. Mol.
Psychiat. 15(5), 473–500 (2010).
177. Daray FM, Thommi SB, Ghaemi SN.

The pharmacogenetics of antidepressantinduced mania: a systematic review and
meta-analysis. Bipolar Disord. 12(7), 702–706
(2010).
178. Zandi PP, Judy JT. The promise and reality of

pharmacogenetics in psychiatry. Clin. Lab.
Med. 30(4), 931–974 (2010).
179. Serretti A, Calati R, Mandelli L,

De Ronchi D. Serotonin transporter gene
variants and behavior: a comprehensive
review. Curr. Drug Targets 7(12), 1659–1669
(2006).
180. Serretti A, Kato M, De Ronchi D,

Kinoshita T. Meta-analysis of serotonin
transporter gene promoter polymorphism
(5-HTTLPR) association with selective
serotonin reuptake inhibitor efficacy in
depressed patients. Mol. Psychiat. 12(3),
247–257 (2006).
181. Rotberg B, Kronenberg S, Carmel M et al.

Serotonin pathway genes polymorphisms and
the clinical response to citalopram among
children and adolescents. Eur.
Neuropsychopharmacol. 18, S224–S224
(2008).
182. Kronenberg S, Apter A, Brent D et al.

Serotonin transporter polymorphism
(5-HTTLPR) and citalopram effectiveness
and side effects in children with
depression and/or anxiety disorders. J. Child
Adolesc. Psychopharmacol. 17(6), 741–750
(2007).
183. Brent D, Melhem N, Ferrell R et al.

Association of FKBP5 polymorphisms with
suicidal events in the Treatment of Resistant
Depression in Adolescents (TORDIA) study.
Am. J. Psychiat. 167(2), 190–197 (2010).
184. Joyce PR, Mulder RT, Luty SE et al.

Age-dependent antidepressant
pharmacogenomics: polymorphisms of the

future science group

serotonin transporter and G protein 3
subunit as predictors of response to
fluoxetine and nortriptyline. Int.
J. Neuropsychopharmacol. 6(4), 339–346
(2003).

antidepressant treatment response.
Hum. Psychopharmacol. 25(3), 201–215
(2010).
196. Baudry A, Mouillet-Richard S, Schneider B,

Launay JM, Kellermann O. miR-16 targets
the serotonin transporter: a new facet for
adaptive responses to antidepressants. Science
329(5998), 1537–1541 (2010).

185. Baumer FM, Howe M, Gallelli K,

Simeonova DI, Hallmayer J, Chang KD.
A pilot study of antidepressant-induced mania
in pediatric bipolar disorder: characteristics,
risk factors, and the serotonin transporter
gene. Biol. Psychiat. 60(9), 1005–1012
(2006).

197. Huang H, Fan X, Williamson DE, Rao U.

White matter changes in healthy adolescents
at familial risk for unipolar depression:
a diffusion tensor imaging study.
Neuropsychopharmacology 36(3), 684–691
(2010).

186. Binder EB. The role of FKBP5, a co-

chaperone of the glucocorticoid receptor in
the pathogenesis and therapy of affective and
anxiety disorders. Psychoneuroendocrinology
34, S186–S195 (2009).

198. Maslowsky J, Mogg K, Bradley BP et al.

A preliminary investigation of neural
correlates of treatment in adolescents with
generalized anxiety disorder. J. Child
Adolesc. Psychopharmacol. 20(2), 105–111
(2010).

187. Lekman M, Laje G, Charney D et al.

The FKBP5-gene in depression and
treatment response – an association study
in the Sequenced Treatment Alternatives
to Relieve Depression (STAR* D) cohort.
Biol. Psychiat. 63(12), 1103–1110 (2008).

199. Makkonen I, Riikonen R, Kuikka JT et al.

Brain derived neurotrophic factor and
serotonin transporter binding as markers of
clinical response to fluoxetine therapy in
children with autism. J. Pediatr. Neurol. 9(1),
1–8 (2011).

188. Kirchheiner J, Lorch R, Lebedeva E et al.

Genetic variants in FKBP5 affecting
response to antidepressant drug
treatment. Pharmacogenomics 9(7), 841–846
(2008).

200. Bellani M, Dusi N, Yeh PH, Soares JC,

Brambilla P. The effects of antidepressants on
human brain as detected by imaging studies.
Focus on major depression. Prog.
Neuropsychopharmacol. Biol. Psychiat. 35(7),
1544–1552 (2011).

189. Baudry A, Mouillet-Richard S, Launay JM,

Kellermann O. New views on antidepressant
action. Curr. Opin. Neurobiol. doi: 10.1016/j.
conb.2011.03.005 (2011) (Epub ahead of
print).

201. Jureidini JN, McHenry LB, Mansfield PR.

190. Morris MJ, Karra AS, Monteggia LM.

Histone deacetylases govern cellular
mechanisms underlying behavioral and
synaptic plasticity in the developing and adult
brain. Behav. Pharmacol. 21(5–6), 409–419
(2010).
191. Cassel S, Carouge D, Gensburger C et al.

Fluoxetine and cocaine induce the
epigenetic factors MeCP2 and MBD1 in
adult rat brain. Mol. Pharmacol. 70(2),
487–492 (2006).
192. Dudley KJ, Li X, Kobor MS, Kippin TE,

Bredy TW. Epigenetic mechanisms mediating
vulnerability and resilience to psychiatric
disorders. Neurosci. Biobehav. Rev. 35(7),
1544–1551 (2011).
193. Hashimoto K. Emerging role of glutamate in

the pathophysiology of major depressive
disorder. Brain Res. Rev. 61(2), 105–123
(2009).
194. Luscher B, Shen Q, Sahir N. The GABAergic

deficit hypothesis of major depressive
disorder. Mol. Psychiat. 16(4), 383–406
(2010).
195. Janssen DGA, Caniato RN, Verster JC,

Baune BT. A psychoneuroimmunological
review on cytokines involved in

www.futuremedicine.com

Review

Clinical trials and drug promotion: selective
reporting of Study 329. Int. J. Risk Saf. Med.
20, 73–81 (2008).
n

Detailed description of the controversy
surrounding Study 329, including
extensive citation of internal
company documents.

202. Falit B. The path to cheaper and safer

drugs: revamping the pharmaceutical
industry in light of GlaxoSmithKline’s
settlement. J. Law Med. Ethics 33(1),
174–179 (2007).
203. Jureidini J, McHenry LB. Conflicted medical

journals and the failure of trust. Account. Res.
18, 45–54 (2011).
204. Healy D. Our censored journals. Mens Sana

Monogr. 6, 244–256 (2008).
205. Lacasse JR, Leo J. Ghostwriting at elite

academic medical centers in the United States.
PLoS Med. 7(2), E1000230 (2010).
206. McHenry LB, Jureidini JN. Privatization of

knowledge and the creation of biomedical
conflicts of interest. J. Ethics Mental Health
4, S1–S6 (2009).
207. Wong ML, Whelan F, Deloukas P et al.

Phosphodiesterase genes are associated with
susceptibility to major depression and

807

Review

Karanges & McGregor

antidepressant treatment response. Proc.
Natl Acad. Sci. USA 103, 15124–15129
(2006).
208. Malkesman O, Tragon T, Reed J, Maurizio P,

Chen G, Manji H. Bid inhibitors as potential
novel antidepressant drugs. Biol. Psychiat. 64,
S75 (2009).
209. Dwivedi Y, Rizavi HS, Shukla PK et al.

Protein kinase A in postmortem brain of
depressed suicide victims: altered

expression of specific regulatory and catalytic
subunits. Biol. Psychiat. 55(3), 234–243
(2004).

Websites
301. US FDA. Robert Temple testimony.

Anti-depressant drug use in pediatric
populations (2004)
www.fda.gov/NewsEvents/Testimony/
ucm113265.htm

302. MHRA. Safety of Seroxat (paroxetine) in

children and adolescents under 18 years –
contraindication in the treatment of
depressive illness. Epinet message from
Professor G Duff, Chairman of Committee
on Safety of Medicines (2003)
www.mhra.gov.uk/Safetyinformation/
Safetywarningsalertsandrecalls/
Safetywarningsandmessagesformedicines/
CON2015704
303. MHRA. Safety review of antidepressants used

by children completed (2003)
www.mhra.gov.uk/NewsCentre/Pressreleases/
CON002045

808

Future Neurol. (2011) 6(6)

future science group

