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The retinoid family members, including vitamin A and derivatives like 13-cis-retinoic acid (ITT) and all-trans
retinoic acid (ATRA), are essential for normal functioning of the developing and adult brain. When vitamin A
intake is excessive, however, or after ITT treatment, increased risks have been reported for depression and
suicidal ideation.
Here, we review pre-clinical and clinical evidences supporting association between retinoids and depressive
disorders and discuss several possible underlying neurobiological mechanisms. Clinical evidences include case
reports and studies from healthcare databases and government agency sources. Preclinical studies further
confirmed that RA treatment induces hyperactivity of the hypothalamus-pituitary-adrenal (HPA) axis and typical
depressive-like behaviors. Notably, the molecular components of the RA signaling are widely expressed
throughout adult brain. We further discuss three most important brain systems, hippocampus, hypothalamus and
orbitofrontal cortex, as major brain targets of RA. Finally, we highlight altered monoamine systems in the
pathophysiology of RA-associated depression. A better understanding of the neurobiological mechanisms underlying RA-associated depression will provide new insights in its etiology and development of effective intervention strategies.

1. Introduction
The retinoid family consists of vitamin A and its metabolites 13-cisretinoic acid (13-cis-RA or isotretinoin, ITT) and all-trans retinoic acid
(ATRA). They are crucial contributors to the developing (Durston et al.,
1989; Janesick et al., 2015; Maden and Holder, 1991) and adult brain
(Arendt et al., 2015; Bonhomme et al., 2014; Chiang et al., 1998; Lane
and Bailey, 2005; Misner et al., 2001; Nomoto et al., 2012; Stoney et al.,
2016). As an important factor in the developing central nervous system
(CNS), RA coordinates gene expression patterns, and regulates neuronal
synaptic plasticity and neurogenesis (Hsu et al., 2019; Maden, 2002,
2007; Zhong et al., 2018). The findings that RA signaling also exists extensively in the adult brain (Fragoso et al., 2012; Krezel et al., 1999; Luo
et al., 2004; McCaffery and Drager, 1994; Sakai et al., 2004; Thompson
Haskell et al., 2002; Wagner et al., 2002; Zetterstrom et al., 1999, 1994)
imply that also the adult brain is sensitive to RA (Bremner and McCaffery,
2008; Lane and Bailey, 2005; Mey and McCaffery, 2004).

Although previously under-recognized as a relevant neurochemical
signal, several recent studies have now clearly implicated RA in the
pathophysiology of depression (Abdelmaksoud et al., 2019; Bremner
et al., 2012; Imoesi et al., 2019; Ludot et al., 2015; Oliveira et al., 2018;
Shearer et al., 2012a; Singer et al., 2019; Suuberg, 2019). For recent
reviews see (Bremner and McCaffery, 2008; Bremner et al., 2012;
Kontaxakis et al., 2009; Lane and Bailey, 2005; McCaffery et al.,
2006;O’Reilly et al., 2008). Excessive dietary vitamin A intake (through
over-consumption of foods or supplements rich in vitamin A) has e.g.
been reported to induce psychosis and to cause adverse psychiatric
consequences (Bremner and McCaffery, 2008; O’Reilly et al., 2008).
Moreover, associations between clinical isotretinoin (ITT) use, a synthetic retinoid that is used as an effective oral treatment for severe acne,
and the onset of psychological symptoms have been abundantly reported since mid-1980s. Ever since its initial entry on the market in
1982, ITT prescription to treat severe acne has been controversial. It is
the only non-psychotropic drug in the Food and Drug Administration
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(FDA) top 10 drugs that are found to be associated with depression.
Symptoms may include depression, suicidal ideation and psychosis
(Barak et al., 2005; Bigby and Stern, 1988; Byrne and Hnatko, 1995;
Hazen et al., 1983; Ng and Schweitzer, 2003; O’Connell et al., 2003;
Scheinman et al., 1990; Wysowski et al., 2001b). Moreover, recent
animal studies have also confirmed that chronic administration of ITT
(O’Reilly et al., 2006) or ATRA (Cai et al., 2015, 2010; Hu et al., 2013,
2016) could induce depression-related behaviors in mice and rats.
Furthermore, ATRA-based chemotherapy has been long used in the
clinic to treat acute promyelocytic leukemia (APL) patients (who presented with a fusion of RARα with promyelocytic leukemia (PML))
(Hanson and Leachman, 2001; Mi et al., 2012), further raising awareness regarding the neuropsychiatric side-effects of RA therapy.
In this review, we will provide a brief overview of clinical evidence
of the association of RA (mainly ITT) with depression, and will discuss
recent findings concerning depression-related behavioral effects of RA
(ATRA and 13-cis-RA) administration in preclinical animal studies.
Several possible neurobiological mechanisms that may underlie the
pathophysiology of retinoid-associated depression will also be discussed. We will mainly focus on three important brain regions: the
hippocampus, given its essential role in learning and memory; the hypothalamus, as central to the hypothalamus-pituitary-adrenal (HPA)
stress axis; and the orbitofrontal cortex, an important part of the prefrontal-limbic network associated with the pathophysiology of depression. Finally, we will highlight the involvement of the monoamine
system in the pathophysiology of RA-associated depressive disorder.

located in the promoter region of retinoid-responsive genes, termed
retinoic acid response elements (RARE) where it regulates gene transcription (illustrated in Fig. 1A) (di Masi et al., 2015d). On the other
hand, 13-cis-RA (ITT) (chemical structure shown in Fig. 1A) (Bremner
and McCaffery, 2008) can directly regulate gene transcription via two
ways. First, 13-cis-RA can be isomerized to ATRA, which then binds to
the RAR (Tsukada et al., 2000). Second, 13-cis-RA itself can also bind to
the RAR (although with a much lower affinity compared to ATRA) and
induce gene transcription via RARE (Idres et al., 2002).
Importantly, all the cellular machinery required for retinoid trafficking and retinoid-mediated gene transcription has been found to be
expressed in the adult brain. Notably, there is considerable overlap
between the brain areas mediating RA function and those implicated in
the pathophysiology of stress or depression. For instance, expression of
the cellular retinol-binding protein 1 (CRBP1) can be found in the adult
hippocampus, meninges, amygdala and olfactory bulb (McCaffery and
Drager, 1994; Zetterstrom et al., 1999). Consequently, in these brain
areas, ATRA could be directly synthesized from retinol (McCaffery and
Drager, 1994; Thompson Haskell et al., 2002; Wagner et al., 2002).
RARα and RARβ are also present at high levels in the adult brain
(Krezel et al., 1999). Among them, RA primarily exerts its effects
through binding to RARα (Crandall et al., 2004; Idres et al., 2002),
which exhibit a widespread distribution pattern, and high levels are
found in the hippocampus, thalamus and cortex (Imoesi et al., 2019;
Krezel et al., 1999). Our own studies have further demonstrated that
RARα is activated in the rat hippocampus by exogenous i.c.v. ATRA
application, accompanied by HPA axis activation and depressive-like
symptoms (Hu et al., 2016). By contrast, a selective antagonist of RARα
was found to ameliorate chronic stress-induced depressive symptoms
(Ke et al., 2019). Together, these findings highlight a critical role for
RARα in the regulation of HPA activity (Cai et al., 2015, 2010; Hu et al.,
2013), depressive-like behavior and stress-related mood disorders (Qi
et al., 2015). Compared with RARα, RARβ has a more restricted distribution pattern in the adult mouse brain, with higher expression levels
found in the hypothalamus and striatum (Krezel et al., 1999). Notably,
all the RXRs are further expressed in the adult brain (Lane and Bailey,
2005; O'Reilly et al., 2008).
In addition to the transcriptional control of gene expression, recent
literature has emphasized an important role also for a “non-genomic”,
rapid action (Aggarwal et al., 2006; Masia et al., 2007) of RA in e.g.
regulating neuronal protein synthesis (Chen and Napoli, 2008) and
glutamate transporters in astrocytes (Chan et al., 2012), in finetuning
RA target gene expression (di Masi et al., 2015d), mediating homeostatic synaptic plasticity (Aoto et al., 2008; Maghsoodi et al., 2008),
transmitter release (Liao et al., 2004), and cognitive function and cocaine-seeking behavior (Chan et al., 2012) in the adult brain. For example, chronic silencing of synaptic transmission will trigger RA
synthesis, which then acts at synapses to rapidly increase synaptic
strength by directly activating protein translation via a “non-genomic”
mechanism (i.e. without affecting transcription) locally at the dendrites
(Chen et al., 2014; Sarti et al., 2012). Such local protein synthesis could

2. Retinoid mechanism of action
Vitamin A is obtained from the diet, either from meat in the form of
retinyl esters that are hydrolyzed to retinol, or from plants as betacarotene that can be cleaved into retinaldehyde and then reduced to
retinol (Bremner and McCaffery, 2008). Dietary retinyl esters and previtamin A carotenoids are cleaved in the intestinal lumen to yield retinol, which is then absorbed and transported to the liver. In the liver,
retinyl esters could either be directly stored or processed into retinol
(Blomhoff, 1994; O'Reilly et al., 2008). Circulating retinol is converted
into ATRA (chemical structure shown in Fig. 1A) (Bremner and
McCaffery, 2008) via a two-step enzymatic process (including retinol
dehydrogenases and retinaldehyde dehydrogenases (RALDHs)) after
being taken up by peripheral cells, and bound in the plasma to retinol
binding protein (RBP) (Lane and Bailey, 2005).
RA function is largely mediated via its control of gene transcription
through activation of specific RA receptors. In detail, ATRA, which is
bound to cellular retinoic acid-binding proteins (CRABPs), is transported into the nucleus and binds to nuclear retinoic acid receptors
(RARs). These RARs then form a heterodimeric complex with retinoid X
receptor (RXR). Fig. 1B (Bastien and Rochette-Egly, 2004) shows a
high-resolution structure of the RAR/RXR DNA-binding domain (DBD)
heterodimer. This ligand-receptor complex functions as a ligand-activated transcription factor and binds to specific regions of the DNA

Fig. 1. Chemical structure of all-trans retinoic acid (ATRA) and
13-cis retinoic acid (isotretinoin, or ITT) and the high-resolution
structure of the RAR/RXR DNA-binding domain (DBD).
(A): Chemical structure of ATRA (up figure) and 13-cis retinoic
acid (middle figure); bottom figure shows that upon binding of the
RA-liganded RXR/RAR heterodimer to the RARE (retinoic acid
response element) in the nucleus, transcription is initiated.
(B): Example of high-resolution structure of the RAR/RXR DNAbinding domain (DBD) heterodimer in complex with a DR1 element (mmdbId: 13,928). DBD confers sequence specific DNA recognition and contains 2 zinc-nucleated modules, two α–helices
and a COOH-terminal extension CTE. The CⅡ finger surface of
RAR and the T box of RXR together constitutes the interfaces
between the dimers. Reproduced, with permission, from Bastien
and Rochette-Egly, 2004 (Fig. 2B).
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not be blocked by transcription inhibitors, but was abolished by protein
synthesis inhibitors, indicating a transcription-independent mechanism.
Thus, RA acts as a critical synaptic signaling molecule, mediating activity-dependent regulation of protein synthesis. Regarding this, RA was
further suggested to be a key synaptic activity sensor linking altered
synaptic activity to the homeostatic synaptic plasticity (Chen et al.,
2014).
Taken together, through both canonical transcriptional regulatory
mechanism and more recently discovered “non-genomic” actions, RA is
critical for neural patterning during development, as well as for neurogenesis and homeostatic synaptic plasticity in the adult brain.

insufficiency. Indeed, an earlier study by Bonnet et al. (2008) has reported that in Vitamin A deprived (VAD) animals, negative effects were
reported, including both impaired adult neurogenesis and memory
deficits in the Morris water maze (Bonnet et al., 2008; Etchamendy
et al., 2003, 2001). These impairments could be restored by RA treatment. In addition, both LTP and LTD were reduced in Vitamin A deficient mice (Misner et al., 2001).
Similarly, another study reported that RA depletion results in deficient neuronal differentiation and decreased cell survival in the dentate
gyrus of adult mice, suggesting RA is required already early in the adult
hippocampal neurogenesis process (Jacobs et al., 2006). Therefore, RA
is likely an essential factor in the stem cell niche of the adult hippocampal SGZ. Given that endogenous RA is necessary to regulate hippocampal neuronal birth and differentiation, prolonged RA depletion or
vitamin A deprivation will result in altered RA homeostasis and thereby
impair adult neurogenesis in the brains of the above Vitamin A deprived
animals.
Taken together, a precise homeostatic control of Vitamin A or RA
level is essential for normal brain function (McCaffery et al., 2003). An
imbalance in RA levels and a disturbance of the normal pattern will
result in abnormal changes in the developing or mature CNS.

3. Physiological roles of RA in the CNS system
3.1. RA modulates neural stem cell (NSC) proliferation and differentiation
In the developing nervous system, RA is a neuronal differentiation
agent that can trigger differentiation of e.g. stem cells towards a neuronal or glial phenotype (Maden, 2002). RA can both increase the
number of neurites and neuritic length. The genes regulated by RA
during neuronal differentiation include transcription factors, structural
proteins, enzymes, cellular receptors, neurotransmitters, neuropeptide
hormones and growth factors (McCaffery et al., 2003). Consequently,
RA plays an important role in the postnatal differentiation of pyramidal
neurons in the developing cortex, and in the mature basal ganglia and
hippocampus (Takahashi et al., 1999; Wagner et al., 2002).
In the adult hippocampus, the cytosolic protein cellular retinoic
acid-binding protein 1 (CRABP1) was reported to e.g. mediate nongenomic activity of RA and to physiologically regulate the neural stem
cell (NSC) pool and modulate hippocampus-dependent learning and
memory (Lin et al., 2017). Specifically, CRABP1 activates ERK1/2 to
suppress embryonic stem cell in vitro and NSC proliferation in vivo,
whereas a knockout of CRABP1 results in enhanced NSC proliferation
and increased neurogenesis, parallel to improved hippocampus-dependent learning and memory performance (Lin et al., 2017).
In the basal ganglia, RA treatment results in the differentiation of
embryonic stem cells into GABAergic interneurons, establishing a role
for RA signaling in the forebrain development (Chatzi et al., 2011).
Specifically, RA is required for the activation of the GABA-synthesizing
enzyme glutamic acid decarboxylase (GAD67), that converts glutamate
into inhibitory GABA in forebrain neurons. In addition, an in vitro study
has found that RA could inhibit hypothalamic neural stem cell (NSC)
proliferation in an organotypic slice culture system (Shearer et al.,
2012b). Importantly, the RA synthesis enzyme RALDH1 was found to be
expressed in the tanycytes that line the 3rd ventricle in the hypothalamic neurogenic-like region of the rat, which is influenced by diet and
metabolic factors and also under photoperiodic control (Shearer et al.,
2012b; Yoo and Blackshaw, 2018)

4. Retinoid and mood disorder
4.1. Preclinical studies on depression-related behavioral effects of retinoic
acid application
Preclinical evidence linking retinoic acid (RA) and depressive-like
behaviors came from behavioral studies in mice, where daily intraperitoneal (i.p.) administration of 1 mg/kg 13-cis-RA (ITT), the dose
most close to clinical use, to adolescent male DBA/2 J mice for 6 weeks,
induced depression-related behavior in the forced swimming test and
the tail suspension test (Masia et al., 2007; O’Reilly et al., 2006). Six
weeks of ITT administration also induced depressive-like behavior in
Wistar rats (Samuels et al., 2016), while a 19-day chronic ATRA administration in young adult rats of 8–10 weeks of age was found to
induce depressive-like behavior, as reflected by decreased sucrose
preference (Hu et al., 2013, 2016). In addition, a 6-week chronic ATRA
administration in juvenile (4 weeks age) rats induces HPA axis hyperactivity, accompanied by anxiety-like behavior in the EPM and open
field (Cai et al., 2015, 2010). Another recent study found that manipulating RA signaling enzymes, by selective knock down of the RA degradation enzyme Cyp26b1 and RA binding protein CRABP2 in the
nucleus accumbens (NAc), also increased depression-related behavior
(Song et al., 2017). However, also negative results have been reported.
For example, Ferguson et al. reported that high doses (7 or 15 mg/kg/
day) of ITT or ATRA did not affect depression-related behavior in the
forced-swim test in adult rats (12–19 weeks age) (Ferguson et al.,
2005a, 2007). Differences between these studies could involve differences in age (i.e. adolescent vs. adult age), and species (mice vs. rat),
and the dose and administration routes (i.p. vs. oral gavage or i.c.v.) of
the drugs.
Overall, the above studies in rodent models have provided evidence
that: 1) RA can affect adult brain function and induce depression-related behavior in rodents; 2) younger animals may be more susceptible
to RA application; 3) differences in sensitivity may exist (depending on
testing species (mice vs. rats) and age (adolescent vs. adult)).

3.2. RA modulates hippocampal adult neurogenesis, synaptic plasticity and
hippocampus-dependent memory
RA signaling has been critically implicated in hippocampal synaptic
plasticity and spatial memory (Chiang et al., 1998; Misner et al., 2001;
Wietrzych et al., 2005), specifically in mediating the encoding of shortterm working memory and long-term declarative memory (Mingaud
et al., 2008). Notably, RA signaling is implicated in activity-dependent,
long-term changes of the synaptic efficacy, which may underlie cellular
mechanisms of learning and memory (Chen et al., 2014). In mice
lacking RARβ or RARγ, impaired LTP or LTD was found (Chiang et al.,
1998). Also during aging, hypoactivity of retinoid signaling was found
to be associated with hippocampal dysfunction and memory impairment, which were reversed by RAR activation through vitamin A supplementation or a short-term treatment with RA (Mingaud et al., 2008).
Since RA is required for normal CNS functioning, dysfunction would
be predicted in the absence of RA, or under conditions of RA

4.2. Clinical reports of retinoid-associated depression and psychosis
13-cis-RA (ITT) is a treatment for severe types of acne that are resistant to other treatments, including antibiotics and topical treatments.
However, since its initial marketing in 1982, its prescription has been
controversial. ITT has been associated with a variety of adverse psychiatric effects, including depression, psychosis, mood swings, violent
behavior, suicide, etc (Erensoy et al., 2014; Strahan and Raimer, 2006).
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ITT is now ranked in the top 10 of US Food and Drug Administration
(FDA)’s database of drugs associated with reports of depression and
suicidal attempts (Barak et al., 2005). Also, some patients with psychiatric symptoms have reported a history of present or past treatment
with ITT (Ludot et al., 2015). The abundant studies that have demonstrated increased risks to develop depression, psychosis or suicidal
ideation following ITT treatment (Hanna et al., 2016; Ludot et al.,
2015) combined with a growing number of reported cases of depressive
disorder associated with ITT use in patients with acne, has raised
awareness and warnings. Below, we review the accumulated clinical
evidence of associations between ITT treatment and depressive symptoms from clinical case reports, data-base studies and government reports.

databases to assess the relationship between ITT and depression
(Bremner and McCaffery, 2008). A United Health Care Study has
found a significant increase in depression rate in ITT users (Bremner
et al., 2012). Also, in a study from Quebec of 18,183 subjects who
received ITT therapy between 1984 and 2003, ITT resulted in a
statistically significant, 3-fold increased adjusted risk for depression;
while minocycline, an antibiotic also used to treat acne, failed to so so
(Azoulay et al., 2006).
However, some studies also have yielded inconsistent conclusion
(Hersom et al., 2003; Jick et al., 2000). Limitations of these studies may
include a lack of standardized diagnosis, lack of information about
treatment details, a lack of a proper control group, and a limited sample
size (Wysowski and Beitz, 2001). Future studies with a stronger study
design, more adequate sample size, and more reliable measures will
help provide us with a clearer answer.
Of note, reports of drug-related adverse events submitted to the
government agencies such as FDA and WHO have also provided a
prospective source of information regarding the potential relationship
between ITT and depression and suicide (Bremner and McCaffery,
2008; Bremner et al., 2012). The FDA has reported a total of 431 adverse drug reactions (ADRs) for ITT use between 1982 and 2000 including committing suicide and hospitalized for either depression,
suicidal ideation, or suicide attempts or suffering from depression
without hospitalization (Wysowski et al., 2001a). One FDA report in
2002 has found 3104 cases of psychiatric adverse effects for ITT, 173 of
which were suicides (McCoy, 2004). Another analysis of FDA’s Medwatch database has shown that between 1989 and 2003, there were 216
reported drug-linked suicides in under 18-year olds. Of these, 72 were
linked to ITT (Sharav, 2004). The Canadian Adverse Drug Reaction
Monitoring Program (CADRMP) has reported between 1983–1999 of 16
psychiatric reactions with ITT, including depression, aggressive reaction, emotional lability, irritability, suicidal tendency, amnesia, aggravated depression, manic reaction and suicidal attempts (Bremner
et al., 2012). Another analysis of subset of Canadian ADRs showed that
ITT was the medication most commonly associated with adverse drug
reactions (ADRs) (Carleton et al., 2007). Another important analysis of
reports of ADR between 1982–1998 came from Roche, WHO and the
United Kingdom Medicines Control Agency (MCA) (Bremner et al.,
2012; Middelkoop, 1999). They found a much greater association of ITT
with suicide or psychiatric adverse events than that of antibiotics for
treatment of acne. In detail, 60 % adverse psychiatric events (including
mood swings, depression, amnesia, anxiety and insomnia as well as
suicide) associated with acne treatment were coupled with ITT use.
In summary, the above reports support a significant association of
symptoms of depression, suicide and psychosis with ITT use from different countries that have made related adverse events public (Bremner
and McCaffery, 2008). Therefore, it is suggested that patients treated
with ITT should be fully informed of and warned about the risks of
depression or suicide-related side-effects.

4.2.1. Case reports
4.2.1.1. Individual cases. Villalobos et al. has reported a patient
suffering from psychosis that was associated with ITT administration
(Villalobos et al., 1989). After discontinuation of ITT, and treatment
with antipsychotic medication, the symptoms improved over 1-month
period (Bremner and McCaffery, 2008). Also, incidental cases were
reported in which ITT administration was linked to depression (Bravard
et al., 1993; Bremner and McCaffery, 2008; Duke and Guenther, 1993).
The same case was reported (Byrne and Hnatko, 1995) when patients
were evaluated with the Hamilton Depression Scale and indeed were
found to suffer from clinically significant depressive symptoms.
Together, although limited in numbers, these individual case reports
support an association between ITT use and depression, suicidality and
psychosis.
4.2.1.2. Group studies. A recent group study includes 9 patients who
were treated for affective disorders while undergoing ITT therapy
(Hanna et al., 2016). Among them, 4 were diagnosed with major
depressive disorder, 3 with recurrent major depressive disorder, 1 with
a mixed bipolar episode, and 1 with a rapid cycling bipolar I disorder.
The average onset of mental disorders was reported approximately 2
months from first ITT use on.
Even larger sample study has also reported cases of depression in
patients treated with ITT (Bruno et al., 1984; Friedman et al., 2006;
Scheinman et al., 1990). Samples included 1419 subjects with acne and
treated with ITT and 1102 subjects with psoriasis and not treated with
ITT. Significant increase of mental health services utilization over a 5year period was found specifically in ITT-treated patients (17.2 %) vs.
psoriasis patients (12.5 %; p = 0.0003). There was also a significant
increase in suicidal thoughts and suicide attempts (p = 0.04), consistent with known psychiatric side effects of ITT.
However, also some negative evidence exists that does not support
an association of ITT use with psychiatric events (Chia et al., 2005;
Ferahbas et al., 2004; Kontaxakis et al., 2009; Ng and Schweitzer,
2003), including a negative example of a 12-week study of ITT treatment (30 mg/day), where no significant differences were apparent in
depression and anxiety scores (measured by Zung scales) relative to
controls (Suarez et al., 2016).
To summarize, in the largest reported series of ITT treatment, estimates of the incidence of depression following ITT treatment range
from 1% (Scheinman et al., 1990), 4% (Hull and Demkiw-Bartel, 2000)
to 6% (Hazen et al., 1983) and 11 % (Bruno et al., 1984). Despite the
above negative evidence, overall, most of the above studies suggest a
potential relationship between ITT use and depression and consider ITT
treatment a risk in this respect. Future epidemiological studies with
larger numbers of patients will be necessary to clarify this.

4.2.2. Temporal association between onset of depression and ITT exposure
The temporal association could be well used to judge the relationship between a drug and its putative adverse effects (Bremner and
McCaffery, 2008; Bremner et al., 2012). The fact that the development
of depression is temporally related to ITT treatment further supports its
causal role in the pathophysiology of depression (Bremner et al., 2012).
Most studies report that patients were on ITT treatment for several
weeks before they developed depression and/or suicidal related behaviors, suggesting that the effects of ITT start with a delay but are longterm (Bremner and McCaffery, 2008). In addition, there are many reports that ITT-associated depressive symptoms resolved after drug
treatment stopped, and sometimes the symptoms returned with re-introduction or re-challenge of the drug, including cases reported to the
FDA (Bremner and McCaffery, 2008). The above examples highlight a
link between the development of depression and ITT use, representing
compelling evidence for a possible causal association. Also, the results

4.2.1.3. Large data-base studies and data from public government agency
reports. In addition to these smaller and case reports, studies from
larger databases could potentially help improve risk assessment, e.g. of
the link between ITT use and an increased risk for depression and
suicide (Bremner et al., 2012). Several studies have used clinical
379
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from studies on drug (dis)continuation imply that also the biological
effects can normalize when ITT is removed (Bremner et al., 2012).
Furthermore, several studies have shown that patients with bipolar
disorder (BD) may have an increased risk for clinical exacerbation of
mood symptoms after treatment with ITT (Bigby and Stern, 1988; Cott
and Wisner, 1999; Ludot et al., 2015). A retrospective review in 2010
has identified 10 patients treated with ITT among 300 BD patients, 9 of
them had experienced exacerbation of mood symptoms, which began
4–20 weeks after initiation of ITT therapy and resolved after discontinuation (Schaffer et al., 2010).

neurogenesis has also been implicated in the pathophysiology of depression (Lucassen et al., 2019; Snyder et al., 2011; Toda et al., 2019)
and antidepressant action (Surget et al., 2008). In detail, neurogenesis
and their specific inputs and projections play an important role in the
regulation of mood and hypothalamus-pituitary-adrenal (HPA)-axis
(Drew et al., 2016; Hill et al., 2015; Opendak and Gould, 2011; Snyder
et al., 2011). Moreover, intact neurogenesis is required for the efficacy
of antidepressants (Santarelli et al., 2003).
The abundant presence of RA itself and its receptors (RARs) in the
adult hippocampus strongly suggests (functions of) this brain region
represents a likely target for RA. Within the hippocampus, RA-regulated
transcription is localized predominantly in the DG area (Goodman
et al., 2012). Also, adult neurogenesis is suppressed by RA signaling
(Bremner and McCaffery, 2008; O’Reilly et al., 2008) while a study in
mice has shown that daily intraperitoneal (i.p.) administration of 1 mg/
kg 13-cis-RA (ITT), a dose similar to that used in patients, for 6 weeks,
induced typical depression-related behaviors in the forced swim test
and the tail suspension tests (O’Reilly et al., 2006).
Some more recent studies using a rat model have shown that
chronic ATRA administration impaired all stages of adult hippocampal
neurogenesis (i.e. cell proliferation, newborn cell survival and neurogenesis), and induced depression-related behavior (decreased sucrose
intake in the sucrose preference test, reduced open arm entry frequency
and altered duration in the elevated plus maze) (Hu et al., 2013, 2016).
Fig. 2 shows an immunocytochemical example of impaired cell survival
(BrdU; Fig. 2B), cell proliferation (PCNA; Fig. 2D) and reduced numbers
of immature DCX neurons (DCX; Fig. 2F) in the adult DG of chronic
ATRA-treated rats (vs. Control examples in Fig. 2A, C and E) (Hu et al.,
2016). In addition, a 6-week chronic ATRA administration in juvenile
rats causedd hyperactivity of the HPA-axis, that was accompanied by
anxiety or depressive-like behavior (Cai et al., 2015, 2010). Together,
the above preclinical studies confirm that chronic administration of
exogenous RA results in increased depressive-related behavior parallel
to impaired adult hippocampal neurogenesis (Crandall et al., 2004;
Sakai et al., 2004).
In the adult brain, RA is one of the factors that acts within the stem
cell niche of the SVZ and SGZ to regulate neurogenesis (McCaffery
et al., 2006). In the adult hippocampus, RA is an endogenous regulator
of granular neuronal progenitors and neural stem cell proliferation
(Bonnet et al., 2008; Goodman et al., 2012; Jacobs et al., 2006; Mishra
et al., 2018; Schug et al., 2007). In addition, RARs have been found to
be putative cell cycle regulators in developing neurons (Gallo et al.,
2002; Janesick et al., 2015; Mao et al., 2011; Watanabe et al., 1999)
and can modulate neuronal differentiation in stem cells (Aggarwal
et al., 2006). Interestingly, the cellular retinoic acid-binding protein 1
(Crabp1) also modulates neural stem cell proliferation and neurogenesis (Lin et al., 2017). Thus, excess RA exposure may interfere with the
normal endogenous signaling mechanisms and consequently suppress
neurogenesis (Bremner and McCaffery, 2008; Crandall et al., 2004).
However, mood and anxiety disorders are highly heterogeneous,
and no single theory can fully capture their complexity (Miller and Hen,
2015). While clearly involved, it is unlikely that ablation, or strong
reduction, of neurogenesis per se can already induce a depressive phenotype. As such, future studies are needed to demonstrate that whether
an RA-induced impairment in neurogenesis alone is already sufficient to
induce depression, or whether it only represents one of several initial
risk factors (Wang et al., 2017), that further depend on additional
factors or stressors before depression develops (Hu et al., 2016;
Lucassen et al., 2013, 2015).

5. Neurobiological mechanism for the pathophysiology of
retinoid-associated depression
The overlap of brain areas implicated in RA functioning together
with the link to stress/depression may provide a possible neurobiological framework to study the underlying pathophysiology of RA-induced depression (Bremner and McCaffery, 2008). We here focus on
three important brain regions as major RA targets; the hippocampus
(pivotal for learning and memory), the hypothalamus (essential to initiate the body's stress system, the hypothalamus-pituitary-adrenal
(HPA) axis) and the orbitofrontal cortex (OFC/ventromedial prefrontal
cortex; essential for executive functions) (illustrated in Fig. 5). Finally,
we will discuss RA’s effect on the monoamine system.
5.1. Retinoid and the Hippocampus
5.1.1. RA and RAR expression in the adult dentate gyrus
The hippocampus is a particular hotspot in RA signaling, with RARmediated transcription localized predominantly in the DG area
(Goodman et al., 2012). High levels of RA signaling are found at the site
of adult DG granule neurons and the neural precursor cells in their
proximity (Fragoso et al., 2012; Hu et al., 2016; Zetterstrom et al.,
1999), which continue to develop in adult-generated new neurons in
this area. This adult neurogenesis has further been implicated in depression risk and in antidepressant action (Kempermann et al., 2018;
Lucassen et al., 2010; Toda et al., 2019). Protein expression of RARα,
RARγ, RXRα and RXRβ was all found in the adult mouse and rat DG (Hu
et al., 2016; Krezel et al., 1999). Together, they indicate abundant expression of the molecular components of retinoic acid signaling in the
adult DG.
Endogenous RA in the hippocampus is generated by the RA synthetic enzyme RALDH2 (Stoney et al., 2016) present in the adjacent
meninges, which has been shown to regulate hippocampal neurogenesis
(Goodman et al., 2012; Sakai et al., 2004). The uneven pattern of RA
signaling in the adult DG thus results from a differential distribution of
the RA synthesizing enzyme RALDH2 and the catabolic enzyme
Cyp26b1 (Goodman et al., 2012; McCaffery et al., 2006), which are
predominantly expressed at the meninges adjacent to the infrapyramidal blade of the DG. Consequently, RA can reach the DG by
diffusion from its bordering meninges. Such a spatial asymmetry creates
a local RA concentration gradient in the hippocampal DG area, that is a
greater for RA signaling in the lower infrapyramidal blade. This, in
turn, can result in suppressed cell proliferation found in the DG infrapyramidal blade (Goodman et al., 2012).
5.1.2. RA and adult hippocampal neurogenesis
Adult neurogenesis is an important form of structural plasticity that
occurs in the brain of adult mammals, including humans (Bergmann
et al., 2015; Eriksson et al., 1998; Ernst and Frisen, 2015). Stem cells
residing in the adult DG continue to divide and proliferate into adulthood. After migration into the granule cell layer (GCL) region, these
progenitor cells will differentiate into fully functional new neurons.
Functionally, the adult-born, new neurons have been implicated in the
modulation of emotions (Revest et al., 2009; Snyder et al., 2011), and
learning and memory (Christian et al., 2014). Notably, adult

5.1.3. Hippocampal volume change
Related to prolonged reductions in neurogenesis, another possible
substrate via which RA may impact the hippocampus is by modulating
its volume, which is often reduced in clinical depression. Indeed, ITT
has been demonstrated to reduce hippocampal volume by 20 % after 3
weeks treatment in mice (McCaffery et al., 2006). However, due to their
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Fig. 2. Example IHC figure showing chronic intracerebroventricular (i.c.v.) ATRA application suppresses hippocampal neurogenesis in the adult rat dentate gyrus
(Reproduced, with permission, from Hu et al., 2016 Hippocampus (Figs. 2&5)).
(A): Distribution of double staining for 5-bromo-2-deoxyuridine (BrdU+)/glial fibrillary acidic protein (GFAP+) (BrdU+/GFAP+) cells in the DG of VEH rats. BrdU+
cells are mainly located in the subgranular zone (sgz) (arrowhead). Some of them are found in the hilar region. GFAP+ cells are mainly located in the hilus region and
molecular layer (ml), except in the granular cell layer (GCL). They show stained processes and cytoplasm, while the cell nucleus is mostly without staining.
Calibration bars show 50 μm.
(B): Distribution of double staining for BrdU+/GFAP+ cells in the DG of ATRA-treated rats. Less BrdU+ cells were found in the DG in the ATRA group. Arrow points
to a typical GFAP+ cell. No significant difference was found in the number of GFAP+ cells between the two groups. Calibration bars show 50 μm.
(C): PCNA+ cells in the DG of VEH rats. They are clustered along the SGZ (arrowhead) and also in the hilus. Calibration bars show 50 μm.
(D): ATRA treatment resulted in less PCNA+ cells. Arrowhead points to a typical PCNA+ cell. Calibration bars show 50 μm.
(E): Immunoreactivity of DCX shown in the DG of VEH rats. DCX is mainly expressed in the SGZ and GCL, with cell body (arrow) located in the SGZ and dendrites
extending through GCL into ML. Calibration bars show 100 μm.
(F): Immunoreactivity of DCX shown in the DG of ATRA-treated rats. Arrow points to the cell body of typical DCX+ cell. After RA treatment, DCX+ staining shows
shorter dendrites with more frequently found gaps along the SGZ. Calibration bars show 100 μm.
(G): Sucrose preference percentage was significantly decreased in chronic all-trans retinoic acid (RA)-treated animals compared to vehicle (VEH)-treated animals.
Data are presented as mean ± SEM (n = 6 animals per group; **p < 0.01).
(H): Similarly, significant positive correlation was found between PCNA+ cell number in the DG and corresponding sucrose preference percentage (n = 12;
correlation coefficient r = 0.908, p < 0.01).
(I): Significant positive correlation was present between BrdU+ cell number in the DG and corresponding sucrose preference percentage (n = 12; correlation
coefficient r = 0.964, p < 0.01).
(J): Again, significant positive correlation was found between DCX+ cell number in the DG and corresponding sucrose preference percentage (n = 12; correlation
coefficient r = 0.983, p < 0.01).
Note: ** p < 0.01.
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relatively small number, changes in adult neurogenesis alone are unlikely to account for a change in total volume of the entire hippocampus
(Lucassen et al., 2013, 2015). Therefore, alternative mechanisms are
likely involved, that have been proposed, e.g. due to reduced number of
astrocytes (Verwer et al., 2007; Wang et al., 2017) or decreased number
of mature neurons (Lucassen et al., 2006; Sapolsky, 2000) after ITT
application (Bremner and McCaffery, 2008). Future studies will be required to better understand the mechanism.

to restrict CRH overexpression (illustrated in Fig. 4B). On the other
hand, an activation of RARα can also directly enhance CRH expression
through binding to the RA response element (RARE) located on the CRH
promoter (Chen et al., 2009). Together, when the above two parallel
pathways are activated together, they converge and will induce CRH
overexpression and HPA activation (shown in Fig. 4C) (Hu et al., 2013).
Together, our findings emphasize the importance of RA signaling
also in the hypothalamus, and highlight that RA-mediated hypothalamic signaling pathways can be important for mediating elements from
the pathophysiology of depression (Bremner et al., 2012). It has been
suggested that augmented RA signaling in the hypothalamus of ITTtreated patients may mimic such alterations and thus represent one
mechanism by which ITT can promote depression in these patients
(Bremner et al., 2012).

5.2. Retinoid and the hypothalamus
5.2.1. RA and CRH expression in the hypothalamus
Another important brain area implicated in the pathophysiology of
RA-induced depression is the hypothalamus. The hypothalamus is a key
regulatory center of the brain involved in homeostatic control of many
processes and it is further the central location where the HPA axis response during stress is initiated (Bremner et al., 2012). Several elements
of the RA synthetic enzymes and the RARs have been identified in the
hypothalamus (Meng et al., 2011; Ransom et al., 2014; Shearer et al.,
2010) and it is thus possible that RA is synthesized endogenously and
can thereafter function in the hypothalamus locally.
Our studies have indeed found that chronic ATRA treatment could
induce HPA axis hyperactivity, anxiety and/or depressive-like behavior
in adult rats (Cai et al., 2010; Hu et al., 2013). In the hypothalamus,
corticotropin-releasing hormone (CRH) is produced by parvocellular
neurons of the paraventricular nucleus (PVN) region that acts as the
main driver of HPA activity, and CRH neuronal numbers are e.g found
to be elevated in depression (Raadsheer/Swaab et al., 1995). In the
PVN, RARα further co-localizes with CRH and as such, CRH can potentially act as a link between RA and depressive changes. Consistently,
CRH expression in the PVN of the hypothalamus was markedly increased in ATRA-treated rats (Cai et al., 2015, 2010; Hu et al., 2013).
High magnification of RARα-immunoreactivity in the PVN has further
been described between controls (Fig. 3E) and patients with affective
disorder (Fig. 3F) (Chen et al., 2009). Furthermore, RARα activation
could upregulate CRH mRNA expression via a direct action on its
promoter sequence (Chen et al., 2009). Similarly, RARα levels in the
hypothalamus were elevated in rats in the chronic unpredictable mild
stress (CUMS) model of depression (Chen et al., 2009). In the human
hypothalamus, RARα is also expressed at high levels in the PVN (Meng
et al., 2011) and increased CRH-RARα double-stained neurons are
found in the hypothalamic PVN of depressed patients (Chen et al.,
2009). Examples of the immunocytochemical staining of CRH+ (red)
and RARα+ (green) double-stained neurons in the PVN of a control
subject vs. a patient with affective disorder, is compared in Fig. 3I and L
(merged in yellow color) (Chen et al., 2009).

5.3. Retinoid and the Orbitofrontal Cortex (OFC/ventromedial prefrontal
cortex)
Another possible brain region that may mediate RA effects on depressive symptoms is the orbitofrontal cortex (OFC) (Bremner and
McCaffery, 2008), part of the medial prefrontal cortex and part of the
prefrontal-limbic network, and associated with the pathophysiology of
depression (Bennett, 2011). Positron emission tomography (PET) scans
have revealed that 4 months of ITT administration results in a decreased metabolism in the OFC in acne patients (Bremner et al., 2005).
Importantly, the frontal cortex is one of few regions in the adult brain
where RA is synthesized locally (Wagner et al., 2006) and OFC damage
has indeed been shown to result in impairments in emotional regulation
(Bechara et al., 1994; Berlin et al., 2004).
Patients with depression were further found to have a loss of glia
and/or neurons in their OFC region (Rajkowska et al., 1999). Neuroimaging studies also show both structural and functional changes, like a
smaller volume or changed gray matter thickness, altered glucose metabolism or blood flow, etc in the OFC in depression (Bremner et al.,
2002; Drevets et al., 1997, 2008; Lacerda et al., 2004; Lai et al., 2000;
Lee et al., 2003).
Another interesting brain imaging study has found that patients
with headache that were part of a group of ITT-treated subjects, appear
to have dampened OFC function (Bremner et al., 2012), consistent with
another report showing that headache is associated with depression in
ITT-treated patients (Wysowski and Swartz, 2005). This is not surprising given that the mammalian frontal cortex is one of the few brain
regions where RA is synthesized (Wagner et al., 2006). Interestingly,
the RA-degrading enzyme CYP26B1 is also found to regulate parvalbumin (PV)-expressing interneurons in the mouse medial PFC, and RA
signaling has thus been suggested to play a crucial role in establishing
connections between the thalamus and PFC (Larsen et al., 2019). Importantly, abnormal reductions in retinoid signaling were already found
in the prefrontal cortex of depressed patients (Qi et al., 2015). Representative microphotographs of RARα-immunoreactivity in the
human ACC are shown in Fig. 3A, B, C and D (Qi et al., 2015). In addition, expression of RA-regulated retinoic acid-inducible or induced
gene 1 (RAI-1) was found to be increased in the dorsolateral prefrontal
cortex (DLPFC) of patients with schizophrenia, bipolar disorder and
major depression (Haybaeck et al., 2015), suggesting that altered RA
signaling may be a potential common pathogenic candidate in these
neuropsychiatric symptoms.
The OFC has both input and output connections to the hippocampus
and in turn, the hippocampus also modulates dopaminergic function in
the medial PFC (Peleg-Raibstein et al., 2005). Thus, deficits in hippocampal function could lead to negative effects on the downstream OFC
function (Jay et al., 2004; Rocher et al., 2004). Therefore, retinoidinduced dysregulation in the hippocampal-OFC circuit function could
contribute to RA-associated depressive symptoms (Bremner et al., 2005;
Ludot et al., 2015; Peleg-Raibstein et al., 2005). However, one important question that remains unclear is to which degree impaired OFC

5.2.2. RARα and GR correlation in the hypothalamus
Activation of the HPA axis is driven by CRH neurons in the hypothalamic PVN. Notably, the CRH promoter harbors a negative glucocorticoid response element (nGRE), and as corticosterone (CORT)
concentrations rise (eg. under stressful conditions), the GR will be occupied and then translocate to the nucleus where it can mediate transcription repression of CRH. Under physiological condition, GR-mediated negative feedback of CORT on the HPA axis functions will prevail
and prevent its over-activation. Meanwhile, the hippocampus also exerts an inhibitory control over the hypothalamic PVN. Therefore, a
moderate CORT level, with a regular circadian pattern, is maintained
under stress-free conditions, which is considered optimal for brain
function (illustrated in Fig. 4A).
In the PVN, both RARα and GR co-localize with CRH (Chen et al.,
2009). Interestingly, the number of RARα and GR-immuno-positive
cells correlated negatively in the rat hypothalamus (Hu et al., 2013).
Under RA-induced depressive pathological conditions, however, an
activated RARα interferes with the formation of the GR repressing
complex on the nGRE of the CRH promoter. This dampens GR capacity
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Fig. 3. Example picture showing RARα-immunoreactivity in the human anterior cingulate cortex (ACC) and human hypothalamic
paraventricular nucleus (PVN); as well as colocalization of RARα with corticotropin-releasing hormone (CRH) in the human hypothalamic PVN.
(A): Representative microphotograph of RARαimmunoreactivity in the human ACC (A–D reproduced, with permission, from Qi et al.,
2015 Cerebral Cortex (Fig. 4)).
(B), (C) and (D): The same cell highlighted in
each of the squares in Fig. 3(A) is shown in a
higher magnification.
(E): High magnification of RARα-immunoreactivity in the PVN of a control patient;
scale bar 20 μM; (E–F reproduced, with permission, from Chen et al., 2009 Biological
Psychiatry (Fig. 1)).
(F): High magnification of RARα-immunoreactivity in the PVN of a patient with
affective disorder; scale bar 20 μM.
(G): Confocal images of CRH (red) in the PVN
of a control patient; scale bar 30 μM; (G–L reproduced, with permission, from Chen et al.,
2009 Biological Psychiatry (Fig. 2)).
(H): Confocal images of RARα- (green) in the
PVN of the same control patient; scale bar 30
μM.
(I): Co-localization images (yellow) show CRHRARα double-stained cells in the PVN of the
same control patient; scale bar 30 μM.
(J): Confocal images of CRH (red) in the PVN of a
patient with affective disorder; scale bar 30 μM.
(K): Confocal images of RARα- (green) in the
PVN of the patient with affective disorder; scale
bar 30 μM.
(L): Co-localization images (yellow) show CRHRARα double-stained cells in the PVN of the same
patient with affective disorder; scale bar 30 μM.

thereby induce depression-related behaviors through altering impairments in serotonin signaling (O'Reilly et al., 2008). Indeed, patient
serum 5-HT levels were shown to be directly regulated by vitamin A
supplementation (Guo et al., 2018). Also, chronic ITT administration
increased tissue 5-HT and 5-HIAA levels in the striatum of rats
(Ferguson et al., 2005b) whereas vitamin A-deficient mice tended to
have lower levels of 5-HT in the striatum (Kitaoka et al., 2007). ITT also
altered the morphology of 5-HT neurons in cultured slices through a
RXR- and RAR-dependent mechanism (Ishikawa et al., 2008). In addition, in vitro studies have confirmed an altered expression of serotonergic components in cultured raphe nuclei cells after ITT treatment,
including increased intracellular 5-HT levels and 5-HT1A receptor and
serotonin reuptake transporters (SERT) protein levels (Charest et al.,
1993; O’Reilly et al., 2007).
SERT are important targets of selective serotonin reuptake inhibitors (SSRIs), a main class of antidepressant drugs, that are thought
to exert their therapeutic function by decreasing the reuptake and
thereby increasing synaptic levels of 5-HT. Hence, increases in SERT
expression could increase the reuptake of 5-HT from the synaptic cleft
and dampen synaptic 5-HT signaling. 5-HT1A receptor activation
usually leads to the suppression of neuronal firing activity and 5-HT
release from raphe neurons (Blier et al., 1998). 5-HT1A receptor and
SERT thus act together to regulate synaptic 5-HT availability. It has
been suggested that decreased synaptic levels of 5-HT caused by increases in 5-HT1A receptor and SERT alone could already account for
the depressive effects of ITT (O'Reilly et al., 2008). Hence, if the above
in vitro results of RA would also occur in vivo, then 5-HT release and the
synaptic serotonergic signaling network in raphe neurons would be

function contributes to RA-induced depression; that is whether altered
function in the OFC alone could lead to (symptoms of) depression, or
whether it is actually due to previous alterations in the hippocampus,
which in turn result in secondary changes in the downstream OFC
function, that then together may contribute to depression. Studies using
animal models in the future may help clarify these questions.
5.4. Retinoid and the monoamine system
The monoamine (specifically serotonergic, dopaminergic and norepinephrinergic) systems are important targets of antidepressant
treatment. The general monoamine hypothesis proposes that depletion
of one or more of these neurotransmitters is a key factor in the pathophysiology of depression (Delgado, 2000) while complex interactions between these three neurotransmitter systems may also exist.
Here we will present evidence that indicates that each of these monoamine systems can act as an important brain target of RA (illustrated in
Fig. 6).
5.4.1. Serotonergic system
Although each of the above three neurotransmitter systems may
play an important role in the effects of RA signaling in depression, we
will first discuss RA effect on the serotonergic system, which has been
most often studied in association with RA and depression.
RAs can regulate the expression of the human serotonin transporter,
by acting on a region that includes variable number tandem repeats
(VNTR), and whose polymorphism is associated with a predisposition to
affective disorders (Fiskerstrand et al., 1999). RA treatment may
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Fig. 4. Example scheme showing two parallel pathways mediating RA upregulation of the corticotropin-releasing hormone (CRH) gene expression.
(A): Under physiological condition, corticosterone (CORT) level was kept at a moderate level: on the one hand, GR mediates negative feedback of CORT on the
hypothalamus-pituitary-adrenal (HPA) axis to prevent HPA over-activation; on the other hand, hippocampus exerts an inhibitory influence on the hypothalamic PVN.
Together, a balanced CORT level is guaranteed.
(B): Under RA-induced depressive pathological condition, a state of hyper-cortisol develops, due to: 1) a dampened hippocampal inhibitory influence on the
hypothalamus; 2) a damaged GR-mediated HPA negative feedback. Together, these will result in a hyper CORT level (++).
(C): Example scheme showing two parallel pathways mediating RA-induced CRH overexpression through: 1): a direct transcriptional upregulation of CRH expression
mediated by the RARα/RXR heterodimers bound to the RARE sequence located in the CRH promoter; and 2): a dis-inhibition process, that is suppression of the GRmediated CRH transcriptional repression (by the GR homodimers bound to the RARE sequence located in the CRH promoter) (Reproduced, with permission, from Hu
et al., 2013 Translational Psychiatry).

altered and possibly disrupted, which could explain at least some of its
depressive behavior inducing effects.
5.4.2. Dopaminergic system
While the impact of RA on the 5-HT system has been emphasized
before, the involvement of altered dopaminergic or norepinephrinergic
systems in the pathophysiology of RA-associated depression cannot be
ignored. Considerable evidence shows that dopaminergic (Berrard
et al., 1993; Cervini et al., 1994; Dziedzicka-Wasylewska and Solich,
2004; Ferguson et al., 2005b; Kitaoka et al., 2007; Kobayashi et al.,
1994b; Nicotra et al., 2002; Samad et al., 1997; Valdenaire et al., 1998;
Wolf, 1998) and norepinephrinergic (Matsuoka et al., 1997; O’Reilly
et al., 2008; Schulpis et al., 1999) pathways are indeed influenced by
RA signaling.
The mesolimbic DA system is a critical element of our motivational
and reward system, and DA dysregulation may e.g. underlie the anhedonia common in depression (Naranjo et al., 2001; Nestler and
Carlezon, 2006). Notably, abnormally low DA signaling has been implicated in clinical depressive disorder (Millan, 2006; Nestler and
Carlezon, 2006). In particular, dopamine D2 receptor (D2R) plays an

Fig. 5. RA interferes with the three brain regions, including hippocampus,
hypothalamus and orbitofrontal cortex, as the major brain target to induce
depressive disorders.
Impaired hippocampal neurogenesis, coupled with increased corticotropin-releasing hormone (CRH) expression in the hypothalamus, as well as impaired
function of orbitofrontal cortex (OFC), will all together contribute to RA-induced depressive disorder.
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2002). Among these three monoamine neurotransmitter systems,
knowledge of the effects of RA on the NE system remains rather limited.
In vitro RA treatment could reduce noradrenaline levels in cell lines
(Handler et al., 2000). RA could decrease NE concentration in a short
term through induction of the NE transporter (Matsuoka et al., 1997),
which terminates the noradrenergic neurotransmission through reuptake of NE (Bremner and McCaffery, 2008). On the contrary, vitamin
A deficiency could increase NE levels in the forebrain (Sousa et al.,
2004). Future studies are necessary to fully elucidate these mechanisms.
Together, the above changes in the structure and function of the
hippocampus, hypothalamus, orbitofrontal cortex, as well as distinct
alterations in the monoamine systems could all contribute to RA-associated depressive symptoms (Box 1 and 2). Importantly, we also noted a
potential interplay between impaired adult hippocampal neurogenesis
and decreases in serotonergic signaling, which may actually be linked
together rather than acting independently. For example, 5-HT has been
implicated in the process of adult neurogenesis (Chan et al., 2012;
Imoesi et al., 2019; Mahar et al., 2014; Samuels et al., 2016; Song et al.,
2017), via regulating brain-derived neurotrophic factor signaling in the
hippocampus (Castren et al., 2007; Duman and Monteggia, 2006;
O’Reilly et al., 2008). Therefore, reductions in serotonergic function
mediated at least in part by RA (metabolites) could be responsible for
depression-related behavior, either independently or together through
e.g. alterations in adult neurogenesis. Further studies concerning the RA
effects on monoaminergic neurotransmitter release are required to
better understand the exact effects of RA on the signaling cascades of
each monoamine class would allow to delineate the exact role each
monoamine system plays in the functional effects of RA on depression,
as well as their potential interactions.

Fig. 6. RA disrupts the monoamine system to induce depressive disorders.
The monoamine system contains serotonergic, dopaminergic and norepinephrinergic systems. Evidence has shown that retinoids are capable of impairing
each of the serotonin system, dopamine system and the norepinephrine system.
Reduction in the serotonergic function could induce depression-related behaviors (O'Reilly et al., 2008). Abnormal low DA signaling has been implicated in
the clinical depressive symptoms (Millan, 2006; Nestler and Carlezon, 2006).
RA could decrease NE concentration through induction of the NE transporter
(Matsuoka et al., 1997). Among these three monoamine neurotransmitter systems, knowledge of the effects of RA on the NE system remains relatively
limited and awaits future study.

important role in the regulation of affective behaviors.
Interestingly, high levels of retinoic acid-generating retinaldehyde
dehydrogenase (RALDH) are found in the mouse meso-telencephalic
dopamine system, that form a RA-generating projection from the ventral tegmentum to the corpus striatum and shell of the nucleus accumbens (NAc)(McCaffery and Drager, 1994). Importantly, RA can
transcriptionally regulate D2R expression through the functional RARE
in its promoter (Dziedzicka-Wasylewska and Solich, 2004). ATRA has
further been shown to increase the expression of D2R in striatal tissue
(Samad et al., 1997; Valdenaire et al., 1998) and cultured cells
(Dziedzicka-Wasylewska and Solich, 2004). In addition, D2R in the
prefrontal cortex was also a target for RA (Vincent et al., 1995) and 9cis-RA could increase the expression of D2R in vitro (Bondioni et al.,
2008; Valdenaire et al., 1998). Of note, RXR-dependent changes in the
expression of D2R in the NAc have been found to underlie depressivelike behaviors (Krezel et al., 1998; Krzyzosiak et al., 2010; Samad et al.,
1997). Moreover, ATRA has been shown to increase monoamine oxidase B (responsible for DA degradation) activity (Nicotra et al., 2002)
and decrease transcription of tyrosine hydroxylase and dopamine β
hydroxylase (DA synthesis enzymes) (Berrard et al., 1993; Cervini et al.,
1994; Kobayashi et al., 1994b). Finally, expression of dopamine
transporter (DAT) (Hohmann et al., 2011) and dopamine D1 receptor
(Wang and Liu, 2005) was also increased by ATRA application in vitro.
All of the above regulations likely contribute to a down-regulation of
DA level observed in the brain of MDD patients. Together, the above
data provide evidence that changes in the expression of D2R and D1R,
as well as in the DA transporter, DA synthesis and degradation enzymes,
may all contribute to a dampened DA system and possibly underlie the
pathophysiology of RA-associated depressive behaviors.

6. Summary
In this review, we have outlined evidence for an association of excess vitamin A intake or ITT treatment and depression, including clinical evidence as well as preclinical evidence from animal models.
Together, they support the notion that elevated retinoid levels form a
significant risk factor for depressive symptoms and mood disorders. We
also highlight possible cellular mechanisms by which RA could act and
induce depressive-related behavior. In particular, alterations in the
monoamine systems appear a key target involved in the pathophysiology of RA-associated depression.
However, at present, there is no single well-accepted neuropharmacological mechanism that alone could account for the RA-associated psychiatric symptomatology, given that RA has a variety of
effects on the various neurochemical systems in the brain. RA may influence the monoamine system, interfere with hippocampal neurogenesis, and with hypothalamic and prefrontal cortex functions. Moreover,
complex interrelations may exist between these actions. More in-depth
research is needed to ascertain what exact role each of these actions
play in the etiology of depression (Hull and D’Arcy, 2003). Furthermore, we only focused on the hippocampus, hypothalamus and the
orbitofrontal cortex as the main target brain regions of RA. However,
retinoid receptors are widely distributed in the brain. Dysregulation in
the function, structure or signaling also in these other brain areas could
together contribute to depressive symptoms. Future studies are needed
to fully understand the pathophysiology of RA-associated depression,
and to develop possible safe and effective intervention strategies.

5.4.3. Norepinephrine system
Norepinephrine (NE) is another important monoamine system implicated in the etiology of depression. Depressed patients often exhibit
lower urinary levels of the NE metabolite MHPG (Maas et al., 1972)
while lower levels of NE metabolites were also found in the CSF of
depressed bipolar patients (Muscettola et al., 1984; Schatzberg et al.,
1989). Conversely, synaptic NE levels were elevated by tricyclic antidepressants (TCA) and monoamine oxidase inhibitors (Laifenfeld et al.,
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Box 1
The Monoamine system and the pathophysiology of major depression
1. Serotonin system:
5-HT: Reduced 5-HT levels have been implicated in major depression disorder (MDD). Many antidepressants e.g. enhance overall 5-HT
neurotransmission(Aoto et al., 2008). The rate-limiting enzyme for 5-HT synthesis is tryptophan hydroxylase-2 (TPH2) (di Masi et al., 2015d;
Yoo and Blackshaw, 2018). Most 5-HT cells are located in the midbrain raphe nuclei (Bang et al., 2012). Extracellular 5-HT level in the brain is
tightly controlled by neuronal uptake system at presynaptic nerve endings to maintain a homeostasis.
SERT (serotonin reuptake transporter): a protein encoded by SLC6A4 gene in humans, also known as solute carrier family 6 member 4.
SERT is a monoamine transporter protein that transports serotonin from synaptic cleft back into presynaptic neurons via a high affinity Na
+/Cl- dependent active transport system (Amara and Kuhar, 1993). It terminates effects of serotonin and enables its reuse by presynaptic
neurons. SERT is a target of many antidepressant drugs including SSRI and tricyclic antidepressant (TCA) classes.
SSRI (selective serotonin reuptake inhibitor): A class of drugs typically used as antidepressants. Through specifically blocking SERT, SSRI
administration selectively enhances 5-HT neurotransmission. Typical SSRI example drugs include fluoxetine and citalopram.
5-HT1A receptor: Long-term antidepressant treatment leads to enhanced serotonergic neurotransmission, likely through action on 5-HT1A
receptors (Nemeroff and Owens, 2002). 5-HT1A receptor is the most abundant and widely expressed 5-HT receptor subtype in the brain
(Barnes and Sharp, 1999; Beliveau et al., 2017); it both controls 5-HT activity and mediates 5-HT actions (Albert, 2012; Garcia-Garcia et al.,
2014).
5-HT1A receptor has dual functions: 1) somatodendritic autoreceptors are located on 5-HT neurons in the raphe nuclei; and 2) postsynaptic
heteroreceptors exist on the 5-HT-target projecting non-5-HT neurons (Riad et al., 2001; Vahid-Ansari et al., 2019). Autoreceptors function to
negatively regulate 5-HT neuronal firing. 5-HT1A heteroreceptors usually are abundantly expressed in the hippocampus, septum, amygdala
and PFC to mediate 5-HT actions on fear, anxiety, stress and cognition (Albert et al., 2014; Garcia-Garcia et al., 2014). Together, 5-HT1A
receptors both negatively regulate global 5-HT activity and mediate 5-HT response in target neurons (Vahid-Ansari et al., 2019). Increasing 5HT1A autoreceptors usually leads to depression-like behavior, whereas knocking-down autoreceptors enhances SSRI responsiveness
(Richardson-Jones et al., 2010). Loss of 5-HT1A heteroreceptors, however, usually leads to depression (Samuels et al., 2015).
2. Norepinephrine system:
Norepinephrine (NE) system also plays a pivotal role in the mechanism of antidepressant actions. TCA class of antidepressants and
monoamine oxidase inhibitors all elevate synaptic levels of both NE and 5-HT (Laifenfeld et al., 2002). Depressed patients often exhibit lower
urinary levels of NE metabolite, the 3-methoxy-4-hydroxy-phenylglycol (MHPG) (Maas et al., 1972).
NE exerts its effects through binding to G-protein coupled α- and β–adrenergic receptors. NE receptors are found on the nerve fibers that
originate from locus coeruleus (LC), and project to many parts of forebrain regions including cortex, cerebellum, amygdala, hippocampus and
hypothalamus (Maletic et al., 2017). Desensitized α-1ARs are found in the brain of MDD patients, but both affinity and density of inhibitory
α2-ARs are increased in the LC and prefrontal cortex of MDD patients (Garcia-Sevilla et al., 1999; Ordway et al., 2003). Many antidepressant
treatments act on overall NE levels (including uptake and MAO inhibitors); or on α-ARs (Montoya et al., 2016). More recent therapies include
selective NE reuptake inhibitors such as reboxetine; NE and DA uptake inhibitors such as bupropion; mixed serotonergic and noradrenergic
reuptake inhibitors such as venlafaxine and duloxetine (Montoya et al., 2016). The above antidepressants either directly or indirectly modulate
NE levels.
NE activity in the LC has been shown to be altered in the brain of MDD patients: with increased levels of tyrosine hydroxylase (TH) and
reduced density of NE transporter (NET) in the LC. MHPG concentrations have been shown to be positively correlated with lifetime mood
burden, reflecting number, duration and intensity of depressive episodes (Ehnvall et al., 2003).
Long-term SSRI (such as citalopram and escitalopram, paroxetine) administration enhances 5-HT transmission but also exerts inhibitory
influence on the NE neurons through enhanced GABA release, resulting in dampened firing activity of NE neurons (Aoto et al., 2008;
Dremencov et al., 2007; Szabo et al., 1999). Consequently, lack of therapeutic benefits of SSRI in some depressed patients may result from
attenuation of NE transmission even in the presence of 5-HT levels. As a result, attempts have led to more effective augmentation strategies
(eg., adding NE reuptake inhibitor in addition to SSRIs) for treating MDD patients not responding to SSRI (Nelson et al., 2004; Seager et al.,
2005).
3. Dopamine system:
Dysfunction in the brain dopamine (DA) system has been critically associated with depressive symptoms, such as anhedonia and amotivation (Eshel et al., 2016; Wise, 2004, 2008; Pandit et al., 2016). DA neurons are mainly situated within midbrain, the medial portion of which
is in the ventral tegmental area (VTA) (Grace, 2016).
VTA DA neurons project to the reward-related nucleus accumbens (NAc) and ventral striatum(Sesack and Grace, 2010). Animal models of
depression like chronic unpredictable mild stress (CUMS) have demonstrated significantly decreased activity in VTA DA neuron populations
(Chang and Grace, 2014; Valenti et al., 2012), mainly in medial VTA, which preferentially projects to the reward-related ventromedial
accumbens (Ikemoto, 2007; Lammel et al., 2008). Such diminished DA neuronal activity in the medial VTA is likely driven by hyperactivity in
the infralimbic prefrontal cortex (ilPFC), which leads to basolateral amygdala (BLA) overdrive and consequently a decrease in the DA neuronal
activity via ventral pallidum (VP).
Optogenetically selective inhibition of VTA DA neruons acutely produces depression-related behavior in freely moving mice; whereas
phasic activation of VTA DA neurons acutely rescues chronic stress-induced depression phenotype (Chaudhury et al., 2013; Tye et al., 2013),
through altering neural coding of downstream NAc.
A study of learned helplessness rat model of depression has allowed acute induction of anhedonic state and found a rapid reversal by fastacting antidepressant ketamine(Berman et al., 2000)). Half of rats demonstrated “learned” helplessness, who showed a 50 % reduction in the
DA neuron population activity and demonstrated a selective attenuation in the excitatory ventral subiculum (vSub)-NAc-VP pathway in control
of the amygdala-hippocampal balance. Interestingly, ketamine selectively restored DA neuronal firing activity in those helpless rats, accompanied by normalized vSub-NAc pathway.
The pathophysiology of MDD is also related to disruptions within the DA synthesis system that provides afferent control of DA. Deficits
arise within medial frontal cortex and involve amygdala, and also encompass interneuronal dysregulation(Grace, 2016).
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Box 2
Open Questions
Can the three brain regions (hippocampus, hypothalamus and orbitofrontal cortex) interact to engage in RA-induced depressive disorder?
This is likely as the hippocampus for instance can exert an inhibitory control over the hypothalamus. Also, the orbitofrontal cortex (OFC)
has both input and output connections to the hippocampus. The D2 dopamine receptor in the PFC could be a target for RA (Vincent et al.,
1995). The hippocampus could modulate DA function in the mPFC (Peleg-Raibstein et al., 2005), and deficits in the hippocampus can lead to
compromised OFC function (Jay et al., 2004; Rocher et al., 2004). Given that altered hippocampal-OFC connectivity plays an important role in
the depressive disorder symptoms (Peleg-Peleg-Raibstein et al., 2005), dysregulation in the hippocampal-OFC circuitry and decreased OFC
function could contribute to the RA-associated depressive symptoms (Bremner and McCaffery, 2008). The details regarding to the contribution
of OFC dysfunction and interplay of the three brain regions, however, have yet to be explored by animal studies in the future.
Can the three monoaminergic systems (serotonin, dopamine, norepinephrine) interact to mediate the pathophysiology of RA-associated
depressive disorder?
Reciprocal interaction exists between the serotonin (5-HT), norepinephrine (NE) and dopamine (DA) system in the brain (De Deurwaerdere
and Di Giovanni, 2017; Drago et al., 2011). In vivo studies have confirmed excitatory effect of DA input on the DRN 5-HT neurons, but
inhibitory effect of 5-HT input on the VTA DA neurons; as well as reciprocal inhibitory interaction between VTA DA neurons and LC NE
neurons (Guiard et al., 2008). In particular, 5-HT receptors may control DA neuronal activity in a phasic, state-dependent and region-dependent manner. Such functional interactions between these three monoamine systems also play an important role in the pathophysiology of
depression and in mediating the mechanism of antidepressant actions. However, further studies are required to delineate such mechanisms in
detail.
Can hippocampal neurogenesis interact with the monoamine system and play a role in depressive-like behavior?
We believe so. For example, decreased serotonergic signaling could either result in depression-related behavior alone or through affecting
adult hippocampal neurogenesis (O’Reilly et al., 2008). The therapeutic effects of many antidepressants acting on the monoamine system often
require intact hippocampal neurogenesis (Quesseveur et al., 2013; Santarelli et al., 2003; Yan et al., 2011), further corroborating and emphasizing the importance of interaction of neurogenesis with the monoamine system. Future studies concerning the detailed mechanism will
provide with a clearer answer.
Does RA-induced transcription of key molecules play an important role in the pathophysiology of depressive disorder?
We believe so. For example, the transcription factor CREB is shown to be directly and rapidly activated by RA in vitro (Aggarwal et al.,
2006; Canon et al., 2004). And the fact that sustained elevation of CREB activity in the nucleus accumbens (NAc) can produce anhedonia-like
symptoms (Barrot et al., 2002; Carlezon et al., 1998; Pliakas et al., 2001)) suggests CREB plays a critical role in the regulation of depression
(Nestler and Carlezon, 2006).
In addition, long-term targets of antidepressant drugs often include brain-derived neurotrophic factor (BDNF). The important role of BDNF
signaling pathway in the VTA-NAc plays in the modulation of depression has also been emphasized (Nestler and Carlezon, 2006). Intra-VTA
BDNF exerts a depression-like effect in the NAc, whereas TrKB mutant causes an antidepressant effect (Eisch et al., 2003). RA was found to
induce expression of the BDNF receptor TrKB (Kaplan et al., 1993; Kobayashi et al., 1994a). RARα was able to bind to and trans-activate the
BDNF receptor TrkB promoter via a putative RA response element within the TrkB promoter (Qi et al., 2015). Altogether, these above key
molecules induced by RA treatment will contribute to RA-associated depressive disorder.
Can we predict a possible antidepressant effect of RAR-α-selective antagonists in clinical use?
Right now, there is no direct clinical evidence that administration of RARα-selective antagonist could exert therapeutic antidepressant
efficacy. However, recent reports have found and antidepressant potential of Ro41-5253 (a selective RARα antagonist) and demonstrated that
Ro41-5253 treatment can ameliorate depressive-like behaviors in the chronic unpredictable mild stress (CUMS) rats (Ke et al., 2019). Future
studies will provide a better answer.
Acknowledgements

Albert, P.R., Vahid-Ansari, F., Luckhart, C., 2014. Serotonin-prefrontal cortical circuitry
in anxiety and depression phenotypes: pivotal role of pre- and post-synaptic 5-HT1A
receptor expression. Front. Behav. Neurosci. 8, 199.
Amara, S.G., Kuhar, M.J., 1993. Neurotransmitter transporters: recent progress. Annu.
Rev. Neurosci. 16, 73–93.
Aoto, J., Nam, C.I., Poon, M.M., Ting, P., Chen, L., 2008. Synaptic signaling by all-trans
retinoic acid in homeostatic synaptic plasticity. Neuron 60, 308–320.
Arendt, K.L., Zhang, Y., Jurado, S., Malenka, R.C., Sudhof, T.C., Chen, L., 2015. Retinoic
acid and LTP recruit postsynaptic AMPA receptors using distinct SNARE-Dependent
mechanisms. Neuron 86, 442–456.
Azoulay, L., Oraichi, D., Berard, A., 2006. Patterns and utilization of isotretinoin for acne
from 1984 to 2003: is there need for concern? Eur. J. Clin. Pharmacol. 62, 667–674.
Bang, S.J., Jensen, P., Dymecki, S.M., Commons, K.G., 2012. Projections and interconnections of genetically defined serotonin neurons in mice. Eur. J. Neurosci. 35,
85–96.
Barak, Y., Wohl, Y., Greenberg, Y., Bar Dayan, Y., Friedman, T., Shoval, G., Knobler, H.Y.,
2005. Affective psychosis following Accutane (isotretinoin) treatment. Int. Clin.
Psychopharmacol. 20, 39–41.
Barnes, N.M., Sharp, T., 1999. A review of central 5-HT receptors and their function.
Neuropharmacology 38, 1083–1152.
Barrot, M., Olivier, J.D., Perrotti, L.I., DiLeone, R.J., Berton, O., Eisch, A.J., Impey, S.,
Storm, D.R., Neve, R.L., Yin, J.C., Zachariou, V., Nestler, E.J., 2002. CREB activity in
the nucleus accumbens shell controls gating of behavioral responses to emotional
stimuli. Proc Natl Acad Sci U S A 99, 11435–11440.
Bechara, A., Damasio, A.R., Damasio, H., Anderson, S.W., 1994. Insensitivity to future
consequences following damage to human prefrontal cortex. Cognition 50, 7–15.
Beliveau, V., Ganz, M., Feng, L., Ozenne, B., Hojgaard, L., Fisher, P.M., Svarer, C., Greve,
D.N., Knudsen, G.M., 2017. A high-resolution in vivo atlas of the human brain’s
serotonin system. J. Neurosci. 37, 120–128.
Bennett, M.R., 2011. The prefrontal-limbic network in depression: modulation by hypothalamus, basal ganglia and midbrain. Prog. Neurobiol. 93, 468–487.
Bergmann, O., Spalding, K.L., Frisen, J., 2015. Adult neurogenesis in humans. Cold Spring

This work was supported by National Science Foundation of China
(Grant No. 91732304); and the Strategic Priority Research Program of
Chinese Academy of Science (Grant No. XDB32020100). PJL is supported by Alzheimer Nederland, the Dutch Brain Foundation, and by
Amsterdam Brain & Cognition and the RPA Urban Mental Health of the
University of Amsterdam.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.neubiorev.2020.02.
013.
References
Abdelmaksoud, A., Vojvodic, A., Ayhan, E., Donmezdil, S., Jovicevic, T.V., Vojvodic, P.,
Lotti, T., Vestita, M., 2019. Depression, Isotretinoin, and Folic acid: a practical review. Dermatol. Ther., e13104.
Aggarwal, S., Kim, S.W., Cheon, K., Tabassam, F.H., Yoon, J.H., Koo, J.S., 2006.
Nonclassical action of retinoic acid on the activation of the cAMP response elementbinding protein in normal human bronchial epithelial cells. Mol. Biol. Cell 17,
566–575.
Albert, P.R., 2012. Transcriptional regulation of the 5-HT1A receptor: implications for
mental illness. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 367, 2402–2415.

387

Neuroscience and Biobehavioral Reviews 112 (2020) 376–391

P. Hu, et al.
Harb. Perspect. Biol. 7, a018994.
Berlin, H.A., Rolls, E.T., Kischka, U., 2004. Impulsivity, time perception, emotion and
reinforcement sensitivity in patients with orbitofrontal cortex lesions. Brain 127,
1108–1126.
Berman, R.M., Cappiello, A., Anand, A., Oren, D.A., Heninger, G.R., Charney, D.S.,
Krystal, J.H., 2000. Antidepressant effects of ketamine in depressed patients. Biol.
Psychiatry 47, 351–354.
Berrard, S., Faucon Biguet, N., Houhou, L., Lamouroux, A., Mallet, J., 1993. Retinoic acid
induces cholinergic differentiation of cultured newborn rat sympathetic neurons. J.
Neurosci. Res. 35, 382–389.
Bigby, M., Stern, R.S., 1988. Adverse reactions to isotretinoin. A report from the adverse
drug reaction reporting system. J. Am. Acad. Dermatol. 18, 543–552.
Blier, P., Pineyro, G., el Mansari, M., Bergeron, R., de Montigny, C., 1998. Role of somatodendritic 5-HT autoreceptors in modulating 5-HT neurotransmission. Ann. N. Y.
Acad. Sci. 861, 204–216.
Blomhoff, R., 1994. Introduction: overview of vitamin a metabolism and function. In:
Blomhoff, R. (Ed.), Vitamin A in Health and Disease. Marcel Dekker, New York, pp.
1–35.
Bondioni, S., Angioni, A.R., Corbetta, S., Locatelli, M., Ferrero, S., Ferrante, E.,
Mantovani, G., Olgiati, L., Beck-Peccoz, P., Spada, A., Lania, A.G., 2008. Effect of 9cis retinoic acid on dopamine D2 receptor expression in pituitary adenoma cells. Exp.
Biol. Med. (Maywood) 233, 439–446.
Bonhomme, D., Minni, A.M., Alfos, S., Roux, P., Richard, E., Higueret, P., Moisan, M.P.,
Pallet, V., Touyarot, K., 2014. Vitamin A status regulates glucocorticoid availability
in Wistar rats: consequences on cognitive functions and hippocampal neurogenesis?
Front. Behav. Neurosci. 8, 20.
Bonnet, E., Touyarot, K., Alfos, S., Pallet, V., Higueret, P., Abrous, D.N., 2008. Retinoic
acid restores adult hippocampal neurogenesis and reverses spatial memory deficit in
vitamin A deprived rats. PLoS One 3, e3487.
Bravard, P., Krug, M., Rzeznick, J.C., 1993. Isotretinoine et depression: soyons vigilants.
Nouvelle Dermatology 12, 215.
Bremner, J.D., McCaffery, P., 2008. The neurobiology of retinoic acid in affective disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 32, 315–331.
Bremner, J.D., Vythilingam, M., Vermetten, E., Nazeer, A., Adil, J., Khan, S., Staib, L.H.,
Charney, D.S., 2002. Reduced volume of orbitofrontal cortex in major depression.
Biol. Psychiatry 51, 273–279.
Bremner, J.D., Fani, N., Ashraf, A., Votaw, J.R., Brummer, M.E., Cummins, T., Vaccarino,
V., Goodman, M.M., Reed, L., Siddiq, S., Nemeroff, C.B., 2005. Functional brain
imaging alterations in acne patients treated with isotretinoin. Am. J. Psychiatry 162,
983–991.
Bremner, J.D., Shearer, K.D., McCaffery, P.J., 2012. Retinoic acid and affective disorders:
the evidence for an association. J. Clin. Psychiatry 73, 37–50.
Bruno, N.P., Beacham, B.E., Burnett, J.W., 1984. Adverse effects of isotretinoin therapy.
Cutis 33 (484-486), 489.
Byrne, A., Hnatko, G., 1995. Depression associated with isotretinoin therapy. Can. J.
Psychiatry 40, 567.
Cai, L., Yan, X.B., Chen, X.N., Meng, Q.Y., Zhou, J.N., 2010. Chronic all-trans retinoic acid
administration induced hyperactivity of HPA axis and behavioral changes in young
rats. Eur. Neuropsychopharmacol. 20, 839–847.
Cai, L., Li, R., Zhou, J.N., 2015. Chronic all-trans retinoic acid administration induces CRF
over-expression accompanied by AVP up-regulation and multiple CRF-controlling
receptors disturbance in the hypothalamus of rats. Brain Res. 1601, 1–7.
Canon, E., Cosgaya, J.M., Scsucova, S., Aranda, A., 2004. Rapid effects of retinoic acid on
CREB and ERK phosphorylation in neuronal cells. Mol. Biol. Cell 15, 5583–5592.
Carleton, B.C., Smith, M.A., Gelin, M.N., Heathcote, S.C., 2007. Paediatric adverse drug
reaction reporting: understanding and future directions. Can. J. Clin. Pharmacol. 14,
e45–57.
Carlezon Jr., W.A., Thome, J., Olson, V.G., Lane-Ladd, S.B., Brodkin, E.S., Hiroi, N.,
Duman, R.S., Neve, R.L., Nestler, E.J., 1998. Regulation of cocaine reward by CREB.
Science 282, 2272–2275.
Castren, E., Voikar, V., Rantamaki, T., 2007. Role of neurotrophic factors in depression.
Curr. Opin. Pharmacol. 7, 18–21.
Cervini, R., Berrard, S., Bejanin, S., Mallet, J., 1994. Regulation by CDF/LIF and retinoic
acid of multiple ChAT mRNAs produced from distinct promoters. Neuroreport 5,
1346–1348.
Chan, T.J., Her, L.S., Liaw, H.J., Chen, M.C., Tzeng, S.F., 2012. Retinoic acid mediates the
expression of glutamate transporter-1 in rat astrocytes through genomic RXR action
and non-genomic protein kinase C signaling pathway. J. Neurochem. 121, 537–550.
Chang, C.H., Grace, A.A., 2014. Amygdala-ventral pallidum pathway decreases dopamine
activity after chronic mild stress in rats. Biol. Psychiatry 76, 223–230.
Charest, A., Wainer, B.H., Albert, P.R., 1993. Cloning and differentiation-induced expression of a murine serotonin1A receptor in a septal cell line. J. Neurosci. 13,
5164–5171.
Chatzi, C., Brade, T., Duester, G., 2011. Retinoic acid functions as a key GABAergic differentiation signal in the basal ganglia. PLoS Biol. 9, e1000609.
Chaudhury, D., Walsh, J.J., Friedman, A.K., Juarez, B., Ku, S.M., Koo, J.W., Ferguson, D.,
Tsai, H.C., Pomeranz, L., Christoffel, D.J., Nectow, A.R., Ekstrand, M., Domingos, A.,
Mazei-Robison, M.S., Mouzon, E., Lobo, M.K., Neve, R.L., Friedman, J.M., Russo, S.J.,
Deisseroth, K., Nestler, E.J., Han, M.H., 2013. Rapid regulation of depression-related
behaviours by control of midbrain dopamine neurons. Nature 493, 532–536.
Chen, N., Napoli, J.L., 2008. All-trans-retinoic acid stimulates translation and induces
spine formation in hippocampal neurons through a membrane-associated RARalpha.
FASEB J. 22, 236–245.
Chen, X.N., Meng, Q.Y., Bao, A.M., Swaab, D.F., Wang, G.H., Zhou, J.N., 2009. The involvement of retinoic acid receptor-alpha in corticotropin-releasing hormone gene
expression and affective disorders. Biol. Psychiatry 66, 832–839.

Chen, L., Lau, A.G., Sarti, F., 2014. Synaptic retinoic acid signaling and homeostatic synaptic plasticity. Neuropharmacology 78, 3–12.
Chia, C.Y., Lane, W., Chibnall, J., Allen, A., Siegfried, E., 2005. Isotretinoin therapy and
mood changes in adolescents with moderate to severe acne: a cohort study. Arch.
Dermatol. 141, 557–560.
Chiang, M.Y., Misner, D., Kempermann, G., Schikorski, T., Giguere, V., Sucov, H.M., Gage,
F.H., Stevens, C.F., Evans, R.M., 1998. An essential role for retinoid receptors
RARbeta and RXRgamma in long-term potentiation and depression. Neuron 21,
1353–1361.
Christian, K.M., Song, H., Ming, G.L., 2014. Functions and dysfunctions of adult hippocampal neurogenesis. Annu. Rev. Neurosci. 37, 243–262.
Cott, A.D., Wisner, K.L., 1999. Isotretinoin treatment of a woman with bipolar disorder. J.
Clin. Psychiatry 60, 407–408.
Crandall, J., Sakai, Y., Zhang, J., Koul, O., Mineur, Y., Crusio, W.E., McCaffery, P., 2004.
13-cis-retinoic acid suppresses hippocampal cell division and hippocampal-dependent learning in mice. Proc. Natl. Acad. Sci. U. S. A. 101, 5111–5116.
De Deurwaerdere, P., Di Giovanni, G., 2017. Serotonergic modulation of the activity of
mesencephalic dopaminergic systems: therapeutic implications. Prog. Neurobiol.
151, 175–236.
Delgado, P.L., 2000. Depression: the case for a monoamine deficiency. J. Clin. Psychiatry
61 (Suppl 6), 7–11.
di Masi, A., Leboffe, L., De Marinis, E., Pagano, F., Cicconi, L., Rochette-Egly, C., Lo-Coco,
F., Ascenzi, P., Nervi, C., 2015d. Retinoic acid receptors: from molecular mechanisms
to cancer therapy. Mol. Aspects Med. 41, 1–115.
Drago, A., Crisafulli, C., Sidoti, A., Serretti, A., 2011. The molecular interaction between
the glutamatergic, noradrenergic, dopaminergic and serotoninergic systems informs a
detailed genetic perspective on depressive phenotypes. Prog. Neurobiol. 94, 418–460.
Dremencov, E., El Mansari, M., Blier, P., 2007. Noradrenergic augmentation of escitalopram response by risperidone: electrophysiologic studies in the rat brain. Biol.
Psychiatry 61, 671–678.
Drevets, W.C., Price, J.L., Simpson Jr., J.R., Todd, R.D., Reich, T., Vannier, M., Raichle,
M.E., 1997. Subgenual prefrontal cortex abnormalities in mood disorders. Nature
386, 824–827.
Drevets, W.C., Savitz, J., Trimble, M., 2008. The subgenual anterior cingulate cortex in
mood disorders. CNS Spectr. 13, 663–681.
Drew, L.J., Kheirbek, M.A., Luna, V.M., Denny, C.A., Cloidt, M.A., Wu, M.V., Jain, S.,
Scharfman, H.E., Hen, R., 2016. Activation of local inhibitory circuits in the dentate
gyrus by adult-born neurons. Hippocampus 26, 763–778.
Duke, E.E., Guenther, L., 1993. Psychiatric reactions to the retinoids. Can J Dermatol 5,
467.
Duman, R.S., Monteggia, L.M., 2006. A neurotrophic model for stress-related mood disorders. Biol. Psychiatry 59, 1116–1127.
Durston, A.J., Timmermans, J.P., Hage, W.J., Hendriks, H.F., de Vries, N.J., Heideveld,
M., Nieuwkoop, P.D., 1989. Retinoic acid causes an anteroposterior transformation in
the developing central nervous system. Nature 340, 140–144.
Dziedzicka-Wasylewska, M., Solich, J., 2004. Neuronal cell lines transfected with the
dopamine D2 receptor gene promoter as a model for studying the effects of antidepressant drugs. Brain Res. Mol. Brain Res. 128, 75–82.
Ehnvall, A., Sjogren, M., Zachrisson, O.C., Agren, H., 2003. Lifetime burden of mood
swings and activation of brain norepinephrine turnover in patients with treatmentrefractory depressive illness. J. Affect. Disord. 74, 185–189.
Eisch, A.J., Bolanos, C.A., de Wit, J., Simonak, R.D., Pudiak, C.M., Barrot, M., Verhaagen,
J., Nestler, E.J., 2003. Brain-derived neurotrophic factor in the ventral midbrainnucleus accumbens pathway: a role in depression. Biol. Psychiatry 54, 994–1005.
Erensoy, H., Ceylan, M.E., Ceylan, H.Z., 2014. Isotretinoin and psychotic mania. West
Indian Med. J. 63, 555–556.
Eriksson, P.S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A.M., Nordborg, C., Peterson,
D.A., Gage, F.H., 1998. Neurogenesis in the adult human hippocampus. Nat. Med. 4,
1313–1317.
Ernst, A., Frisen, J., 2015. Adult neurogenesis in humans- common and unique traits in
mammals. PLoS Biol. 13, e1002045.
Eshel, N., Tian, J., Bukwich, M., Uchida, N., 2016. Dopamine neurons share common
response function for reward prediction error. Nat. Neurosci. 19, 479–486.
Etchamendy, N., Enderlin, V., Marighetto, A., Vouimba, R.M., Pallet, V., Jaffard, R.,
Higueret, P., 2001. Alleviation of a selective age-related relational memory deficit in
mice by pharmacologically induced normalization of brain retinoid signaling. J.
Neurosci. 21, 6423–6429.
Etchamendy, N., Enderlin, V., Marighetto, A., Pallet, V., Higueret, P., Jaffard, R., 2003.
Vitamin A deficiency and relational memory deficit in adult mice: relationships with
changes in brain retinoid signalling. Behav. Brain Res. 145, 37–49.
Ferahbas, A., Turan, M.T., Esel, E., Utas, S., Kutlugun, C., Kilic, C.G., 2004. A pilot study
evaluating anxiety and depressive scores in acne patients treated with isotretinoin. J.
Dermatolog. Treat. 15, 153–157.
Ferguson, S.A., Cisneros, F.J., Gough, B., Hanig, J.P., Berry, K.J., 2005a. Chronic oral
treatment with 13-cis-retinoic acid (isotretinoin) or all-trans-retinoic acid does not
alter depression-like behaviors in rats. Toxicol. Sci. 87, 451–459.
Ferguson, S.A., Cisneros, F.J., Gough, B.J., Ali, S.F., 2005b. Four weeks of oral isotretinoin
treatment causes few signs of general toxicity in male and female Sprague-Dawley
rats. Food Chem. Toxicol. 43, 1289–1296.
Ferguson, S.A., Cisneros, F.J., Hanig, J.P., Berry, K.J., 2007. Oral treatment with
ACCUTANE does not increase measures of anhedonia or depression in rats.
Neurotoxicol. Teratol. 29, 642–651.
Fiskerstrand, C.E., Lovejoy, E.A., Quinn, J.P., 1999. An intronic polymorphic domain
often associated with susceptibility to affective disorders has allele dependent differential enhancer activity in embryonic stem cells. FEBS Lett. 458, 171–174.
Fragoso, Y.D., Shearer, K.D., Sementilli, A., de Carvalho, L.V., McCaffery, P.J., 2012. High

388

Neuroscience and Biobehavioral Reviews 112 (2020) 376–391

P. Hu, et al.
expression of retinoic acid receptors and synthetic enzymes in the human hippocampus. Brain Struct. Funct. 217, 473–483.
Friedman, T., Wohl, Y., Knobler, H.Y., Lubin, G., Brenner, S., Levi, Y., Barak, Y., 2006.
Increased use of mental health services related to isotretinoin treatment: a 5-year
analysis. Eur. Neuropsychopharmacol. 16, 413–416.
Gallo, R., Zazzeroni, F., Alesse, E., Mincione, C., Borello, U., Buanne, P., D’Eugenio, R.,
Mackay, A.R., Argenti, B., Gradini, R., Russo, M.A., Maroder, M., Cossu, G., Frati, L.,
Screpanti, I., Gulino, A., 2002. REN: a novel, developmentally regulated gene that
promotes neural cell differentiation. J. Cell Biol. 158, 731–740.
Garcia-Garcia, A.L., Newman-Tancredi, A., Leonardo, E.D., 2014. 5-HT(1A) [corrected]
receptors in mood and anxiety: recent insights into autoreceptor versus heteroreceptor function. Psychopharmacology (Berl.) 231, 623–636.
Garcia-Sevilla, J.A., Escriba, P.V., Ozaita, A., La Harpe, R., Walzer, C., Eytan, A., Guimon,
J., 1999. Up-regulation of immunolabeled alpha2A-adrenoceptors, Gi coupling proteins, and regulatory receptor kinases in the prefrontal cortex of depressed suicides. J.
Neurochem. 72, 282–291.
Goodman, T., Crandall, J.E., Nanescu, S.E., Quadro, L., Shearer, K., Ross, A., McCaffery,
P., 2012. Patterning of retinoic acid signaling and cell proliferation in the hippocampus. Hippocampus 22, 2171–2183.
Grace, A.A., 2016. Dysregulation of the dopamine system in the pathophysiology of
schizophrenia and depression. Nat. Rev. Neurosci. 17, 524–532.
Guiard, B.P., El Mansari, M., Merali, Z., Blier, P., 2008. Functional interactions between
dopamine, serotonin and norepinephrine neurons: an in-vivo electrophysiological
study in rats with monoaminergic lesions. Int. J. Neuropsychopharmacol. 11,
625–639.
Guo, M., Zhu, J., Yang, T., Lai, X., Liu, X., Liu, J., Chen, J., Li, T., 2018. Vitamin A
improves the symptoms of autism spectrum disorders and decreases 5-hydroxytryptamine (5-HT): a pilot study. Brain Res. Bull. 137, 35–40.
Handler, A., Lobo, M.D., Alonso, F.J., Paino, C.L., Mena, M.A., 2000. Functional implications of the noradrenergic-cholinergic switch induced by retinoic acid in NB69
neuroblastoma cells. J. Neurosci. Res. 60, 311–320.
Hanna, K.J., Agnieszka, K.P., Michal, D., Dariusz, J., Izabela, D., Agata, M., Halina, D.S.,
2016. Affective disorders as potential complication of anti-acne treatment with isotretinoin: a case series. J. Affect. Disord. 204, 154–158.
Hanson, N., Leachman, S., 2001. Safety issues in isotretinoin therapy. Semin. Cutan. Med.
Surg. 20, 166–183.
Haybaeck, J., Postruznik, M., Miller, C.L., Dulay, J.R., Llenos, I.C., Weis, S., 2015.
Increased expression of retinoic acid-induced gene 1 in the dorsolateral prefrontal
cortex in schizophrenia, bipolar disorder, and major depression. Neuropsychiatr. Dis.
Treat. 11, 279–289.
Hazen, P.G., Carney, J.F., Walker, A.E., Stewart, J.J., 1983. Depression–a side effect of 13cis-retinoic acid therapy. J. Am. Acad. Dermatol. 9, 278–279.
Hersom, K., Neary, M.P., Levaux, H.P., Klaskala, W., Strauss, J.S., 2003. Isotretinoin and
antidepressant pharmacotherapy: a prescription sequence symmetry analysis. J. Am.
Acad. Dermatol. 49, 424–432.
Hill, A.S., Sahay, A., Hen, R., 2015. Increasing adult hippocampal neurogenesis is sufficient to reduce anxiety and depression-like behaviors. Neuropsychopharmacology 40,
2368–2378.
Hohmann, S., Schweinfurth, N., Lau, T., Deuschle, M., Lederbogen, F., Banaschewski, T.,
Schloss, P., 2011. Differential expression of neuronal dopamine and serotonin
transporters DAT and SERT in megakaryocytes and platelets generated from human
MEG-01 megakaryoblasts. Cell Tissue Res. 346, 151–161.
Hsu, Y.T., Li, J., Wu, D., Sudhof, T.C., Chen, L., 2019. Synaptic retinoic acid receptor
signaling mediates mTOR-dependent metaplasticity that controls hippocampal
learning. Proc. Natl. Acad. Sci. U. S. A. 116, 7113–7122.
Hu, P., Liu, J., Zhao, J., Qi, X.R., Qi, C.C., Lucassen, P.J., Zhou, J.N., 2013. All-trans
retinoic acid-induced hypothalamus-pituitary-adrenal hyperactivity involves glucocorticoid receptor dysregulation. Transl. Psychiatry 3, e336.
Hu, P., Wang, Y., Liu, J., Meng, F.T., Qi, X.R., Chen, L., van Dam, A.M., Joels, M.,
Lucassen, P.J., Zhou, J.N., 2016. Chronic retinoic acid treatment suppresses adult
hippocampal neurogenesis, in close correlation with depressive-like behavior.
Hippocampus 26, 911–923.
Hull, P.R., D’Arcy, C., 2003. Isotretinoin use and subsequent depression and suicide:
presenting the evidence. Am. J. Clin. Dermatol. 4, 493–505.
Hull, P.R., Demkiw-Bartel, C., 2000. Isotretinoin use in acne: prospective evaluation of
adverse events. J. Cutan. Med. Surg. 4, 66–70.
Idres, N., Marill, J., Flexor, M.A., Chabot, G.G., 2002. Activation of retinoic acid receptordependent transcription by all-trans-retinoic acid metabolites and isomers. J. Biol.
Chem. 277, 31491–31498.
Ikemoto, S., 2007. Dopamine reward circuitry: two projection systems from the ventral
midbrain to the nucleus accumbens-olfactory tubercle complex. Brain Res. Rev. 56,
27–78.
Imoesi, P.I., Bowman, E.E., Stoney, P.N., Matz, S., McCaffery, P., 2019. Rapid action of
retinoic acid on the hypothalamic pituitary adrenal Axis. Front. Mol. Neurosci. 12,
259.
Ishikawa, J., Sutoh, C., Ishikawa, A., Kagechika, H., Hirano, H., Nakamura, S., 2008. 13cis-retinoic acid alters the cellular morphology of slice-cultured serotonergic neurons
in the rat. Eur. J. Neurosci. 27, 2363–2372.
Jacobs, S., Lie, D.C., DeCicco, K.L., Shi, Y., DeLuca, L.M., Gage, F.H., Evans, R.M., 2006.
Retinoic acid is required early during adult neurogenesis in the dentate gyrus. Proc.
Natl. Acad. Sci. U. S. A. 103, 3902–3907.
Janesick, A., Wu, S.C., Blumberg, B., 2015. Retinoic acid signaling and neuronal differentiation. Cell. Mol. Life Sci. 72, 1559–1576.
Jay, T.M., Rocher, C., Hotte, M., Naudon, L., Gurden, H., Spedding, M., 2004. Plasticity at
hippocampal to prefrontal cortex synapses is impaired by loss of dopamine and stress:
importance for psychiatric diseases. Neurotox. Res. 6, 233–244.

Jick, S.S., Kremers, H.M., Vasilakis-Scaramozza, C., 2000. Isotretinoin use and risk of
depression, psychotic symptoms, suicide, and attempted suicide. Arch. Dermatol.
136, 1231–1236.
Kaplan, D.R., Matsumoto, K., Lucarelli, E., Thiele, C.J., 1993. Induction of TrkB by retinoic acid mediates biologic responsiveness to BDNF and differentiation of human
neuroblastoma cells. Eukaryotic Signal Transduction Group. Neuron 11, 321–331.
Ke, Q., Li, R., Cai, L., Wu, S.D., Li, C.M., 2019. Ro41-5253, a selective antagonist of
retinoic acid receptor alpha, ameliorates chronic unpredictable mild stress-induced
depressive-like behaviors in rats: involvement of regulating HPA axis and improving
hippocampal neuronal deficits. Brain Res. Bull. 146, 302–309.
Kempermann, G., Gage, F.H., Aigner, L., Song, H., Curtis, M.A., Thuret, S., Kuhn, H.G.,
Jessberger, S., Frankland, P.W., Cameron, H.A., Gould, E., Hen, R., Abrous, D.N.,
Toni, N., Schinder, A.F., Zhao, X., Lucassen, P.J., Frisen, J., 2018. Human adult
neurogenesis: evidence and remaining questions. Cell Stem Cell 23, 25–30.
Kitaoka, K., Hattori, A., Chikahisa, S., Miyamoto, K., Nakaya, Y., Sei, H., 2007. Vitamin A
deficiency induces a decrease in EEG delta power during sleep in mice. Brain Res.
1150, 121–130.
Kobayashi, M., Kurihara, K., Matsuoka, I., 1994a. Retinoic acid induces BDNF responsiveness of sympathetic neurons by alteration of Trk neurotrophin receptor expression. FEBS Lett. 356, 60–65.
Kobayashi, M., Matsuoka, I., Kurihara, K., 1994b. Cholinergic differentiation of cultured
sympathetic neurons induced by retinoic acid. Induction of choline acetyltransferasemRNA and suppression of tyrosine hydroxylase-mRNA levels. FEBS Lett. 337,
259–264.
Kontaxakis, V.P., Skourides, D., Ferentinos, P., Havaki-Kontaxaki, B.J., Papadimitriou,
G.N., 2009. Isotretinoin and psychopathology: a review. Ann. Gen. Psychiatry 8, 2.
Krezel, W., Ghyselinck, N., Samad, T.A., Dupe, V., Kastner, P., Borrelli, E., Chambon, P.,
1998. Impaired locomotion and dopamine signaling in retinoid receptor mutant mice.
Science 279, 863–867.
Krezel, W., Kastner, P., Chambon, P., 1999. Differential expression of retinoid receptors in
the adult mouse central nervous system. Neuroscience 89, 1291–1300.
Krzyzosiak, A., Szyszka-Niagolov, M., Wietrzych, M., Gobaille, S., Muramatsu, S., Krezel,
W., 2010. Retinoid x receptor gamma control of affective behaviors involves dopaminergic signaling in mice. Neuron 66, 908–920.
Lacerda, A.L., Keshavan, M.S., Hardan, A.Y., Yorbik, O., Brambilla, P., Sassi, R.B.,
Nicoletti, M., Mallinger, A.G., Frank, E., Kupfer, D.J., Soares, J.C., 2004. Anatomic
evaluation of the orbitofrontal cortex in major depressive disorder. Biol. Psychiatry
55, 353–358.
Lai, T., Payne, M.E., Byrum, C.E., Steffens, D.C., Krishnan, K.R., 2000. Reduction of orbital frontal cortex volume in geriatric depression. Biol. Psychiatry 48, 971–975.
Laifenfeld, D., Klein, E., Ben-Shachar, D., 2002. Norepinephrine alters the expression of
genes involved in neuronal sprouting and differentiation: relevance for major depression and antidepressant mechanisms. J. Neurochem. 83, 1054–1064.
Lammel, S., Hetzel, A., Hackel, O., Jones, I., Liss, B., Roeper, J., 2008. Unique properties
of mesoprefrontal neurons within a dual mesocorticolimbic dopamine system.
Neuron 57, 760–773.
Lane, M.A., Bailey, S.J., 2005. Role of retinoid signalling in the adult brain. Prog.
Neurobiol. 75, 275–293.
Larsen, R., Proue, A., Scott, E.P., Christiansen, M., Nakagawa, Y., 2019. The thalamus
regulates retinoic acid signaling and development of parvalbumin interneurons in
postnatal mouse prefrontal cortex. eNeuro 6.
Lee, S.H., Payne, M.E., Steffens, D.C., McQuoid, D.R., Lai, T.J., Provenzale, J.M.,
Krishnan, K.R., 2003. Subcortical lesion severity and orbitofrontal cortex volume in
geriatric depression. Biol. Psychiatry 54, 529–533.
Liao, Y.P., Ho, S.Y., Liou, J.C., 2004. Non-genomic regulation of transmitter release by
retinoic acid at developing motoneurons in Xenopus cell culture. J. Cell. Sci. 117,
2917–2924.
Lin, Y.L., Persaud, S.D., Nhieu, J., Wei, L.N., 2017. Cellular retinoic acid-binding protein 1
modulates stem cell proliferation to affect learning and memory in male mice.
Endocrinology 158, 3004–3014.
Lucassen, P.J., Heine, V.M., Muller, M.B., van der Beek, E.M., Wiegant, V.M., De Kloet,
E.R., Joels, M., Fuchs, E., Swaab, D.F., Czeh, B., 2006. Stress, depression and hippocampal apoptosis. CNS Neurol. Disord. Drug Targets 5, 531–546.
Lucassen, P.J., Meerlo, P., Naylor, A.S., van Dam, A.M., Dayer, A.G., Fuchs, E., Oomen,
C.A., Czeh, B., 2010. Regulation of adult neurogenesis by stress, sleep disruption,
exercise and inflammation: Implications for depression and antidepressant action.
Eur. Neuropsychopharmacol. 20, 1–17.
Lucassen, P.J., Fitzsimons, C.P., Korosi, A., Joels, M., Belzung, C., Abrous, D.N., 2013.
Stressing new neurons into depression? Mol. Psychiatry 18, 396–397.
Lucassen, P.J., Oomen, C.A., Naninck, E.F., Fitzsimons, C.P., van Dam, A.M., Czeh, B.,
Korosi, A., 2015. Regulation of adult neurogenesis and plasticity by (Early) stress,
glucocorticoids, and inflammation. Cold Spring Harb. Perspect. Biol. 7, a021303.
Lucassen, P.J., Toni, N., Kempermann, G., Frisen, J., Gage, F.H., Swaab, D.F., 2019. Limits
to human neurogenesis-really? Mol. Psychiatry.
Ludot, M., Mouchabac, S., Ferreri, F., 2015. Inter-relationships between isotretinoin
treatment and psychiatric disorders: depression, bipolar disorder, anxiety, psychosis
and suicide risks. World J. Psychiatry 5, 222–227.
Luo, T., Wagner, E., Crandall, J.E., Drager, U.C., 2004. A retinoic-acid critical period in
the early postnatal mouse brain. Biol. Psychiatry 56, 971–980.
Maas, J.W., Fawcett, J.A., Dekirmenjian, H., 1972. Catecholamine metabolism, depressive
illness, and drug response. Arch. Gen. Psychiatry 26, 252–262.
Maden, M., 2002. Retinoid signalling in the development of the central nervous system.
Nat. Rev. Neurosci. 3, 843–853.
Maden, M., 2007. Retinoic acid in the development, regeneration and maintenance of the
nervous system. Nat. Rev. Neurosci. 8, 755–765.
Maden, M., Holder, N., 1991. The involvement of retinoic acid in the development of the

389

Neuroscience and Biobehavioral Reviews 112 (2020) 376–391

P. Hu, et al.
vertebrate central nervous system. Dev Suppl Suppl 2, 87–94.
Maghsoodi, B., Poon, M.M., Nam, C.I., Aoto, J., Ting, P., Chen, L., 2008. Retinoic acid
regulates RARalpha-mediated control of translation in dendritic RNA granules during
homeostatic synaptic plasticity. Proc. Natl. Acad. Sci. U. S. A. 105, 16015–16020.
Mahar, I., Bambico, F.R., Mechawar, N., Nobrega, J.N., 2014. Stress, serotonin, and
hippocampal neurogenesis in relation to depression and antidepressant effects.
Neurosci. Biobehav. Rev. 38, 173–192.
Maletic, V., Eramo, A., Gwin, K., Offord, S.J., Duffy, R.A., 2017. The role of norepinephrine and its alpha-adrenergic receptors in the pathophysiology and treatment
of major depressive disorder and schizophrenia: a systematic review. Front.
Psychiatry 8, 42.
Mao, L., Ding, J., Zha, Y., Yang, L., McCarthy, B.A., King, W., Cui, H., Ding, H.F., 2011.
HOXC9 links cell-cycle exit and neuronal differentiation and is a prognostic marker in
neuroblastoma. Cancer Res. 71, 4314–4324.
Masia, S., Alvarez, S., de Lera, A.R., Barettino, D., 2007. Rapid, nongenomic actions of
retinoic acid on phosphatidylinositol-3-kinase signaling pathway mediated by the
retinoic acid receptor. Mol. Endocrinol. 21, 2391–2402.
Matsuoka, I., Kumagai, M., Kurihara, K., 1997. Differential and coordinated regulation of
expression of norepinephrine transporter in catecholaminergic cells in culture. Brain
Res. 776, 181–188.
McCaffery, P., Drager, U.C., 1994. High levels of a retinoic acid-generating dehydrogenase in the meso-telencephalic dopamine system. Proc. Natl. Acad. Sci. U. S. A.
91, 7772–7776.
McCaffery, P.J., Adams, J., Maden, M., Rosa-Molinar, E., 2003. Too much of a good thing:
retinoic acid as an endogenous regulator of neural differentiation and exogenous
teratogen. Eur. J. Neurosci. 18, 457–472.
McCaffery, P., Zhang, J., Crandall, J.E., 2006. Retinoic acid signaling and function in the
adult hippocampus. J. Neurobiol. 66, 780–791.
McCoy, K., 2004. Drug Maker Rebuffed Call to Monitor Users. New York. pp. 1–2.
Meng, Q.Y., Chen, X.N., Zhao, J., Swaab, D.F., Zhou, J.N., 2011. Distribution of retinoic
acid receptor-alpha immunoreactivity in the human hypothalamus. Neuroscience
174, 132–142.
Mey, J., McCaffery, P., 2004. Retinoic acid signaling in the nervous system of adult
vertebrates. Neuroscientist 10, 409–421.
Mi, J.Q., Li, J.M., Shen, Z.X., Chen, S.J., Chen, Z., 2012. How to manage acute promyelocytic leukemia. Leukemia 26, 1743–1751.
Middelkoop, T., 1999. Roaccutane (Isotretinoin) and the risk of suicide: case report and a
review of the literature and pharmacovigilance reports. J. Pharm Practice 12,
374–378.
Millan, M.J., 2006. Multi-target strategies for the improved treatment of depressive states:
conceptual foundations and neuronal substrates, drug discovery and therapeutic
application. Pharmacol. Ther. 110, 135–370.
Miller, B.R., Hen, R., 2015. The current state of the neurogenic theory of depression and
anxiety. Curr. Opin. Neurobiol. 30, 51–58.
Mingaud, F., Mormede, C., Etchamendy, N., Mons, N., Niedergang, B., Wietrzych, M.,
Pallet, V., Jaffard, R., Krezel, W., Higueret, P., Marighetto, A., 2008. Retinoid hyposignaling contributes to aging-related decline in hippocampal function in shortterm/working memory organization and long-term declarative memory encoding in
mice. J. Neurosci. 28, 279–291.
Mishra, S., Kelly, K.K., Rumian, N.L., Siegenthaler, J.A., 2018. Retinoic acid is required
for neural stem and progenitor cell proliferation in the adult Hippocampus. Stem Cell
Reports 10, 1705–1720.
Misner, D.L., Jacobs, S., Shimizu, Y., de Urquiza, A.M., Solomin, L., Perlmann, T., De
Luca, L.M., Stevens, C.F., Evans, R.M., 2001. Vitamin A deprivation results in reversible loss of hippocampal long-term synaptic plasticity. Proc Natl. Acad. Sci. U. S.
A. 98, 11714–11719.
Montoya, A., Bruins, R., Katzman, M.A., Blier, P., 2016. The noradrenergic paradox:
implications in the management of depression and anxiety. Neuropsychiatr. Dis.
Treat. 12, 541–557.
Muscettola, G., Potter, W.Z., Pickar, D., Goodwin, F.K., 1984. Urinary 3-methoxy-4-hydroxyphenylglycol and major affective disorders. A replication and new findings.
Arch. Gen. Psychiatry 41, 337–342.
Naranjo, C.A., Tremblay, L.K., Busto, U.E., 2001. The role of the brain reward system in
depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 25, 781–823.
Nelson, J.C., Mazure, C.M., Jatlow, P.I., Bowers Jr., M.B., Price, L.H., 2004. Combining
norepinephrine and serotonin reuptake inhibition mechanisms for treatment of depression: a double-blind, randomized study. Biol. Psychiatry 55, 296–300.
Nemeroff, C.B., Owens, M.J., 2002. Treatment of mood disorders. Nat. Neurosci. 5
(Suppl), 1068–1070.
Nestler, E.J., Carlezon Jr., W.A., 2006. The mesolimbic dopamine reward circuit in depression. Biol. Psychiatry 59, 1151–1159.
Ng, C.H., Schweitzer, I., 2003. The association between depression and isotretinoin use in
acne. Aust. N. Z. J. Psychiatry 37, 78–84.
Nicotra, A., Falasca, L., Senatori, O., Conti Devirgiliis, L., 2002. Monoamine oxidase A and
B activities in embryonic chick hepatocytes: differential regulation by retinoic acid.
Cell Biochem. Funct. 20, 87–94.
Nomoto, M., Takeda, Y., Uchida, S., Mitsuda, K., Enomoto, H., Saito, K., Choi, T., Watabe,
A.M., Kobayashi, S., Masushige, S., Manabe, T., Kida, S., 2012. Dysfunction of the
RAR/RXR signaling pathway in the forebrain impairs hippocampal memory and synaptic plasticity. Mol. Brain 5, 8.
O’Connell, K.A., Wilkin, J.K., Pitts, M., 2003. Isotretinoin (Accutane) and serious psychiatric adverse events. J. Am. Acad. Dermatol. 48, 306–308 author reply 308.
O’Reilly, K.C., Shumake, J., Gonzalez-Lima, F., Lane, M.A., Bailey, S.J., 2006. Chronic
administration of 13-cis-retinoic acid increases depression-related behavior in mice.
Neuropsychopharmacology 31, 1919–1927.
O’Reilly, K.C., Trent, S., Bailey, S.J., Lane, M.A., 2007. 13-cis-Retinoic acid alters

intracellular serotonin, increases 5-HT1A receptor, and serotonin reuptake transporter levels in vitro. Exp. Biol. Med. (Maywood) 232, 1195–1203.
O’Reilly, K., Bailey, S.J., Lane, M.A., 2008. Retinoid-mediated regulation of mood: possible cellular mechanisms. Exp. Biol. Med. (Maywood) 233, 251–258.
Oliveira, J.M., Sobreira, G., Velosa, J., Telles Correia, D., Filipe, P., 2018. Association of
isotretinoin with depression and suicide: a review of current literature. J. Cutan. Med.
Surg. 22, 58–64.
Opendak, M., Gould, E., 2011. New neurons maintain efficient stress recovery. Cell Stem
Cell 9, 287–288.
Ordway, G.A., Schenk, J., Stockmeier, C.A., May, W., Klimek, V., 2003. Elevated agonist
binding to alpha2-adrenoceptors in the locus coeruleus in major depression. Biol.
Psychiatry 53, 315–323.
Pandit, R., Omrani, A., Luijendijk, M.C., de Vrind, V.A., Van Rozen, A.J., Ophuis, R.J.,
Garner, K., Kallo, I., Ghanem, A., Liposits, Z., Conzelmann, K.K., Vanderschuren, L.J.,
la Fleur, S.E., Adan, R.A., 2016. Melanocortin 3 receptor signaling in midbrain dopamine neurons increases the motivation for food reward.
Neuropsychopharmacology 41, 2241–2251.
Peleg-Raibstein, D., Pezze, M.A., Ferger, B., Zhang, W.N., Murphy, C.A., Feldon, J., Bast,
T., 2005. Activation of dopaminergic neurotransmission in the medial prefrontal
cortex by N-methyl-d-aspartate stimulation of the ventral hippocampus in rats.
Neuroscience 132, 219–232.
Pliakas, A.M., Carlson, R.R., Neve, R.L., Konradi, C., Nestler, E.J., Carlezon Jr., W.A.,
2001. Altered responsiveness to cocaine and increased immobility in the forced swim
test associated with elevated cAMP response element-binding protein expression in
nucleus accumbens. J. Neurosci. 21, 7397–7403.
Qi, X.R., Zhao, J., Liu, J., Fang, H., Swaab, D.F., Zhou, J.N., 2015. Abnormal retinoid and
TrkB signaling in the prefrontal cortex in mood disorders. Cereb. Cortex 25, 75–83.
Quesseveur, G., Gardier, A.M., Guiard, B.P., 2013. The monoaminergic tripartite synapse:
a putative target for currently available antidepressant drugs. Curr. Drug Targets 14,
1277–1294.
Rajkowska, G., Miguel-Hidalgo, J.J., Wei, J., Dilley, G., Pittman, S.D., Meltzer, H.Y.,
Overholser, J.C., Roth, B.L., Stockmeier, C.A., 1999. Morphometric evidence for
neuronal and glial prefrontal cell pathology in major depression. Biol. Psychiatry 45,
1085–1098.
Ransom, J., Morgan, P.J., McCaffery, P.J., Stoney, P.N., 2014. The rhythm of retinoids in
the brain. J. Neurochem. 129, 366–376.
Revest, J.M., Dupret, D., Koehl, M., Funk-Reiter, C., Grosjean, N., Piazza, P.V., Abrous,
D.N., 2009. Adult hippocampal neurogenesis is involved in anxiety-related behaviors.
Mol. Psychiatry 14, 959–967.
Riad, M., Watkins, K.C., Doucet, E., Hamon, M., Descarries, L., 2001. Agonist-induced
internalization of serotonin-1a receptors in the dorsal raphe nucleus (autoreceptors)
but not hippocampus (heteroreceptors). J. Neurosci. 21, 8378–8386.
Richardson-Jones, J.W., Craige, C.P., Guiard, B.P., Stephen, A., Metzger, K.L., Kung, H.F.,
Gardier, A.M., Dranovsky, A., David, D.J., Beck, S.G., Hen, R., Leonardo, E.D., 2010.
5-HT1A autoreceptor levels determine vulnerability to stress and response to antidepressants. Neuron 65, 40–52.
Rocher, C., Spedding, M., Munoz, C., Jay, T.M., 2004. Acute stress-induced changes in
hippocampal/prefrontal circuits in rats: effects of antidepressants. Cereb. Cortex 14,
224–229.
Sakai, Y., Crandall, J.E., Brodsky, J., McCaffery, P., 2004. 13-cis Retinoic acid (accutane)
suppresses hippocampal cell survival in mice. Ann. N. Y. Acad. Sci. 1021, 436–440.
Samad, T.A., Krezel, W., Chambon, P., Borrelli, E., 1997. Regulation of dopaminergic
pathways by retinoids: activation of the D2 receptor promoter by members of the
retinoic acid receptor-retinoid X receptor family. Proc. Natl. Acad. Sci. U. S. A. 94,
14349–14354.
Samuels, B.A., Anacker, C., Hu, A., Levinstein, M.R., Pickenhagen, A., Tsetsenis, T.,
Madronal, N., Donaldson, Z.R., Drew, L.J., Dranovsky, A., Gross, C.T., Tanaka, K.F.,
Hen, R., 2015. 5-HT1A receptors on mature dentate gyrus granule cells are critical for
the antidepressant response. Nat. Neurosci. 18, 1606–1616.
Samuels, B.A., Mendez-David, I., Faye, C., David, S.A., Pierz, K.A., Gardier, A.M., Hen, R.,
David, D.J., 2016. Serotonin 1A and serotonin 4 receptors: essential mediators of the
neurogenic and behavioral actions of antidepressants. Neuroscientist 22, 26–45.
Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., Weisstaub, N., Lee,
J., Duman, R., Arancio, O., Belzung, C., Hen, R., 2003. Requirement of hippocampal
neurogenesis for the behavioral effects of antidepressants. Science 301, 805–809.
Sapolsky, R.M., 2000. The possibility of neurotoxicity in the hippocampus in major depression: a primer on neuron death. Biol. Psychiatry 48, 755–765.
Sarti, F., Schroeder, J., Aoto, J., Chen, L., 2012. Conditional RARalpha knockout mice
reveal acute requirement for retinoic acid and RARalpha in homeostatic plasticity.
Front. Mol. Neurosci. 5, 16.
Schaffer, L.C., Schaffer, C.B., Hunter, S., Miller, A., 2010. Psychiatric reactions to isotretinoin in patients with bipolar disorder. J. Affect. Disord. 122, 306–308.
Schatzberg, A.F., Samson, J.A., Bloomingdale, K.L., Orsulak, P.J., Gerson, B., Kizuka, P.P.,
Cole, J.O., Schildkraut, J.J., 1989. Toward a biochemical classification of depressive
disorders. X. Urinary catecholamines, their metabolites, and D-type scores in subgroups of depressive disorders. Arch. Gen. Psychiatry 46, 260–268.
Scheinman, P.L., Peck, G.L., Rubinow, D.R., DiGiovanna, J.J., Abangan, D.L., Ravin, P.D.,
1990. Acute depression from isotretinoin. J. Am. Acad. Dermatol. 22, 1112–1114.
Schug, T.T., Berry, D.C., Shaw, N.S., Travis, S.N., Noy, N., 2007. Opposing effects of
retinoic acid on cell growth result from alternate activation of two different nuclear
receptors. Cell 129, 723–733.
Schulpis, K., Georgala, S., Papakonstantinou, E.D., Michas, T., 1999. Psychological and
sympatho-adrenal status in patients with cystic acne. J. Eur. Acad. Dermatol.
Venereol. 13, 24–27.
Seager, M.A., Barth, V.N., Phebus, L.A., Rasmussen, K., 2005. Chronic coadministration of
olanzapine and fluoxetine activates locus coeruleus neurons in rats: implications for

390

Neuroscience and Biobehavioral Reviews 112 (2020) 376–391

P. Hu, et al.

regulates the developmental expression of dopamine D2 receptor in rat striatal primary cultures. J. Neurochem. 71, 929–936.
Valenti, O., Gill, K.M., Grace, A.A., 2012. Different stressors produce excitation or inhibition of mesolimbic dopamine neuron activity: response alteration by stress preexposure. Eur. J. Neurosci. 35, 1312–1321.
Verwer, R.W., Sluiter, A.A., Balesar, R.A., Baayen, J.C., Noske, D.P., Dirven, C.M., Wouda,
J., van Dam, A.M., Lucassen, P.J., Swaab, D.F., 2007. Mature astrocytes in the adult
human neocortex express the early neuronal marker doublecortin. Brain 130,
3321–3335.
Villalobos, D., Ellis, M., Snodgrass, W.R., 1989. Isotretinoin (Accutane)-associated psychosis. Vet Human Toxicol 31, 362.
Vincent, S.L., Khan, Y., Benes, F.M., 1995. Cellular colocalization of dopamine D1 and D2
receptors in rat medial prefrontal cortex. Synapse 19, 112–120.
Wagner, E., Luo, T., Drager, U.C., 2002. Retinoic acid synthesis in the postnatal mouse
brain marks distinct developmental stages and functional systems. Cereb. Cortex 12,
1244–1253.
Wagner, E., Luo, T., Sakai, Y., Parada, L.F., Drager, U.C., 2006. Retinoic acid delineates
the topography of neuronal plasticity in postnatal cerebral cortex. Eur. J. Neurosci.
24, 329–340.
Wang, H.F., Liu, F.C., 2005. Regulation of multiple dopamine signal transduction molecules by retinoids in the developing striatum. Neuroscience 134, 97–105.
Wang, Q., Jie, W., Liu, J.H., Yang, J.M., Gao, T.M., 2017. An astroglial basis of major
depressive disorder? An overview. Glia 65, 1227–1250.
Watanabe, Y., Watanabe, T., Kitagawa, M., Taya, Y., Nakayama, K., Motoyama, N., 1999.
pRb phosphorylation is regulated differentially by cyclin-dependent kinase (Cdk) 2
and Cdk4 in retinoic acid-induced neuronal differentiation of P19 cells. Brain Res.
842, 342–350.
Wietrzych, M., Meziane, H., Sutter, A., Ghyselinck, N., Chapman, P.F., Chambon, P.,
Krezel, W., 2005. Working memory deficits in retinoid X receptor gamma-deficient
mice. Learn. Mem. 12, 318–326.
Wise, R.A., 2004. Dopamine, learning and motivation. Nat. Rev. Neurosci. 5, 483–494.
Wise, R.A., 2008. Dopamine and reward: the anhedonia hypothesis 30 years on.
Neurotox. Res. 14, 169–183.
Wolf, G., 1998. Vitamin A functions in the regulation of the dopaminergic system in the
brain and pituitary gland. Nutr. Rev. 56, 354–355.
Wysowski, D.K., Beitz, J., 2001. Methodological limitations of the study "Isotretinoin use
and risk of depression, psychotic symptoms, suicide, and attempted suicide. Arch.
Dermatol. 137, 1102–1103.
Wysowski, D.K., Swartz, L., 2005. Relationship between headache and depression in users
of isotretinoin. Arch. Dermatol. 141, 640–641.
Wysowski, D.K., Pitts, M., Beitz, J., 2001a. An analysis of reports of depression and suicide in patients treated with isotretinoin. J. Am. Acad. Dermatol. 45, 515–519.
Wysowski, D.K., Pitts, M., Beitz, J., 2001b. Depression and suicide in patients treated with
isotretinoin. N. Engl. J. Med. 344, 460.
Yan, H.C., Cao, X., Gao, T.M., Zhu, X.H., 2011. Promoting adult hippocampal neurogenesis: a novel strategy for antidepressant drug screening. Curr. Med. Chem. 18,
4359–4367.
Yoo, S., Blackshaw, S., 2018. Regulation and function of neurogenesis in the adult
mammalian hypothalamus. Prog. Neurobiol. 170, 53–66.
Zetterstrom, R.H., Simon, A., Giacobini, M.M., Eriksson, U., Olson, L., 1994. Localization
of cellular retinoid-binding proteins suggests specific roles for retinoids in the adult
central nervous system. Neuroscience 62, 899–918.
Zetterstrom, R.H., Lindqvist, E., Mata de Urquiza, A., Tomac, A., Eriksson, U., Perlmann,
T., Olson, L., 1999. Role of retinoids in the CNS: differential expression of retinoid
binding proteins and receptors and evidence for presence of retinoic acid. Eur. J.
Neurosci. 11, 407–416.
Zhong, L.R., Chen, X., Park, E., Sudhof, T.C., Chen, L., 2018. Retinoic Acid Receptor
RARalpha-Dependent Synaptic Signaling Mediates Homeostatic Synaptic Plasticity at
the Inhibitory Synapses of Mouse Visual Cortex. J. Neurosci. 38, 10454–10466.

bipolar disorder. Psychopharmacology (Berl.) 181, 126–133.
Sesack, S.R., Grace, A.A., 2010. Cortico-Basal Ganglia reward network: microcircuitry.
Neuropsychopharmacology 35, 27–47.
Sharav, V.H., 2004. Hoffmann LaRoche Rebuffed Call to Monitor Accutane User- USA
Today. Alliance for Human Research Protection., New York.
Shearer, K.D., Goodman, T.H., Ross, A.W., Reilly, L., Morgan, P.J., McCaffery, P.J., 2010.
Photoperiodic regulation of retinoic acid signaling in the hypothalamus. J.
Neurochem. 112, 246–257.
Shearer, K.D., Stoney, P.N., Morgan, P.J., McCaffery, P.J., 2012a. A vitamin for the brain.
Trends Neurosci. 35, 733–741.
Shearer, K.D., Stoney, P.N., Nanescu, S.E., Helfer, G., Barrett, P., Ross, A.W., Morgan, P.J.,
McCaffery, P., 2012b. Photoperiodic expression of two RALDH enzymes and the
regulation of cell proliferation by retinoic acid in the rat hypothalamus. J.
Neurochem. 122, 789–799.
Singer, S., Tkachenko, E., Sharma, P., Barbieri, J.S., Mostaghimi, A., 2019. Psychiatric
adverse events in patients taking isotretinoin as reported in a food and drug administration database from 1997 to 2017. JAMA Dermatol.
Snyder, J.S., Soumier, A., Brewer, M., Pickel, J., Cameron, H.A., 2011. Adult hippocampal
neurogenesis buffers stress responses and depressive behaviour. Nature 476,
458–461.
Song, N.N., Huang, Y., Yu, X., Lang, B., Ding, Y.Q., Zhang, L., 2017. Divergent roles of
central serotonin in adult hippocampal neurogenesis. Front. Cell. Neurosci. 11, 185.
Sousa, J.C., Grandela, C., Fernandez-Ruiz, J., de Miguel, R., de Sousa, L., Magalhaes, A.I.,
Saraiva, M.J., Sousa, N., Palha, J.A., 2004. Transthyretin is involved in depressionlike behaviour and exploratory activity. J. Neurochem. 88, 1052–1058.
Stoney, P.N., Fragoso, Y.D., Saeed, R.B., Ashton, A., Goodman, T., Simons, C., Gomaa,
M.S., Sementilli, A., Sementilli, L., Ross, A.W., Morgan, P.J., McCaffery, P.J., 2016.
Expression of the retinoic acid catabolic enzyme CYP26B1 in the human brain to
maintain signaling homeostasis. Brain Struct. Funct. 221, 3315–3326.
Strahan, J.E., Raimer, S., 2006. Isotretinoin and the controversy of psychiatric adverse
effects. Int. J. Dermatol. 45, 789–799.
Suarez, B., Serrano, A., Cova, Y., Baptista, T., 2016. Isotretinoin was not associated with
depression or anxiety: a twelve-week study. World J. Psychiatry 6, 136–142.
Surget, A., Saxe, M., Leman, S., Ibarguen-Vargas, Y., Chalon, S., Griebel, G., Hen, R.,
Belzung, C., 2008. Drug-dependent requirement of hippocampal neurogenesis in a
model of depression and of antidepressant reversal. Biol. Psychiatry 64, 293–301.
Suuberg, A., 2019. Psychiatric and developmental effects of isotretinoin (Retinoid)
treatment for acne vulgaris. Curr. Ther. Res. Clin. Exp. 90, 27–31.
Szabo, S.T., de Montigny, C., Blier, P., 1999. Modulation of noradrenergic neuronal firing
by selective serotonin reuptake blockers. Br. J. Pharmacol. 126, 568–571.
Takahashi, J., Palmer, T.D., Gage, F.H., 1999. Retinoic acid and neurotrophins collaborate to regulate neurogenesis in adult-derived neural stem cell cultures. J. Neurobiol.
38, 65–81.
Thompson Haskell, G., Maynard, T.M., Shatzmiller, R.A., Lamantia, A.S., 2002. Retinoic
acid signaling at sites of plasticity in the mature central nervous system. J. Comp.
Neurol. 452, 228–241.
Toda, T., Parylak, S.L., Linker, S.B., Gage, F.H., 2019. The role of adult hippocampal
neurogenesis in brain health and disease. Mol. Psychiatry 24, 67–87.
Tsukada, M., Schroder, M., Roos, T.C., Chandraratna, R.A., Reichert, U., Merk, H.F.,
Orfanos, C.E., Zouboulis, C.C., 2000. 13-cis retinoic acid exerts its specific activity on
human sebocytes through selective intracellular isomerization to all-trans retinoic
acid and binding to retinoid acid receptors. J. Invest. Dermatol. 115, 321–327.
Tye, K.M., Mirzabekov, J.J., Warden, M.R., Ferenczi, E.A., Tsai, H.C., Finkelstein, J., Kim,
S.Y., Adhikari, A., Thompson, K.R., Andalman, A.S., Gunaydin, L.A., Witten, I.B.,
Deisseroth, K., 2013. Dopamine neurons modulate neural encoding and expression of
depression-related behaviour. Nature 493, 537–541.
Vahid-Ansari, F., Zhang, M., Zahrai, A., Albert, P.R., 2019. Overcoming resistance to
selective serotonin reuptake inhibitors: targeting serotonin, Serotonin-1A receptors
and adult neuroplasticity. Front. Neurosci. 13, 404.
Valdenaire, O., Maus-Moatti, M., Vincent, J.D., Mallet, J., Vernier, P., 1998. Retinoic acid

391

