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Vitamin A and its derivatives, the retinoids, have long been
studied for their ability to alter central nervous system (CNS)
development. Increasingly, it is recognized that sufficient levels
of retinoids may also be required for adult CNS function.
However, excess dietary vitamin A, due to the consumption of
supplements or foods rich in vitamin A, has been reported to
induce psychosis. In addition, 13-cis-retinoic acid (13-cis-RA,
isotretinoin), the active ingredient in the acne treatment
Accutane, has been reported to cause adverse psychiatric
events, including depression and suicidal ideation. Neverthe-
less, epidemiological studies have reported no consistent link
between Accutane use and clinical depression in humans. Using
an animal model, we have recently shown that 13-cis-RA
induces an increase in depression-related behavior. Impair-
ments in spatial learning and memory have also been demon-
strated following 13-cis-RA treatment in mice. This review
focuses on the behavioral and possible cellular effects of
retinoid deficiency or excess in the adult brain in relation to
altered mood. Specifically, we discuss the effect of retinoids on
depression-related behaviors and whether norepinephrinergic,
dopaminergic, or serotonergic neurotransmitter systems may
be impaired. In addition, we consider the evidence that adult
neurogenesis, a process implicated in the pathophysiology of
depression, is reduced by retinoid signaling. We suggest that
13-cis-RA treatment may induce depression-related behaviors
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by decreasing adult neurogenesis and/or altering the expres-
sion of components of serotonergic neurotransmitter system,
thereby leading to impaired serotonin signaling. Exp Biol Med
233:251-258, 2008
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Introduction

The retinoid family of compounds consists of vitamin
A (retinol) and its naturally occurring and synthetic
derivatives such as all-trans-retinoic acid (ATRA) and
13-cis-retinoic acid (13-cis-RA). A large body of work has
extensively examined the role of retinoids, specifically
ATRA, in central nervous system development [for review
see (1)]. Retinoids are lipid soluble and easily cross the
blood-brain barrier (2), so it is perhaps not surprising that
over the last decade evidence has accumulated that retinoids
affect adult brain function too, in particular learning and
memory, locomotor activity, and depression [for review see
(3, 4)]. In this review we focus on recent advances that
highlight the ability of retinoids to regulate mood in the
adult brain. Although we discuss the effects of other
retinoids on the adult brain, this review will focus primarily
on the actions of 13-cis-RA. 13-Cis-RA is the active
ingredient in Accutane (Roaccutane, isotretinoin), a drug
approved by the FDA in 1982 for the treatment of severe
cystic or nodular acne. Since its approval, several reports
concerning the ability of Accutane to induce depression and
suicidal ideation have been made to the FDA and appeared
in the literature, although the link between Accutane and
these behaviors remains controversial [for review see (5)].
Other retinoid treatments have been linked to depressive
side effects in patients as well, such as the oral retinoid
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Figure 1. Retinoid mechanism of action. Inside the cell, retinol is
enzymatically converted to ATRA (all-trans-retinoic acid). ATRA is
bound to CRABPs (cellular retinoic acid binding proteins) and
transported to the nucleus. In the nucleus, the RXR/RAR (retinoid
X receptor/retinoic acid receptor) heterodimer binds to the RARE
(retinoic acid response element) in target genes. Upon binding of
ATRA to the RAR, transcription is initiated. 13-Cis-RA (13-cis-retinoic
acid) either isomerizes to ATRA and then binds to the RAR to initiate
gene transcription, or 13-cis-RA can directly bind to the RAR.

treatment for psoriasis, acitretin (6). However, the link
between acitretin and depression has yet to be substantiated.
After a brief explanation concerning the mechanism of
action of retinoids, we will focus on recent literature
concerning the role of retinoids in mediating depression-
related behaviors, and discuss the possible interaction of
retinoids with monoaminergic systems and adult neuro-
genesis, which may be dysregulated in depression.

Retinoid Mechanism of Action

Dietary retinyl esters and pre—vitamin A carotenoids are
cleaved in the intestinal lumen to yield retinol, which is
absorbed, re-esterified, and transported via chylomicrons to
the liver. In the liver, retinyl esters are stored or processed to
retinol, which circulates bound to retinol-binding protein
and transthyretin (7). Circulating retinol is taken up by
peripheral cells and converted to all-trans-retinoic acid
(ATRA) via a two-step enzymatic process [for review see
(3)]. ATRA, bound to cellular retinoic acid—binding proteins
(CRABPs), is transported to the nucleus, where ATRA
binds to nuclear retinoic acid receptors (RAR). RAR exist as
heterodimers with retinoid X receptors (RXR) bound to
specific regions of DNA located in the promoter regions of
retinoid-responsive genes, termed retinoic acid response
elements (RARE). When ATRA binds to a RAR, the RAR/
RXR heterodimeric complex initiates gene transcription via
the RARE (Fig. 1).

The synthetic retinoid, 13-cis-RA, the active ingredient
in the oral acne medication, Accutane, directly regulates
gene transcription in one of two ways. Firstly, 13-cis-RA
can be isomerized to ATRA, which then binds to RAR (8).
Secondly, 13-cis-RA itself can bind to RAR, although it
does so with a much lower affinity than ATRA, and induce
gene transcription via RARE (9) (Fig. 1). As described
below, 13-cis-RA also exerts non-transcriptionally—medi-
ated effects on cultured serotonergic cells (10).

The adult brain expresses all of the cellular machinery
required for cellular retinoid trafficking and retinoid-
mediated gene transcription. Specifically, cellular retinol-
binding protein I expression can be found in the adult
hippocampus, meninges, amygdala, and olfactory bulb (11,
12). These areas of the adult brain synthesize ATRA from
retinol (12—-14). CRABP-I is expressed in the hippocampus
and olfactory bulb where it is thought to facilitate the
degradation of ATRA to 4-oxo-retinoic acid, thereby
preventing ATRA toxicity (11). RARa and B are present
at high levels in the adult brain (15). RARa exhibits a
widespread pattern of distribution with high levels being
found in the hippocampus and cortex (15). RXR are
heterodimeric binding partners not only for RAR, but for a
large number of nuclear steroid hormone receptors. All
RXR are expressed in the adult brain, but RXRa and
protein levels appear to be low (15) [for review see (3)].

Retinoids and Mood

Although the liver exhibits a tremendous capacity to
store retinoids, in adults, chronic daily ingestion of more
than 100,000 IU [33.3 times the recommended daily
allowance (RDA)] of vitamin A for at least six months or
ingestion of at least 100 times the RDA in a period of hours
to days is considered toxic [for review see (16)]. Vitamin A
toxicity is more common in children than adults, and the
incidence of vitamin A toxicity may increase with the
advent of dietary supplements containing high levels of
retinyl esters (17). Inuit populations often consume high
levels of vitamin A in the livers of seals, sharks, and
predatory mammals, resulting in the phenomenon termed
“pibloktoq,” also known as “arctic hysteria” (18). Retinoid
toxicity manifests as intense headaches, due to increased
intracranial pressure resulting from excess cerebrospinal
fluid, termed “pseudotumor cerebrei,” dry skin and hair
loss, bone, joint, and muscle pain, fatigue, and anorexia. In
addition, hypervitaminosis A has been reported to induce
psychosis (19, 20). Specifically, patients experiencing
hypervitaminosis A exhibited depression, elevated anxiety,
and irritability (18, 21). It is unknown if the toxic effects of
excess dietary vitamin A are mediated via ATRA or by
retinol. Although circulating retinol concentrations are
maintained at 1-2 puM, ingestion of ATRA and 13-cis-RA
can raise serum levels of these retinoids well above
circulating retinol concentrations. Because of their lip-
ophillic nature, retinoids can cross the blood—brain barrier
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and affect various cellular processes both inclusive and
exclusive of ATRA and RAR-mediated gene transcription
(22-24).

Since approval of Accutane in 1982 to treat severe
cystic acne, numerous reports concerning the ability of
Accutane to induce depression and suicidal ideation have
appeared throughout the medical literature [for review see
(5)]. Between 1982 and 2002 the US FDA Adverse Event
Reporting System received approximately 394 reports of
depression and 37 suicides related to the use of Accutane
(25). In some cases, depressive symptoms were reported to
resolve once Accutane use was discontinued [for review see
(5)]. Additionally, some cases report recurrence of symp-
toms upon rechallenge with 13-cis-RA (26). However,
although these reports suggest a link between Accutane and
depression, the epidemiological evidence is contradictory
[e.g. (27) versus (28)]. Jick et al (29) conducted an
epidemiological study in which no link was found between
Accutane and major depressive disorder, although other
types of depression were not examined.

Bremner et al (30) evaluated humans administered
13-cis-RA for acne treatment and compared them with
antibiotic controls. Positron emission tomography scans
taken before and after four months of treatment revealed a
decrease in orbitofrontal cortex glucose metabolism follow-
ing 13-cis-RA treatment (30). Patients who received anti-
biotic had no change in orbitofrontal cortex glucose
metabolism before or after treatment (30). Although some
patients taking 13-cis-RA reported headaches and subtle
changes in irritability or mood, none of them were found to
be clinically depressed, as assessed by the Hamilton
Depression Scale (30). This study was done as a small
pilot study, and, therefore, the treatment groups were not
randomly assigned and the sample size was small. Addi-
tionally, patients who had a history of mental illness were
excluded from the study. These factors could conceal mood-
related changes that may be seen following 13-cis-RA
treatment in a larger population.

The effect of 13-cis-RA on human behavior may be
confounded by psychosocial variables related to adolescent
stress and self-image. In an attempt to remove these
variables, we developed a mouse model. We showed
recently that administration of 1 mg/kg/day of 13-cis-RA,
the same dose prescribed to human patients, to adolescent
male DBA/2J mice induced depression-related behaviors in
the forced swim and the tail suspension tests (31). In both of
these behavioral tests, time spent immobile was increased in
mice receiving 13-cis-RA when compared with mice
administered vehicle control (31). Anxiety-related behavior
in the open field and overall mobility were not affected by
13-cis-RA treatment (31). Each of these behavioral tests was
conducted only once, and thus the potential influences of
retinoids on learning, discussed below would not have
confounded the behavioral results.

In contrast, Ferguson et al (32) treated adult rats with 7

or 15 mg/kg/day 13-cis-RA or ATRA and found no differ-
ences in depression-related behavior in the forced swim test.
We speculate that the differences between this study and
ours are likely a result of differences in age, species, dose,
and administration route. Accutane is prescribed most
frequently to human adolescents, so in our mouse model
we began treatment at 4 weeks of age, which can be
considered equivalent to human adolescence (33). We
administered 13-cis-RA via intraperitoneal injection for 6
weeks and performed behavioral tests at 10 weeks of age
(31). Ferguson et al (32) examined adult rats with treatment
starting at 12 weeks and continuing to approximately 19
weeks of age, and 13-cis-RA was administered via oral
gavage. It is conceivable that age may affect 13-cis-RA
responsiveness. In addition, it is well established that
different strains of mice and rats have different behavioral
responses to antidepressant treatment (34-37). It seems
likely that species or strain specific differences may account
for the different behavioral responses to 13-cis-RA seen in
mice [DBA/2J; O’Reilly et al (31)] and rats [Sprague-
Dawley; Ferguson et al (32)]. Furthermore, dosing and route
of administration could impact the outcomes of behavioral
experiments. Both intraperitoneal injection and oral gavage
are stressful procedures, which could confound behavioral
studies. However, other methods of administration, such as
implanted minipumps, are not feasible because of the light
sensitivity and instability of 13-cis-RA.

Vitamin A deficiency may also affect mood and
behavior. Transthyretin transports both thyroid hormone
and vitamin A in the cerebrospinal fluid. Sousa et al (38)
showed that transthyretin-null mice exhibited decreased
immobility in the forced swim test and increased explor-
atory activity in the open field test, indicative of decreased
depression and anxiety-related behaviors. Tissue levels of
norepinephrine (NE), but not serotonin (5-hydroxytrypta-
mine or 5-HT) or dopamine (DA), were increased in the
limbic areas of transthyretin-null mice, when compared with
wild-type mice. Although retinoid levels were not deter-
mined in the brains of these mice, lack of transthyretin may
decrease brain vitamin A concentrations, resulting in be-
haviors opposite to those observed in response to retinoid
excess.

Retinoids and Monoaminergic Systems

The monoamines, specifically the norepinephrinergic,
serotonergic, and dopaminergic systems, are targets of
antidepressant treatment. Tricyclic antidepressants and
monoamine oxidase inhibitors elevate synaptic levels of
both NE and 5-HT (39). NE has been implicated in
depression based on much clinical data, for example
depressed patients exhibit lower urinary levels of the NE
metabolite, 3-methoxy-4-hydroxy-phenylglycol (40). In the
transthyretin null mouse, retinol transport would theoret-
ically be reduced, and thus the cellular levels of ATRA
would also be decreased. Interestingly, tissue NE levels
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were increased in limbic forebrain of the tranthyretin null
mouse (38) suggesting that retinoids may influence
norepinephrinergic transmission. However, the effect of
retinoids on brain NE levels has not been directly examined,
to our knowledge.

Selective serotonin reuptake inhibitors (SSRIs) target
the serotonergic system and are thought to exert their
therapeutic effect by increasing synaptic levels of 5-HT by
blocking serotonin reuptake transporters (SERT). In our
behavioral experiments, we observed an increase in
immobility in mice administered 13-cis-RA corresponding
to a decrease in swimming, but not climbing, behavior (31).
In rats, antidepressants that target the serotonergic system
increase swimming behavior (41). Conversely, antidepres-
sants that target the norepinephrinergic system lead to an
increase in climbing behavior (41). Although this has not
been directly translated to mouse models, we hypothesize
that the increase in immobility in our experiments was
caused by the effect of 13-cis-RA on the serotonergic
system. We have recently shown that serotonergic compo-
nents in cultured raphe nuclei cells are altered following
13-cis-RA treatment (10). Specifically, chronic treatment led
to increased intracellular levels of 5-HT, and elevated
5-HT1A receptor and SERT protein levels (10). Ferguson et
al (42) examined the effect of 13-cis-RA administration on
tissue monoamine levels in adult male and female rats. They
found no effects of 13-cis-RA administration on 5-HT or its
metabolite, 5-hydroxyindolacetic acid (5-HIAA), levels in
hippocampal or frontal cortical brain homogenates. How-
ever, there was an apparent increase in 5-HT and 5-HIAA
levels in the striatum of adult male rats administered 13-cis-
RA (42). Additionally, mice fed a vitamin A—deficient diet
for 4 weeks tended to have lower levels of 5-HT in striatal
tissue homogenate (43).

The 5-HT1A receptor is a Goy,-protein coupled
receptor that is expressed both on 5-HT neurons of the
dorsal raphe nucleus (somatodendritic autoreceptors) and in
forebrain regions postsynaptic to 5-HT terminals. Activation
of neuronal 5-HT1A receptors typically leads to inhibition
of adenylyl cyclase and calcium channels or opening of
potassium channels. Thus 5-HT1A autoreceptors mediate
suppression of the firing activity of, and 5-HT release from,
dorsal raphe 5-HT neurons (44). In forebrain projection
areas, activation of postsynaptic 5-HT1A receptors in limbic
and cortical regions reduces the activity of neurons of the
limbic system. If the increases in 5-HT1A receptor we see in
vitro in response to 13-cis-RA treatment are also manifest in
vivo, then, in raphe neurons, 5-HT release could be altered
and, at postsynaptic sites, network serotonergic signaling
could be disrupted. Furthermore, the 5S-HT1A receptor and
the SERT act together to regulate synaptic 5-HT avail-
ability, so an increase in SERT levels could increase
reuptake of 5-HT from the synaptic cleft and decrease 5-HT
signaling. It may seem paradoxical that elevated levels of
tissue or intracellular 5-HT would occur with retinoid
treatment while we propose that synaptic availability of

5-HT would be decreased. The increased SERT expression
and increased reuptake may account for elevated intra-
cellular 5-HT levels following 13-cis-RA treatment (10, 42).
Alternatively, increased synthesis or decreased catabolism
could also account for changes in intracellular 5-HT levels,
either as a direct result of 13-cis-RA treatment or as a
compensatory mechanism for reduced release of 5-HT.
Although retinoids very often affect transcription via
RARE, retinoids have been shown to be able to both
increase and decrease protein stability (45) and increase
mRNA stability (46, 47), two examples of non-genomic
effects of retinoids. We did not observe a concomitant
increase in 5-HT1A receptor or SERT mRNA after a short
period of 13-cis-RA treatment in vitro, indicating that
13-cis-RA can alter serotonergic signaling by exerting non-
genomic effects, such as increased protein stability.

Finally, antidepressants that target the serotonergic or
norepinephrinergic systems are thought to also affect the
dopaminergic system. The mesolimbic DA system is a key
element of the brain’s motivational and reward system, and
its dysregulation in depression may underlie symptoms of
anhedonia [for reviews see (48, 49)]. Repeated treatment
with antidepressants increases dopamine 2 (D2) receptor
binding (50). ATRA has been shown to increase D2
receptor expression in the striatum (51, 52) and in cultured
cells via activation of a functional RARE in its promoter
region (53). RARB/RXRp, RARB/RXRY, and RXRB/RXRy
double null mice have decreased expression of D2 receptor
(54). This is not true for the corresponding single null mice.
Additionally, transcription of tyrosine hydroxylase and
dopamine B hydroxylase, the enzymes involved in DA
synthesis, is decreased by ATRA in rat superior cervical
ganglia neurons (55-57). However, the tyrosine hydrox-
ylase promoter is activated by ATRA in human neuro-
blastoma cells (58). Monoamine oxidase B activity, which is
primarily responsible for the degradation of DA to
dihydroxyphenylacetic acid (DOPAC), is increased by
ATRA in chick hepatocytes (59). In addition, the level of
homovanillic acid, the final degradative product of DA,
appeared to be elevated in the striatal tissue of male rats
treated with 13-cis-RA (42). Consistent with this, DOPAC
was decreased in the striatal tissue of vitamin A—deficient
mice and DA levels also tended to be reduced in the striatal
tissue of vitamin A—deficient mice (43).

Disturbed sleep and alterations in REM sleep can go
alongside, or be a precursor for, depression (60). The
monoamine neurotransmitters all play a role in mediating
aspects of sleep behavior, and antidepressant drug treatment
interferes with sleep [for reviews see (61, 62)]. Two case
reports exist concerning the ability of 13-cis-RA to induce
“sustained dreaming” during REM sleep (63). In addition,
acute vitamin A toxicity has been reported to induce
drowsiness and a strong desire to sleep (64). A role for
retinoid signaling in sleep behavior has also been demon-
strated by two recent papers. Maret et al (65) found that a
polymorphism in the RARP gene that increased receptor
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expression was associated with decreased delta wave
activity during slow wave sleep in mice. Kitaoka et al
(43) showed that in vitamin A—deficient mice, REM sleep is
increased and slow wave sleep is reduced. It is tempting to
speculate that changes in sleep patterns may be mediated
through changes in monoaminergic neurotransmitters,
however, further studies need to be conducted to establish
a causal link between vitamin A deficiency, increased REM,
and lowered 5-HT and DA. Although Maret et al (65) did
not examine dopaminergic function, the RARP is highly
expressed in the mesolimbic DA pathway and could
contribute to altered dopaminergic function.

In summary, retinoids increase tissue levels of 5-HT
and DA in the striatum, as well as their respective
metabolites (42) while 13-cis-RA can also increase intra-
cellular 5-HT in raphe nuclei, at least in vitro (10). Vitamin
A deficiency tends to lower striatal levels of 5-HT and DA
levels (43) and may increase NE levels in the forebrain (38).
It is important to note that all of these studies examined
intracellular neurotransmitter levels, not neurotransmitter
release. Decreased synaptic levels of 5-HT caused by
increases in 5-HT1A and SERT could alone confer the
depressive effects of 13-cis-RA, but studies concerning the
effects of retinoids on neurotransmitter release are required
before we can draw any firm conclusions concerning the
functional relevance of retinoids on neurotransmitter or
receptor levels in various brain regions.

Retinoids and Neurogenesis

Decreased neurogenesis has been associated with mood
disorders, including depression [for reviews see (66, 67)].
The phenomenon of adult neurogenesis, where new neurons
proliferate and become functionally integrated with existing
neurons, has been most widely studied in the hippocampus
(68, 69). Long-term retinoid treatment in vivo decreases
adult hippocampal neurogenesis (2). Specifically, when
CDI1 mice were treated with 13-cis-RA (1 mg/kg/day) for up
to 6 weeks, a significant decrease in hippocampal neuro-
genesis was observed (2). Although these authors did not
report any change in depression-related behaviors, they did
demonstrate that 13-cis-RA treatment leads to impaired
spatial learning and memory performance in the radial arm
maze. A role for retinoids in learning and memory behaviors
had previously been established using RAR knockout mice
and vitamin A-deficient models [for review see (3)].
Interestingly, both RARB or RARPB/RXRy double null
mutant mice and vitamin A deficiency are associated with
deficits in spatial learning and memory (70-72). It may
seem contradictory that RARB and RARB/RXRY null mice
have decreased spatial learning while chronic administration
of 1 mg/kg/day of ATRA or 13-cis-RA to adolescent male
CDI1 mice also impairs learning and memory, but this may
be a case where the dose makes the poison. Although
physiological levels of retinoids and retinoid signaling
pathways are required for neuronal differentiation and

ultimately, learning and memory, pharmacological levels
of retinoids may initiate other processes that inhibit
neurogenesis. A hypothetical mechanism linking 13-cis-
RA, 5-HT, and 5-HT1A with hippocampal neurogenesis is
discussed below.

Many factors coordinate adult hippocampal neuro-
genesis including 5-HT, stress, steroids, and neurotrophic
factors [for reviews see (73, 74)]. 5-HT itself has been
implicated in the mechanisms of adult neurogenesis largely
on the basis of the actions of antidepressants that elevate
5-HT levels (e.g. fluoxetine) and has been shown to promote
neurogenesis (75). The actions of SSRIs in regulating adult
neurogenesis may in part be mediated by 5-HT1A receptor
activation (70, 71), although this remains uncertain (76). In
addition, SSRIs and monoamine oxidase inhibitors can also
increase brain-derived neurotrophic factor in the hippo-
campus, which could provide an alternative mechanism
whereby 5-HT could regulate adult neurogenesis [for
reviews see (73, 74)]. Interestingly, ATRA promotes the
differentiation of adult-derived hippocampal stem cells to a
neuronal phenotype (77, 78) and increases the expression of
TrkB, a receptor for brain-derived neurotrophic factor (78).
So it may be that retinoids can directly regulate adult
neurogenesis by a mechanism independent of 5-HT.

Although there is a strong correlation between
depression and decreased hippocampal volume (67), it is
currently not known whether the decrease in hippocampal
volume causes depression, or is merely a result of other
signaling systems that are dysfunctional in depression.
However, given the wide body of evidence linking neuro-
genesis to the pathology of depression and to the therapeutic
actions of antidepressants, we speculate that the impaired
neurogenesis observed following 13-cis-RA treatment may
provide an additional mechanism whereby retinoids could
influence depression-related behaviors. Studies have yet to
be performed that show a direct causal relationship between
13-cis-RA administration, reduced neurogenesis, and in-
duced depression-related behavior. Furthermore, decreased
neurogenesis caused by 13-cis-RA treatment may be a
result of changes in 5-HT signaling or 5-HT1A receptor
expression, but could also occur by other signaling
pathways such as a retinoid-mediated effects on brain-
derived neurotrophic factor, its receptor, or some combina-
tion thereof.

Summary

The effects of both retinoid excess and deficiency on
behavior, cellular metabolism, neurogenesis, and mono-
aminergic systems are summarized in Table 1. To date, there
have been few systematic studies assessing the behavioral,
cellular, and functional changes in the adult brain in vivo in
response to retinoid treatment. It is important to note that the
data in Table 1 are gleaned from a variety of in vivo studies
in mice, rats, and humans as well as in vitro studies in
cultured cells. Here we propose a model for how 13-cis-RA
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Table 1. Effect of Retinoid Deficiency and Excess on Behavioral, Cellular, and Monoaminergic Systems?
System Retinoid deficiency Retinoid excess
Behavioral | Depression (38) 1 Depression (21, 31)
| Anxiety (38) 1 Anxiety (18, 21)
1 Irritability (18, 21)
| Spatial learning (71, 72) | Spatial learning (2)
Cellular
Energy metabolism N/D | Orbitofrontal cortical glucose metabolism (30)
Neurogenesis N/D | Hippocampal neurogenesis (2)

Monoamine systems
Norepinephrinergic
Serotonergic

1 Limbic NE (38)

Dopaminergic

| Striatal 5-HT and 5-HIAA (43)

| Striatal DA and DOPAC (43)

N/D

1 Striatal 5-HT and 5-HIAA (42)

1 Intracellular 5-HT, 5-HT1A, and SERT (10)
1 Tyrosine hydroxylase (58)

1 Monoamine oxidase B (59)

1 Striatal homovanillic acid (42)

2 N/D, not determined.

may interfere with the mature brain to induce depression-
related behaviors (Fig. 2). On the basis of behavioral data in
the forced swim test we hypothesize that serotonergic
systems are likely to be disrupted following chronic 13-cis-
RA treatment (31). In vitro we have shown that both 5-
HT1A receptor and SERT levels are increased following 13-
cis-RA treatment (10). If a similar effect is seen in vivo, then
it is possible that increased 5-HT1A receptor expression in
the raphe would reduce serotonergic neuron firing. Coupled
with increased SERT expression at the synapse, these two
actions of 13-cis-RA could work to reduce 5-HT availability

Retinoids

N

\ / Hippocampal Serotonin
neurogenesis | signaling
A Depression-

related behaviors

Figure 2. Proposed cellular mechanisms by which retinoids could
induce an increase in depression-related behavior. Retinoids have
been shown to increase depression-related behaviors in mice (31),
but the mechanism by which they exert this effect is unknown.
Evidence has shown that retinoids are capable of impairing adult
hippocampal neurogenesis (2), an effect that is associated with
increased depression-related behavior (66, 67). In vitro, components
of serotonergic signaling are regulated by retinoids in a manner that
could lead to decreased serotonergic signaling (10). This decrease in
serotonergic signaling could be responsible for increased depres-
sion-related behaviors alone or could affect adult hippocampal
neurogenesis.

at synapses. This reduction in serotonergic function could
induce depression-related behaviors on its own. An
alternative mechanism by which 13-cis-RA could induce
depression would be to decrease adult hippocampal neuro-
genesis (2). We cannot yet say whether these mechanisms
might act independently or are actually linked. Reduced
serotonergic function could have an impact on adult
neurogenesis, or retinoids may be able to directly regulate
adult neurogenesis by an effect independent of 5-HT.

That 13-cis-RA affects 5-HT signaling, thereby affect-
ing neurogenesis to then induce depression, is a model we
are currently testing, but there are a number of important
caveats. While we have focused on 5-HT, we cannot
exclude the possibility of altered dopaminergic function.
There is ample evidence that dopaminergic pathways may
be regulated by retinoid signaling, and this could contribute
to changes in depression-related behaviors. In addition,
retinoids may exert effects on neurotrophic factors that
could contribute to altered neurogenesis, rather than an
effect mediated solely by 5-HT. Furthermore, age may be an
important factor in looking at mood-related behaviors in
relation to retinoids. Specifically, in contrast to our
observations in adolescent mice (31), in adult rats given
large doses of ATRA or 13-cis-RA, depression-related
behavior was not detectable (32). Retinoids are well-known
regulators of nervous system development, shaping the
neuraxis, neuronal differentiation, outgrowth, and connec-
tivity (1). Adolescence and puberty are times of significant
developmental changes in the brain, particularly in relation
to motivational and emotional behaviors, that could make
this age group particularly vulnerable to the effects of
retinoids (33).

In conclusion, it is probably not coincidental that some
patients taking Accutane exhibit clinical depression and that
retinoids affect monoaminergic systems, REM sleep, and
hippocampal neurogenesis. It should be noted that while
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decreased orbitofrontal metabolism was seen in patients
taking Accutane, this patient cohort was not found to be
clinically depressed (30). In fact, only approximately 5% of
patients given 13-cis-RA become depressed (79). This
suggests that there may be a subpopulation of individuals
that is susceptible to becoming depressed in response to
13-cis-RA treatment or increased ingestion of vitamin A.
Although the direct mechanism by which retinoids affect
mood remains unknown, mouse models show that 13-cis-
RA is indeed capable of inducing depression-related
behavior (31) and altering brain function (2). We are
currently testing whether these effects are mediated by
changes in serotonergic neurotransmission and/or effects on
neuronal cell growth.
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