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Retinoic acid (RA), a member of the retinoid family of
lipids and mediator of vitamin A activity, is an essential
morphogen in vertebrate development. The formation of
the body axes and the development of a number of organ
systems including retina, brain, heart, urogenital system,
and lungs are dependent on RA. The developmental
defects resulting from vitamin A deficiency as well as
the teratogenic effects of retinoid overdose were
described more than 50 years ago (Warkany and
Schraffenberger 1946; Wilson and others 1953). Due to
its effect on cell differentiation and proliferation, RA is
now being used as a therapeutic tool in dermatology and
oncology. However, apart from vitamin A–related visual
deficits, the functions of retinoids in the adult nervous
system are far less conspicuous than their role in de-
velopment, and only recently has the importance of this
attracted scientific attention.

During the 1970s, it became clear that the biological-
ly active principle of vitamin A is in most cases RA, with
one exception being the process of phototransduction,
which depends on retinaldehyde. By far, the most im-
portant mechanism of RA activity is the regulation of

gene expression. This is accomplished by its binding to
nuclear retinoid receptors that are ligand-activated tran-
scription factors. Thus, RA acts as a transcriptional
activator for a large number of other, downstream-
regulatory molecules, including enzymes, transcription
factors, cytokines, and cytokine receptors. These mech-
anisms account for most of the known effects of retinoid
teratogenicity, hypervitaminosis A, and experimental
results with RA. Because a number of excellent reviews
on the molecular biology of RA signaling are available
(Gudas and others 1994; Mangelsdorf and others 1995;
Chambon 1996; Gottesman and others 2001), we will
limit ourselves to a very condensed overview of the sys-
tem. Although the overwhelming majority of experimen-
tal studies have focused on RA receptor–dependent me-
chanisms, there have always been indications of other,
nonclassical modes of action. These involve interactions
with enzymes such as protein kinase C, direct activation
of electrical synapses, and the search for putative cell
surface receptors. These nonclassical mechanisms,
which are presently discussed in the context of the phys-
iology of vision, will not be covered in this review.

The continuing expression of retinoid receptors in
many brain regions of adult mice as well as regulatory
effects on neurotransmitter metabolism suggests func-
tions of this signaling pathway in the adult brain.
Analyses of vitamin A–deprived animals and retinoid
receptor knockout mice have focused on neural plastici-
ty, and these models reveal defects in spatial learning
and long-term potentiation (LTP) in the hippocampus.
Genetic analyses of the components of RA signaling
have led to the suggestion that RA may be involved in
schizophrenia, whereas clinical observation after
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Accutane (13-cis-RA) therapy has indicated a link
between RA and depression. Since then, RA has also
been implicated in Parkinson’s disease, motoneuron dis-
ease, and Huntington’s disease. The fact that retinoids
drive the differentiation of all sorts of glial cells, neu-
rons, and neoplastic cell lines in culture prompted inves-
tigations of axonal regeneration. Many molecular sig-
nals that convey information for neuroglial interactions
are regulated by RA. These ideas have recently been sup-
ported by the discovery that retinoid receptors and bind-
ing proteins participate in traumatic processes after
injury in the sciatic nerve and spinal cord.

RA Signaling

RA exerts its effects on transcription by binding to spe-
cific nuclear receptors of the steroid/thyroid hormone
superfamily of transcriptional activators. The principal
receptors for RA are the RARs (α, β, or γ) activated by
all-trans RA. The RXRs are nominally RA receptors but
are general partners for several nuclear receptors includ-
ing thyroid hormone receptor, vitamin D receptor, per-
oxisome proliferator-activated receptor, and RAR. Al-
though the 9-cis isomer of RA can bind to RXR, it has
been very difficult to detect this isomer in the body, and
increasing evidence suggests that RXR functions as an
unliganded partner for nuclear receptors. A group of
retinoid-binding proteins (RBPs) modulates the action
of these lipids. RBP in the plasma assists in the transport
of retinol. Cellular retinoic acid binding proteins I and II
(CRABP-I and -II) buffer RA in the cytoplasm. CRABP-
I has been suggested to promote RA catabolism (Boylan
and Gudas 1992) whereas CRABP-II may assist with the
transport of RA into the nucleus to associate with the
RA receptors (Delva and others 1999). Cellular retinol-
binding protein (CRBP) binds retinol in the cytoplasm
and may promote its metabolism to retinaldehyde
(Napoli 1993) and esterification to the retinyl ester for
storage (Ghyselinck and others 1999).

The synthesis of RA from retinol was originally con-
sidered to occur ubiquitously in tissues, and the distribu-
tion of receptors and binding proteins determined the
regionalization of RA’s actions. Studies on the develop-
ing retina, however, showed that intricate patterns of
synthetic enzymes could create regionalized zones of
synthesis (McCaffery and others 1992; Mey and others
1997). Synthesis of RA occurs via a two-step oxidative
process from retinol to a retinaldehyde intermediate and
then to RA (McCaffery and Dräger 2000). The first step
is catalyzed by a group of retinol dehydrogenases with a
widespread and overlapping distribution (Napoli 1999;
Duester 2003). Redundancy between these enzymes pre-
vents major defects from occurring in null mutants of
single enzymes. In contrast, the second step is per-
formed by retinaldehyde dehydrogenases (RALDHs)
with very localized patterns of expression. RALDH-2
and RALDH-3, which were both first identified in the
developing eye (McCaffery and Dräger 2000), deter-
mine regions of RA synthesis in the developing embryo.

Null mutation of the RALDH-2 enzyme is lethal to the
embryo and results in multiple brain abnormalities
(Niederreither and others 1999). More recently, it has
been shown that the RA catabolic enzymes also have an
essential role to play in the patterning of RA distribution
(Abu-Abed and others 2002). CYP26A1, B1, and C1 of
the cytochrome P450 family inactivate RA via oxidation
of the fourth carbon. They occur often in a complemen-
tary distribution to the synthetic enzymes (McCaffery
and others 1999; Swindell and others 1999). Null muta-
tion of CYP26A1 results in abnormal CNS development
and results in death soon after birth (Abu-Abed and oth-
ers 2001; Sakai and others 2001). A summary of these
metabolic pathways is shown in Figure 1.

The expression of a large number of genes is known
to be regulated by the RA receptors (Gudas and others
1994; Jonk and others 1994), and at least 40 have iden-
tifiable RA response elements (McCaffery and others
2001). RA provides an early signal to commit proliferat-
ing stem cells to become neurons. RA acts as a differen-
tiation agent for almost all neural stem cells or progeni-
tors; this is so for progenitors as diverse as P19
(McBurney 1993) or NTERA-2 (Andrews and others
1990) stem cell lines, ES cells (Bain and others 1995),
neuronal precursors such as PC12 and LAN-5 cells (Hill
and Robertson 1998; Ingraham and Maness 1990;
Matsuoka and others 1989), or primary stem cell cul-
tures derived from rat hippocampus (Takahashi and oth-
ers 1999). Because RA initiates a neural differentiation
program, it lies upstream of a large number of neural-
specific genes; many are directly induced, but a larger
number are induced secondarily or at more progressive
downstream steps. Many genes that are constituents of
this program have been identified by subtractive tech-
niques from RA-induced stem cells (Bouillet and others
1995; Leypoldt and others 2001).

Less attention has been paid, however, to RA recep-
tors as gene repressors. When the ligand is absent from
the RA receptors, like many of the nuclear receptor fam-
ily, they are still bound to the response element within
the gene promoter where they can act as strong
inhibitors of gene transcription. As such, the absence of
RA may act as a signal in itself by repressing gene
expression. This may be a reason why the catabolic
CYP26 enzymes are so important for the control of
development. The resulting negative signal due to the
absence of the RA ligand may be just as profound a con-
trol system as the activation of genes by RA.

Retinoic Acid in Learning 

and Neural Plasticity

Spatial Learning Paradigms

Cognitive functions such as long-term memory require
lasting changes in synaptic plasticity, and such enduring
changes in synaptic plasticity require new protein syn-
thesis. In addition to the modulation of synaptic trans-
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mission by local signaling pathways, systems that regu-
late nuclear transcription are also involved in these proc-
esses. The relevance of RA in this context has been
addressed by examining the effects of retinoid receptor
mutations on performance in several learning para-
digms. The first experiments were conducted in the
1990s (Chiang and others 1998; Misner and others
2001). Transgenic mice lacking either RARβ or RXRγ
or both genes were found to be deficient in the formation
of spatial memory as tested with the Morris Water Maze.
In this task, the animals are trained to swim to a platform
that is submerged in opaque water 1 cm beneath the sur-
face. The time needed to find the hidden platform during
training sessions and the mean distance from the target
area in test trials without the platform are recorded to
obtain learning curves and assess memory retention.
RARβ and RARβ/RXRγ double knockout mice were
significantly impaired in accomplishing the task.
Although these data may be qualified by visual deficits
of the animals (RARβ mutants show severe retinal ab-
normalities; Grondona and others 1996), additional
studies corroborated the specific function of RA for spa-
tial learning: Following 12 weeks on a vitamin A–free
diet, rats were trained in a radial-arm maze task. Results
showed that RA deficiency induced a severe deficit in
spatial learning and memory and that the cognitive
impairment was fully restored when vitamin A was
replaced in the food (Cocco and others 2002) (Fig. 2).

Chronic ethanol consumption that produces cognitive
deficits also induces disorders in the biosynthesis of RA.
In one study, an inhibition of RARβ activity was shown
to reverse an alcohol-induced working-memory deficit
(Alfos and others 2001).

Long-term Potentiation and 
Depression in the Hippocampus

Physiological and neuropsychological studies ascribe
spatial learning and the consolidation of long-term
memory to the hippocampal formation in the temporal
forebrain. Performance in spatial learning paradigms is
considered to be hippocampus dependent. A high
expression of retinoid receptors RARα, RARγ, and
RXRβ in the hippocampus of adult mice had been de-
scribed earlier (Krezel and others 1999). Potential
physiological correlates of associative learning are long-
term potentiation (LTP) and long-term depression
(LTD). In the hippocampus, where these phenomena
have been studied to a great extent, CA1 pyramidal neu-
rons that receive excitatory input from so-called
Schaffer collaterals of CA3 neurons show a long-lasting
increase in their excitatory postsynaptic potential when
their synaptic excitation is paired with a high-frequency
electrophysiological stimulation. In contrast, simultane-
ous low-frequency stimulation decreases their response
to activation by Schaffer collaterals. RARβ and
RARβ/RXRγ mutant mice lacked LTP almost complete-
ly, whereas LTP was normal in RXRγ deficient animals.
Interestingly, a severely reduced LTD was observed in
all three knockout mice including the RXRγ mutants
(Chiang and others 1998; Fig. 2). In aging mice, the
declining memory performance in a radial maze task as
well as a diminished amplitude of LTP in the CA1 region
concurred with a decrease in the levels of RARβ and
RXRβ/γ expression in the brain. RA administration led
to a reversal, and the application of an RAR antagonist
exacerbated the age-related impairments (Etchamendy
and others 2002). In addition to affecting behavioral per-
formance and LTP amplitude, the repeated injections of
RA for 4 days caused an increase in expression of RARβ
and RXRβ/γ in whole brain and of RXRβ/γ in the hip-
pocampus. By excluding the possibility of general
effects on affect, motivation, perception, or motor con-
trol, the behavioral studies point to a specific role of RA
in cognitive performance (Etchamendy and others
2002).

How Could Retinoic Acid Contribute to 
Synaptic Plasticity and Learning?

To understand the mechanism by which RA influences
learning and memory, it is important to differentiate the
effects of RA signaling defects on hippocampal devel-
opment versus a direct effect on the physiology of learn-
ing in the adult brain. In their initial report, Chiang and
others (1998) noted that the ultrastructure of hippocam-
pal synapses and their physiological characteristics
appeared normal in retinoid receptor mutant mice.

Fig. 1. The retinoic acid signaling system. All-trans retinol (t-
ROH) in the plasma is released from its carrier protein, retinol-
binding protein (RBP), and enters the cell where it is bound by
cellular retinol binding protein (CRBP). The first step of synthe-
sis to retinoic acid is catalyzed by a retinol dehydrogenase
(RoDH) or alcohol dehydrogenase (ADH) to all-trans retinalde-
hyde (t-RAL), which remains bound to CRBP and is then oxi-
dized irreversibly to all-trans retinoic acid (t-RA), which binds to
cellular retinoic acid binding protein (CRABP). All-trans retinoic
acid can either 1) enter the nucleus to bind to the RAR retinoic
acid receptor to activate transcription; 2) diffuse out of the cell
to influence neighboring cells; 3) possibly isomerize to 9-cis
retinoic acid (9c-RA), which binds to the RXR retinoic acid
receptor; or 4) oxidize to 4-oxo t-RA, catalyzed by the enzyme
CYP26, on the pathway to inactivation.
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Therefore, the authors concluded that RAR/RXR-
dependent deficiencies in LTP and LTD reflect acute
defects in the mechanisms responsible for synaptic plas-

ticity and are not due to embryonic effects of the gene
knockouts that might have altered brain development.
This interpretation is well corroborated by subsequent

Fig. 2. Relevance of retinoic acid (RA) for spatial learning and synaptic plasticity in the hippocampus. Long-term potentiation (LTP) (a)
and long-term depression (LTD) (b) in transgenic mice that lacked RARα, RXRγ, or both receptors, collecting the field potential record-
ings from hippocampal slices. The initial slope of field excitatory postsynaptic potentials is normalized to the baseline value preced-
ing the induction of LTP or LTD. Each point represents the mean ± SEM (Chiang and others 1998). c, Hippocampal LTP and LTD are
impaired in vitamin A–deprived mice but can be rescued by dietary vitamin A replenishment. Summary of field potentials at different
ages when the animals are raised with normal (control) or vitamin A–deficient diet (VAD). One group received vitamin A supplement
after 17 to 18 weeks VAD. Data are expressed as the mean percentage potentiation or depression 25 to 35 h after induction of LTP
or LTD ± SEM (Misner and others 2001). d, Performance of VAD rats in a radial arm maze spatial learning task. Rats received normal
chow (control), a VAD diet for 12 weeks (VAD) or a supplement of vitamin A after the 12-week VAD period (VAD replenished). Each
point represents the mean ± SEM of 10 animals (Cocco and others 2002).
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studies with vitamin A–deprived animals because in
these experiments, the observed loss of synaptic plastic-
ity was reversible when the animals had again access to
a normal diet (Misner and others 2001; Cocco and oth-
ers 2002; Fig. 2). Vitamin A–deprived mice developed a
complete loss of LTD and a severe reduction of LTP in
CA1 neurons of the hippocampus. Direct application of
RA to hippocampal slices, which were used to measure
LTP/LTD in vitro, also rescued the function (Misner and
others 2001).

Thus, strong physiological arguments favor a direct
participation of RA in hippocampal synaptic plasticity.
However, some anatomical data are difficult to reconcile
with this interpretation because several studies failed to
detect RARβ expression in the hippocampus of adult
mice (Krezel and others 1999; Zetterström and others
1999). Immunohistochemical analysis detected RARα,
RARβ, and RARγ proteins in the cortex but not the
hippocampus, whereas the receptors were present in the
hippocampus at embryonic days 14.5 and 16.5, a period
of extensive neurogenesis (Yamagata and others 1994).
Recent results from young adult mice kept on a vitamin
A–free diet also point to indirect effects that influence
hippocampal functions via long-term structural changes
that are not quickly reversible (Etchamendy and others
2003): In a dual-choice discrimination task in an eight-
arm radial maze, 39 weeks of vitamin A deprivation was
necessary for significant memory impairment, whereas
31 weeks of deprivation was insufficient. It was unlike-
ly that this was due to the time required to deplete the
animal of vitamin A because this effect was not
reversible with systemic injections of RA (150 µg/kg).
Because other cortical areas are also involved in spatial
learning, it is possible that RA may act on connected
systems, even without the presence of RARβ in the hip-
pocampus. Given the conclusive effects on LTP and LTD
as measured in hippocampal brain slices in vitro, the
local expression of RARα and RXR receptors, and RA
activity in the hippocampus of transgenic reporter mice
(Fig. 3), a participation of RA in the physiology of learn-
ing is at least a promising hypothesis.

Physiological Functions of RA in 
Synaptic Plasticity

Although this issue is yet to be fully resolved, one can
speculate about specific functions that RA may fulfill in
the process of memory formation. Molecular mecha-
nisms that have been discovered in synaptic changes
include Ca2+-dependent second-messenger systems
and regulated gene expression of neurotransmitter- and
neurotrophin-signaling pathways. Many of these genes
are targets of retinoids. Behavioral deficits after vitamin
A deficiency correlated with a decrease in expression of
genes related to retinoid signaling itself, such as RARβ
and RXRβ/γ, thus supporting earlier results with the
knockout mice. Are RA receptors transcriptional regula-
tors of genes that induce LTP or LTD? Some specific
candidates for RA targets have already been identified:
In the hippocampus, expression of the Ca2+-sensitive

calmodulin-binding protein neurogranin (RC3) correlat-
ed with RXRβ/γ status and could be raised by RA injec-
tions, and cognitive deficits in vitamin A–deprived ani-
mals were exclusively observed when RC3 was also low
(Etchamendy and others 2002, 2003). RC3 releases
calmodulin kinase II in response to activation of protein
kinase C and increase of the intracellular Ca2+ concen-
tration. Because RC3 is believed to be enriched in den-
dritic spines, this molecule may be in a key position to
connect NMDA receptor–dependent Ca2+ increase to
downstream changes in synaptic excitability and long-
term structural changes. In addition to RC3, a number of
other genes involved in synaptic plasticity including
neurotrophin receptors, NMDA receptors, and the
calmodulin kinase II are also RA dependent
(Etchamendy and others 2003). In conclusion, a partici-
pation of retinoids in spatial learning seems well sup-
ported empirically.

Song Learning in Birds

The discovery of mechanisms of how male songbirds
acquire and produce their species-specific song is a
prime example of the successful integration of behav-
ioral analysis and neurophysiological and molecular
research. Juvenile male songbirds of several species,
including zebra finches, canaries, and song sparrows,
learn their song during a sensitive period from a conspe-
cific individual, the so-called tutor. As a necessary stim-
ulus in song development, the tutor’s song serves as a
template for evaluating auditory feedback from the juve-
nile’s own vocalization. During the time of song acquisi-
tion, this feedback guides development of the neural cir-
cuits for song production (Alvarez-Buylla and Kirn
1997; Denisenko-Nehrbass and others 2000). A central
neuronal regulator of the song system is the high vocal
center (HVC) in the forebrain, which integrates auditory
and motor activity. The HVC projects to the nucleus
robustus archistriatalis (also abbreviated RA in the liter-
ature), which in turn projects to hypoglossal motor neurons
innervating the vocal organ, the syrinx. An additional
pathway from the HVC to the RA nucleus is necessary
for acquisition but not production of the learned song.
This pathway in the anterior forebrain sequentially con-
nects HVC to area X in the paleostriatum, then to the
thalamic nucleus DLM, on to the lateral magnocellular
nucleus of the anterior neostriatum (IMAN), and from
there to nucleus RA. The seminal discovery of continued
production of neurons in the HVC in adult male song-
birds triggered the recent interest concerning adult neu-
rogenesis. In the HVC, neurons that project to nucleus
RA are generated throughout adult life. The recruitment
of these neurons is controlled by steroids (Alvarez-
Buylla and Kirn 1997).

RA Is Required for Song 
Learning in Zebra Finches

In an expression screen using differential display PCR,
an RA-producing enzyme, homologous to mouse
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RALDH-2, was found to be enriched in HVC neurons
that project to area X. These cells show a high affinity
for retinaldehyde and generate RA (Denisenko-Nehrbass
and others 2000; Denisenko-Nehrbass and Mello 2001).
In addition, large neurons in another song nucleus,
IMAN, were also RALDH-positive (Fig. 4). This was
observed in adult zebra finches, canaries, song sparrows,
and black-capped chickadees. During the song ac-
quisition period, neurons in the RA nucleus, too,
expressed transcripts of the enzyme. To test the func-
tional relevance of the RA system for song learning,
Denisenko-Nehrbass and colleagues (2000) implanted
crystals of the RALDH inhibitor disulfiram bilaterally
above the ventricular surface of the HVC. The operation
was performed in juvenile zebra finches during the sen-
sitive period for song acquisition and in adults with a
crystallized song. A careful analysis of the bird’s vocal-
izations revealed that the birds that had received disulfi-
ram implants as juveniles showed disruptions and a high

variability in song production. No effects were observed
after implantation of the enzyme inhibitor at different
brain locations or in adult birds, and no morphological
abnormalities were apparent. Although adult zebra
finches have a high expression of RALDH in the HVC,
the absence of any effect of disulfiram on song produc-
tion indicates that RA was required for synaptic plastic-
ity only during acquisition, not production, of motor out-
put for the crystallized song. A similar observation was
made after ablation of area X–projecting HVC neurons,
which affected song learning in juvenile but not in adult
birds (Denisenko-Nehrbass and others 2000). As in the
case of spatial learning paradigms associated with the
hippocampus, RA might have a direct effect on physio-
logical processes of synaptic plasticity. Whether this is
accomplished via an RAR effect on gene regulation re-
mains to be investigated.

Implication of RA in Neurological Disorders

RA’s Functions in the Corpus Striatum: 
A Potential Role in Huntington’s 
and Parkinson’s Disease

Persuasive evidence points to a role for RA in striatal
function, and many of the protein components of the RA
signaling system are present in the corpus striatum. Of
the binding proteins, CRABP-I is expressed in medium-
sized neurons scattered throughout the striatum
(Zetterström and others 1994), CRABP-II is present in
the caudate/putamen and accumbens, and CRBPI is
present in both these structures as well as the olfactory
tubercle (Zetterström and others 1999). RARβ is the pre-
dominant RA receptor in the striatum, although all three
RXRs are present (Zetterström and others 1999). The
source of RA for the striatum may be somewhat unusu-
al in the form of the terminal input to the striatum from
the substantia nigra. The dopaminergic neurons of the
substantia nigra express very high levels of the synthet-
ic enzyme RALDH-1, which is transported along the
nigrostriatal fibers to the striatum where it can generate
RA (McCaffery and Dräger 1994). The sink for synthe-
sized RA exists in the form of the catabolic enzyme
CYP26B1 (Abu-Abed and others 2002). The importance
of RA for striatal function, and its possible link to
Huntington’s disease (HD), is evident from studies of
mice that are transgenic for the 5′ end of the human HD
gene carrying the CAG repeat expansion and mice that
display a progressive neurological phenotype (Luthi-
Carter and others 2000). Striatal mRNA profiling sho-
wed a decrease in RXRγ, which is of interest because
null mutants of RXRγ lead to a decline in choline acetyl-
transferase in striatal cholinergic interneurons (Saga and
others 1999). It was further shown that 22 of the 104
genes that decrease in this mutant mouse were regulated
by RA, including the dopamine D2 receptor, the promo-
ter of which has an RA response element (Samad and
others 1997) and which, at least during development, is

Fig. 3. A mouse transgenic for a lacZ reporter gene driven by a
retinoic acid (RA) response element shows regions of RA sig-
naling in the hippocampus after fluorescence immunostaining
for the lacZ protein product. a, The strongest RA signal is evi-
dent in a subpopulation of granule cells in the dentate gyrus
with highest levels in the ventral, infrapyramidal blade. b, Daily
injections with 13-cis RA at 1 mg/kg result in increased reporter
expression equalizing the levels in the infrapyramidal and
suprapyramidal blades.
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driven by RA (Krezel and others 1998). Similarly, the
dopamine D1 receptor is also reliant on RA for expres-
sion (Krezel and others 1998). Null mutation of the D2
receptor in mice results in a parkinsonian-like pheno-
type, and it has also been suggested that RA is associ-
ated with Parkinson’s disease (Eichele 1997; Krezel and
others 1998). A further association with Parkinson’s dis-
ease is suggested from the lesions of the corpus striatum
that can result from use of Antabuse (disulfiram)
(Laplane and others 1992; Fisher 1998), an aldehyde
dehydrogenase inhibitor used as an aversion therapy for

alcoholism (Brewer 1993). Because this drug is a potent
inhibitor of RALDH-1 present in the nigrostriatal fibers
(McCaffery and Dräger 1994), it implicates a supportive
function for RA in the survival of the nigrostriatal dopa-
minergic neurons.

RA’s Functions in the Spinal Cord: 
A Potential Role in Motoneuron Disease

Intriguing results by Corcoran, So, and Maden (2002)
point to a role for RA in spinal cord motoneuron disor-

Fig. 4. RALDH expression in the song system of the zebra finch. a, Diagram of a parasagittal brain section showing position of com-
ponents of the song system. b, In situ analysis shows zRALDH expression restricted to the high vocal center (HVC) (arrow), IMAN, and
adjacent neostriatum; inset, expression in adult female HVC. c,d, Dark and bright field views of male HVC: Expression is confined to
the cytoarchitectonic boundaries of the HVC (arrowheads in d); arrow indicates the ventricle. e,f, Expression in HVC (e) and magno-
cellular nucleus of the anterior neostriatum (f) occurs in large neurons (black arrows), smaller cells are not labeled (white arrows)
(Denisenko-Nehrbass and others 2000).
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ders with the finding that vitamin A depletion of rats
results in astrocytosis and a significant loss of motoneu-
rons in the lumbar spinal cord. This loss resulted from
neural degeneration with an accumulation of neurofila-
ments combined with a decline in RARα (but not the
synthetic enzyme RALDH-2). This implies that just as
RA is necessary for survival and differentiation of neu-
rons in the embryonic CNS (Quinn and De Boni 1991;
Wuarin and Sidell 1991; Maden 2003), it is also impor-
tant for survival of adult neurons. Of particular interest
was an analysis of spinal cord tissue from a small po-
pulation (n = 10) of spontaneous amyotrophic lateral
sclerosis (ALS) patients. These samples showed a sig-
nificant decrease in both RARα as well as RALDH-2,
and it was suggested that the loss of RALDH-2 and cor-
responding decline in RA synthesis may contribute to
the loss of neurons in ALS.

RA’s Functions in the Hippocampus: 
A Potential Role in Neurogenesis and Depression

Depression has been suggested to be a side effect of the
chronic use of Accutane (isotretinoin, 13-cis RA) when
used as an oral treatment for severe acne (Hazen and oth-
ers 1983; Lamberg 1998; Hull and D’Arcy 2003),
although the link is not considered conclusive by all
(Jick and others 2003). Recent evidence has pointed to
the hippocampus as a focal point for 13-cis RA’s dele-
terious effects on the brain. A new hypothesis for the
etiology of depression proposes that this disease is the
outcome of a decline in the birth of neurons in the hip-
pocampus (Vogel 2000). This concept is based on the
shrinkage of this structure in depression as well as the
observations that steroid hormones, which signal stress-
induced depression, repress hippocampal neurogenesis
whereas antidepressant drugs promote neuronal birth
(Sheline and others 1996; Cameron and others 1998;
McEwen 1999; Malberg and others 2000; Sheline 2003).
The sensitivity of the hippocampus to shrinkage likely
derives from its high level of plasticity; this is reflected
in both its modulation of dendritic complexity and its
capacity to maintain a level of new neuronal birth from
a stem cell population that resides in the subgranular
zone of the dentate gyrus (McEwen 1999). Given the po-
tent effects of RA on neurogenesis (McCaffery and
Dräger 2000), it may be expected that chronic exposure
to 13-cis RA is detrimental to these processes. It has
been shown in a mouse model that chronic exposure to a
clinical dose (1 mg/kg/d) of 13-cis RA suppresses hip-
pocampal neurogenesis and also disrupts hippocampal-
dependant memory (Crandall and others 2004). Endoge-
nously synthesized RA is also likely to influence the
granule cells of the dentate gyrus within the hippocam-
pal formation. RA signaling within these cells is indicat-
ed by the intense induction of an RA reporter gene in a
subpopulation of these cells (Fig. 3a), predominantly in
the infrapyramidal blade. The influence of chronic 13-cis
RA exposure on the balance of RA signaling is shown in
Figure 3b, in which 3 weeks’ exposure to 1 mg/kg/d

results in an increase in the number of granule cells ex-
pressing the reporter gene, particularly evident in the
suprapyramidal blade. This suggests that suprapyramidal
blade is the region in which 13-cis RA may have its
greatest effect on hippocampal neurogenesis.

RA’s Function in the Forebrain: 
A Potential Role in Schizophrenia

Goodman (1998) was the first to suggest that retinoids
may be involved in the genesis of schizophrenia. The
association was tentatively based on the mapping of
genes encoding components of RA signaling, with the
chromosomal location of loci suggested to be linked to
schizophrenia (several only weakly linked to this dis-
ease). It was also noted that some of the congenital
abnormalities resulting from embryonic RA exposure,
such as enlarged ventricles, microcephaly, and cra-
niofacial and digital malformations, are associated with
schizophrenia. The increasing evidence that schizophre-
nia is a neurodevelopmental disease implies that an
abnormality in RA signaling during development might
lead to damage resulting in greater susceptibility to the
disease later in life. For instance, abnormalities in neural
crest cell differentiation or migration resulting from RA
signaling defects could account for brain and craniofa-
cial abnormalities evident in schizophrenia (LaMantia
1999). A possible association between RA and schizo-
phrenia derives from recent findings of protein changes
in the schizophrenic brain. Reelin, a secreted protein
that, in the adult, may promote synaptogenesis in
GABAergic cells, has been convincingly shown to be
downregulated in schizophrenia (Impagnatiello and oth-
ers 1998). Expression of reelin can be controlled epige-
netically via methylation of its promoter and RA may
control reelin expression via this mechanism (Chen and
others 2002). Despite such associations, however, direct
evidence for a link between RA and schizophrenia
remains elusive.

Nerve Regeneration

To some extent, regeneration recapitulates the processes
of embryonic development. The fact that RA guides
many developmental events in the nervous system raises
the possibility that it may also act as a signal for nerve
regeneration. Whereas the transection of a peripheral
nerve can be followed by successful restoration of func-
tion, lesions in the CNS cause permanent damage.
Among other causes, this difference is due to the fact
that the nonneuronal constituents of the CNS (astro-
cytes, oligodendrocytes, microglia) and PNS (Schwann
cells, fibroblasts, macrophages) activate different path-
ways of intercellular signal transduction and cause dif-
ferential transcription of a large number of structural and
regulatory genes (Gillen and others 1997; Raivich and
others 1999). The idea that RA plays a role in transcrip-
tional control after nerve injury is supported by indirect
evidence regarding the regulation of trauma-related
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genes, by observations of retinoid receptors and binding
proteins after nerve injury, and by explant cultures of
dorsal root ganglia, retina, and spinal cord.

Regulation of Cytokine Expression by RA

Among the targets of transcriptional control are a multi-
tude of structural genes, transcription factors, cell sur-
face molecules, and also many cytokines that participate
in traumatic reactions of the nervous system (Gudas and
others 1994; Mey 2001). Although these results derive
almost entirely from cell culture experiments, often with
immortalized cell lines not related to the nervous sys-
tem, they do point at possible functions of RA after
nerve injury. Among the pertinent proinflammatory
cytokines interleukin (IL)-1α, IL-1β, IL-6, and TNFa,
some of their downstream targets are suppressed or
enhanced by RA depending on the cell culture system,
and this is the same with various receptors for neuro-
poietic cytokines (ciliary neurotrophic factor [CNTF],
leukemia inhibitory factor, IL-6). The expression of
TGF−β cytokines, which often have a beneficial influ-
ence on neuronal survival and regeneration, is generally
increased with RA treatment (for review, see Mey 2001).
Because the primary function of neurotrophins is seen in
the regulation of nerve cell survival and neuronal con-
nectivity, their regulation by RA implies the closest con-
nection between retinoids and nerve regeneration. Most
investigators who demonstrate a supportive effect by RA
on axon growth or neuronal survival suggest the tran-
scriptional activation of the neurotrophin receptor genes
as the functional mechanism. This has most thoroughly
been studied in developing sympathetic ganglia of
chicken, rat, and mouse (Rodríguez-Tébar and Rohrer
1991; Holst and others 1995; Holst and others 1997;
Hwa and others 1997; Kobayashi and others 1998; Wyatt
and others 1999). Although there seem to be major dif-
ferences in the effect of RA on expression of receptor
tyrosine kinases in sympathetic neuroblasts of birds and
mammals, experiments with specific agonists and antag-
onists suggest that endogenous RA acts on Trk genes via
activation of RARα in both classes of vertebrates (Holst
and others 1995; Wyatt and others 1999). The receptor of
glial cell line–derived neurotrophic factor, GF-Rα1, is
also upregulated by way of the nuclear receptor RARα
(Thang and others 2000). A different principle of signal-
ing is based on direct cell-cell contacts, mediated via cell
adhesion molecules of the immunoglobulin superfamily,
Ca2+-dependent cadherins, and integrins, the receptors
for extracellular matrix molecules. These, too, are tran-
scriptional targets of RA, and biological effects such as
neuritic growth on laminin have been observed (Ross
and others 1994; DiProspero and others 1997;
Whitesides and others 1998; Medhora 2000).

RA-Induced Differentiation of 
Neurons and Glial Cells

During embryonic development of the nervous system,
RA can regulate the differentiation of oligodendrocytes

(Noll and Miller 1994; Staines and others 1996), astro-
cytes (Wuarin and others 1990), and nerve cells (Henion
and Weston 1994; Thang and others 2000). The effect of
RA on neuronal differentiation has been studied exten-
sively with embryonal carcinoma cells, in which a large
number of RA-induced and repressed genes were identi-
fied (Bouillet and others 1995; Oulad-Abdelghani and
others 1998; Cheung and Ip 2000; Cheung and others
2000). Neuronal development, as well as regeneration,
requires the outgrowth of axons. In cell culture experi-
ments with embryonic tissues, RA increased axonal out-
growth from the spinal cord (Wuarin and others 1990;
Hunter and others 1991; Wuarin and Sidell 1991; Maden
and others 1998), dorsal root ganglia (DRG) (Haskell
and others 1987; Corcoran and others 2000), cerebellum
(Yamamoto and others 1996), and sympathetic ganglia
(Rodríguez-Tébar and Rohrer 1991; Holst and others
1997). In one study, RA exerted a specific effect on
BMP-induced dendrite development but not axonal
elongation or survival of rat sympathetic neurons. It has
therefore been suggested that RA functions as an en-
dogenous morphogen for neuronal cell shape and polar-
ity (Chandrasekaran and others 2000).

RA Promotes Axonal 
Regeneration In Vitro

In addition to inducing neurite outgrowth from develop-
ing neurons, cell culture studies have now shown that
RA also promotes regeneration of axons from differenti-
ated nerve cells. In these experiments, attention was paid
to possible synergistic interactions between RA and
nerve growth factor (NGF), BDNF, and NT-3. Following
injection of all-trans RA onto the chorio-allantoic mem-
brane of stage E16 chick embryos, the retinas were
explanted 24 h later, and axonal regeneration was moni-
tored in organ cultures. Although RA alone did not
increase neurite outgrowth of retinal ganglion cells, it
produced a synergistic effect with application of BDNF
that was subsequently applied in vitro (Mey and
Rombach 1999). With neurons from DRG, RA seems to
act downstream from a neurotrophin. In this case, NGF
induced neurite outgrowth from the DRG by activating
the synthesis of all-trans RA: DRG cultured in the pres-
ence of NGF-blocking antibodies and RA showed neu-
rite outgrowth equivalent to that obtained with neurotro-
phin alone, whereas the action of NGF was abolished by
a blocker of RA-synthesizing aldehyde dehydrogenases
(Corcoran and Maden 1999). On stimulation with RA,
the NGF- and NT-3–responding cells upregulated the
expression of RARα1 and RARβ2. Because the induction
of neurite outgrowth was also accomplished with an
RARβ-specific agonist but not with agonists for RARα
or RARγ, the crucial transducer of the RA signal was
probably RARβ2 (Corcoran and others 2000). This con-
clusion was then tested with spinal cord explant cultures.
In these experiments, RA-dependent neurite outgrowth
from embryonic day 13.5 and 10-month-old mice or 3-
month-old rats correlated positively with the expression
of RARβ. When adult spinal cords were then transfected
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with RARβ2, axonal regeneration occurred even from
these explants that otherwise produced no regenerating
neurites. Controls including the transduction with
RARβ4 were negative, and in the absence of RARβ,
NGF did not cause neurite extension (Corcoran, So,
Barber, and others 2002). Therefore, the presence of
RARβ2 seems to be a prerequisite for axonal growth, at
least for some neuronal populations.

RA Signaling after Nerve Injury In Vivo

In the mammalian PNS, where axonal regeneration
remains possible throughout life, the entire RA signal

transduction cascade is expressed: Transcripts of all
retinoid receptors, of CRBP-I, CRABP-I, and CRABP–II;
RA-synthesizing enzymes; and CYP26A1 have been
reported in rat sciatic nerves. Using a zymography
bioassay, the activity of one aldehyde dehydrogenase,
RALDH-2, was also detected in the PNS (Zhelyaznik
and others 2003). Experiments with a transgenic reporter
mouse indicate that transcriptional activity of RA,
although absent in normal nerves, is induced by a nerve
crush (Fig. 5). Reporter gene activity distal from the le-
sion site was highest 7 days after injury, that is, during
the time of axonal regeneration. This reaction correlated
with an increase in expression of CRBP-I and CRABP-

Fig. 5. Upregulation of CRABP-II after peripheral nerve injury. a, Relative mRNA expression of CRABP-II in crushed or transected sci-
atic nerves of adult rats, distal from the site of the lesion. After different periods of time, expression was measured by quantitative
reverse transcriptase–PCR, normalized to GAPDH and plotted in comparison to expression levels of the nonlesioned contralateral
nerve. b, Relative CRABP-II immunoreactivity in crushed or transected sciatic nerves of adult rats, distal from the site of the lesion.
Protein levels were quantified from signal strength in Western blots and compared to the IR of contralateral control nerves. Bars repre-
sent means ± 95% levels of confidence. c, Transcriptional activity of retinoic acid in an RAREhspLacZ reporter mouse is observed 7
days after sciatic nerve crush (blue staining) but not in nonlesioned nerves.
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II. After cellular uptake of vitamin A, CRBP-I is
involved in the oxidation of retinol to retinal. CRABP-II,
on the other hand, facilitates the transport of RA to the
nucleus (Budhu and Noy 2002). Because protein levels
of RALDH-2 did not change significantly after injury, it
is possible that the transcriptional effect of RA was trig-
gered through upregulation of CRBP-I and CRABP-II.
In degeneration experiments in which axonal growth
was prevented, mRNA and protein expression of
CRABP-II remained at elevated levels, whereas axonal
regeneration was followed by downregulation of CRBP-
I and CRABP-II to control levels (Fig. 5). Similar to hip-
pocampal learning paradigms, the research into the
molecular consequences of injury-related RA signaling
is just beginning. In the PNS, Schwann cells are likely
targets because receptors and binding proteins are
expressed in nerves severed from the spinal cord and
DRG, so that increased expression after injury cannot be
attributed to the neurons. In primary Schwann cell cul-
tures, RA caused a decrease in the expression of CNTF,
a response similar to what is observed in vivo (Johann
and others 2003). As mentioned above, a number of
other signals that are involved in axonal regeneration
count among the possible targets of RA. The question
about the precise role of RA signaling after injury of
CNS or PNS must now also be addressed.
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