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Retinoid acid, the bioactive metabolite of vitamin A, is a potent signaling molecule in the

brains of growing and adult animals, regulates numerous gene products, and modulates

neurogenesis, neuronal survival and synaptic plasticity. Vitamin A deficiency (VAD) is a

global health problem, yet our knowledge of its effects on behavior and learning is still

emerging. Here we review studies that have implicated retinoids in learning and memory

deficits of post-embryonic and adult rodent and songbird models. Dietary vitamin A

supplementation improves learning and memory in VAD rodents and can ameliorate

cognitive declines associated with normal aging. Songbird studies examine the effects of

retinoid signaling on vocal/auditory learning and are uniquely suited to study the behavioral

effects of VAD because the neural circuitry of the song system is discrete and well under-

stood. Similar to human speech acquisition, avian vocal learning proceeds in well-defined

stages of template acquisition, rendition and maturation. Local blockade of retinoic acid

production in the brain or excess dietary retinoic acid results in the failure of song matura-

tion, yet does not affect prior song acquisition. Together these results yield significant

insights into the role of vitamin A in maintaining neuronal plasticity and cognitive function

in adulthood.
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1 Introduction

Vitamin A is a fat-soluble micronutrient that is converted

into retinoic acid at or near the site of activity in the body for

use as a transcriptional regulator. Microarray studies have

found retinoid signaling to affect a large number of genes in

different tissues [1–3], and by some estimates affects �15%

of known human protein-coding genes [4], thus represents a

strong candidate for neuromodulation. Vitamin A deficiency

(VAD) is globally one of the most common forms of

malnutrition in human populations, with ocular disorders,

immunosuppression and impaired growth commonly

described [5], and although considerable political efforts

have been undertaken to eliminate VAD over the last half-

century [5] it today remains a problem in much of the

developing world [6, 7]. In light of the recent attention of

micronutrients to human cognition, a lack of a strong role

for vitamin A is surprising [8, 9]. However, based on

evidence from animal models and associative human

studies, a significant role of vitamin A is likely. For instance,

the acne-control drug, Accutane (a retinoic acid analogue),

was recently discovered to reduce hippocampal neurogen-

esis and proliferation, along with the ability to learn a maze

in adult mice [10], while in humans the incidence of

depression is �10% higher among Accutane users [11].

Thus, use of therapeutic retinoids likely has effects on the

maturation and maintenance of the adult brain and asso-

ciated behaviors (though subtle compared to the dramatic
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effects on embryonic development). Supplementation of

vitamin A or retinoid derivatives as therapeutic agents has

been widely proposed for psychiatric pathologies including

schizophrenia and Alzheimer’s disease [12], and may be

used for controlling certain cancers [13, 14]. In light of

animal models that show how retinoid signaling affects

neuronal maintenance and behavior, we review work that

has altered retinoid signaling up or down in the brains of

rodents and songbirds with subsequent neurobiological

effects that are tied to a specific cognitive function or

complex behaviors.

2 Vitamin A and retinoic acid metabolism

The biologically active metabolite of vitamin A, retinoic acid,

is the ligand of a set of receptors (retinoic acid and reti-

noid� receptors) that act as transcriptional regulators

restricted to chordates, and it is best known as a signaling

molecule during early embryogenesis [15, 16]. However,

tightly controlled retinoid signaling is also important

throughout adolescence and adulthood, and has been shown

to play various roles in the continued formation, differ-

entiation and maintenance of neuronal phenotypes. Owing

to its low stability and low abundance in neuronal tissue,

retinoic acid has proved challenging to effectively quantify

by methods such as HPLC [17], but recent improvements in

direct retinoic acid quantification [18] may prompt its

quantification in sub-regions of the brain. Rather, retinoid

signaling in the brain has often been inferred by the

presence of aldehyde dehydrogenase, the terminal enzyme

in the retinoic acid synthesis pathway. Three retinaldehyde-

specific aldehyde dehydrogenases (RalDH) are present in

high levels in the embryo and/or occur in the developing eye

[19], but the isoform RalDH2 remains prevalent in post-

embryonic and adult brains at lower levels. In embryos,

differential expression of RalDHs sets up diffusion gradi-

ents of retinoic acid across structures such as the whole

body plan, limb bud or eye. These gradients broadly deter-

mine patterns of structure formation [20, 21]. However,

because adults and juveniles have greater physical structural

complexity and lower levels of RalDH2 expression in their

bodies than embryos, the spatial scale in which gradients of

retinoic acid may act is not clear. It is likely with lower

concentrations of retinoic acid present in tissues, concen-

tration gradients must occur across a smaller space, perhaps

over several cells. In addition, several gene products in

addition to RalDH2, including cellular retinoic acid-binding

proteins and retinal dehydrogenases/reductases, and cyto-

chrome degradation enzymes provide additional regulatory

control of retinoic acid levels [22, 23], and these regulatory

gene products may change with development. Since

RalDH2 is expressed by fully differentiated neurons in

adults, retinoic acid may be produced in the functional cell

bodies of one brain region for axonal transport to other

remote regions where it may then direct neuromodulation.

In either scenario, poorly understood transport processes

and much smaller spatial fields of retinoid signaling are

likely the norm in post-embryonic tissues, further necessi-

tating the need for a tightly controlled system of retinoid

signaling to maintain critical neuronal function.

Experiments to investigate the actions of retinoid signaling

on neural properties and behaviors have either downregulated

(e.g. simulated VAD) or upregulated retinoid signaling in the

brain. VAD models may be achieved with the use of synthetic

diets that are deficient in retinoic acid and all potential retinoic

acid precursors, or the synthesis of retinoic acid may be

disrupted by pharmacological blockers of retinoic acid synth-

esis [24]. Research with rodents has employed a transgenic

knockout model for the retinoic acid receptor [25], and with

the recently released songbird genome [26] in combination

with development of viral transfection to generate transgenic

songbird models, this may soon be a realistic technique for

songbird researchers. Conversely, vitamin A and/or retinoic

acid supplementation provides a model to better understand

the therapeutic effects of retinoid signaling. This approach

complements VAD as it results in excess retinoic acid levels in

the brain. This is a significant approach as frequently both

deficits of retinoid signaling and overproduction of retinoic

acid can have disruptive effects, resulting in a detectable

phenotypic response.

3 Rodent studies of neuromodulation by
retinoic acid

Rodents models have proven informative on the effects of

retinoid signaling on post-embryonic neuromodulation as

retinoids affect hippocampal long-term depression (LTD) and

potentiation, both measures of long-lasting synaptic plasticity,

and neurogenesis [12, 27, 28]. The first clear evidence that

retinoids play a role in cognitive function came from work

with knockout mice that lacked either one of the retinoic acid

receptors, RARb, or one of the retinoid X receptors, RXRg
[25]. These particular receptors are uniquely expressed in

hippocampal regions of the adult mouse brain that are

implicated in spatial and relational memory, whereas the

other retinoic acid receptors and retinoid X receptors are

more uniform in their distribution. Thus, mutant mice for

these receptors showed normal development and growth with

no abnormal physical or neuronal morphology, yet demon-

strated cognitive deficits in learning the Morris water maze

and impaired motor control and balance, compared to wild-

type mice. These behavioral impairments correlated with

electrophysiological differences in hippocampal CA1 cells in

that RARb mutants lost long-term potentiation (LTP) and the

RARb and RXRg mutants both lost LTD. Both of these

correspond to changes in long-term synaptic efficacy that can

affect learning and memory.

Following these findings, several studies have demon-

strated a dietary link between retinoids and behavior or

neuronal plasticity. By experimentally inducing VAD in
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neonatal mice, Misner et al. [29] showed that poor retinoid

nutrition also affects LTP and LDP in mice, along with the

more obvious physical and ocular deformities typical of

VAD. These electrophysiological effects occurred without

apparent physical differences in the underlying neuronal

structure of the hippocampus, and in fact when proper

retinoid nutrition was returned to retinoid-deprived mice,

LTP and LTD returned to normal [29]. Behaviorally, dietary

VAD in rodents also results in cognitive declines in memory

tasks, but unlike the apparent rescue effect of supplemental

retinoids for electrophysiological function, the behavioral

rescue effect was not as consistent in all animals as there

continue to be age-related effects on susceptibility to VAD.

For instance, in a two-arm discrimination maze (baited with

food) young VAD mice demonstrated persistent exploratory

behaviors over a training period that is characteristic of

naive animals, compared to normal mice that readily go to

food after they learn the maze [30], and these effects do not

go away when normal diets return, compared to older

animals. Species differences are also evident: in contrast to

mice, rats deprived of vitamin A at an early age showed

cognitive decline that seems to improve once a regular diet

is resumed [31, 32].

In parallel to the deprivation experiments, high doses of

the 13-cis retinoic acid isomer administered to adult mice

also results in cognitive deficits, and are correlated with

reduced cell proliferation in the hippocampus and the

proliferative regions of the ventricle [10]. Thus, excessively

high levels of retinoic acid also have detrimental effects,

suggesting that it needs to be regulated within a narrow

concentration range. The maintenance of the adult olfactory

bulb also requires retinoid signaling and is known for high

levels of neuronal plasticity in terms of adult neurogenesis

or variable profiles of gene expression [33]. Furthermore in a

mouse model of Alzheimer’s disease that overexpresses

genes for b-amyloid and presenilin 1, mice can be rescued

from Alzheimer’s-related learning deficits by therapeutic all-

trans retinoic acid (ATRA) administration [34]. ATRA-treated

mice showed fewer of the neurodegenerative b-amyloid

deposits in their brains, yet the possibility exists that the

cognitive improvements were unrelated to the decrease in

b-amyloid deposits, as aged wild-type mice that are given

retinoic acid also show improvements in their cognitive

abilities [35]. Indeed, therapeutic retinoid tools are promis-

ing for nervous system injuries, age-related declines in

cognitive function as well as dementia-associated diseases;

however, because of the multiple gene/signaling pathways

and multiple aspects of neuronal plasticity known to be

affected by retinoid signaling, careful research is needed.

4 Avian studies of retinoic acid
neuromodulation

While rodent models best address spatial and relational

memory, the songbird model addresses vocal and auditory

learning, a trait shared with humans but that is not possible

to test with most other mammal models, including

nonhuman primates. Besides being one of the few organ-

isms that evolved vocal learning, songbirds are powerful

models for examining the neural basis of vocal learning

because the brain areas that control song are composed of a

series of discrete nuclei that have been well-characterized

anatomically and physiologically [36, 37]. Birdsong consists

of a learned complex vocal-motor sequence that is reinforced

through sensorimotor learning during a critical period of

high neuronal plasticity in the song system of juveniles [38].

Young zebra finches (Taeniopygia guttata) that hear song

from male tutors during the Sensory Acquisition Period

(20–60 days post hatch [dph]; Fig. 1) will acquire a stored

template of the tutor’s song in their memory. They then

enter the Sensorimotor Phase (�40–90 dph) where indivi-

duals develop their songs by matching the highly variable

song that they produce to that of the tutor’s song stored in

their memory. By adulthood (�90 dph) their songs mature

and ‘‘crystallize’’ to the point that variability is minimal and

the songs that they produce show a strong resemblance to

that sang by their tutors [39]. In zebra finches these critical

periods are well characterized [38] and this model provides a

system that closely resembles the acquisition of human

speech where infants first exhibit variable babbling, followed

by experimentation with the sounds and pronunciation of

spoken language [40].

The avian song system consists of several well-defined

song nuclei that function in two complementary circuits.

Birdsong begins in the song nucleus HVC (hyperstriatum

ventrale, pars caudalis), which originates the neuronal

pathways that are responsible for the learning and the

production of song (Fig. 2). Projection neurons from the

HVC to the robust nucleus of the arcopallium (RA) begin

the posterior vocal-motor pathway and provide direct control

to vocal and respiratory motor neurons (Fig. 2, black

arrows). The anterior pathway originates as projection

neurons from HVC to area X of the medial striatum (gray

arrow), and from there sequentially to the dorsal lateral

nucleus of the medial thalamus and to the lateral magno-

cellular nucleus of the nidopallium (LMAN) and into RA.

Retinoic acid production in adults seems to be tightly linked

to this anterior pathway. The large neurons that originate in

Figure 1. Timeline of critical periods within the zebra finch

(T. guttata) song development and patterns of zRalDH expres-

sion in the song nuclei HVC, LMAN and RA (see text for proper

names) of the zebra finch brain.
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the HVC and project to area X (Fig. 2, shown as a gray

arrow) and the large neurons within LMAN are major

sources of zRalDH (the zebra finch analog of RalDH2)

expression in the adult song system, while song nucleus RA

shows only a transient expression pattern in juveniles that

disappears by 50 dph (Fig. 1). By 4 dph zRalDH is detectable

within HVC, LMAN and RA and levels gradually increase as

these song nuclei grow. During this time, neuronal

connections among the song nuclei are being established

and new cells are migrating in from the proliferative regions

along the ventricle. zRalDH expression in RA is character-

istic of juvenile songbirds between �10 and 50 dph and

levels peak at �38 dph [41] which corresponds to the inva-

sion of HVC projection neurons into the RA [42] and the

first attempts at song in the juvenile. While zRalDH in the

RA is largely absent after 50 dph, its expression continues in

HVC and LMAN into adulthood, indicating a persistent

production of retinoic acid in the adult song system [41].

The anterior pathway is responsible for song learning in

juveniles and for modulating plasticity in learned song in

adults. For instance, ablation of LMAN during the critical

period of juvenile song acquisition reduces variability in

juvenile song prematurely and inhibits learning ability [43,

44]. Thus, this circuit contributes to the neuronal and

behavioral plasticity that is necessary to learn a complex

behavior such as song. Our lab has altered retinoid signaling

in the songbird brain with the application of pharmacolo-

gical blockers of retinoic acid synthesis locally over HVC

[41]. Disulfiram disrupts the final step in the synthesis of

retinoic acid production by inhibiting retinaldehyde-specific

zRalDH, while expression of other known class 1 aldehyde

dehydrogenases does not occur in the songbird brain [24].

Birds treated with disulfiram at 30–35 dph (compared to

controls who received saline implants in HVC or disulfiram

implants in another brain region) showed evidence of song

acquisition from a tutor male, but songs remained variable

into adulthood, with frequent omission or variability of song

elements into adulthood, indicating that maturation and

crystallization did not occur. Song of disulfiram-treated

birds resembled closely the variable song of juveniles, with

poor note morphology and instability of fast frequency

modulations. In contrast, adult birds with disulfiram placed

over their HVCs showed no detrimental effects to their

already crystallized songs [41].

In a similar study, male finches were supplemented with

a high daily dose of ATRA (oral administration in corn oil

vehicle between 30 and 120 dph) to test for possible changes

to the qualities of their song compared to controls given

vehicle alone [45]. Songs were recorded at 120 dph to analyze

vocal development and the brains were examined for the

expression of several candidate retinoid-regulated genes.

ATRA-treated birds sang a complex song that contained

normal features of conspecific song, including a motif with

syllables that were presumably copied from the adult songs

in the aviary. However, based on the analysis of multiple

consecutive renditions (minimum 10 motifs per bird), the

songs of ATRA-treated birds demonstrated more variability

than controls. These songs had lower consistency, linearity

and stereotypy [46], indicating lower levels of syntactic

stereotypy compared to controls. These effects were largely

due to frequent note additions and/or omissions in

comparison with the most typical motif for each bird, as well

as higher variability in the duration of syllables and inter-

syllabic intervals than in controls. ATRA-treated birds also

had lower similarity and accuracy scores [47]. The lower

scores in the ATRA-treated group reflect higher variability in

several acoustic features (such as pitch, spectral continuity,

entropy) across multiple song renditions for each individual.

In sum, songs from ATRA-treated birds resembled the

plastic song of juveniles. Thus, song maturation appears to

be arrested prior to song crystallization when retinoid

signaling is upregulated through dietary supplementation,

similar to birds where the production of retinoic acid was

locally blocked in HVC [41]. In both scenarios of increased

and decreased retinoid levels, birds show elements of song

acquisition, but fail to crystallize their songs.

These results raise several important questions regarding

the roles of retinoid signaling on genetic and cellular

processes in the song system during the juvenile song-

development period and over the adult life-span. Retinoic acid

drives neuronal differentiation by effects on gene expression

[21, 23], thus in the context of the song system, genes with

differential expression in the HVC and that are shown to be

affected by changes in retinoic acid levels, are likely to have

important effects on the development of the song system.

Figure 2. (A) Parasaggital view of direct and anterior pathways of

the zebra finch (T. guttata) song system. Bold arrows show the

direct motor pathway, while thin arrows delineate the anterior

forebrain loop. Projections and nuclei that are known to express

zRalDH are shown in gray, and nuclei with no expression are

shown in white. (B) In situ hybridization of antisense riboprobe

for the zRalDH shows strong expression in HVC and in the

nidopallial layer of the telencephalon, including LMAN.
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Indeed, microarray studies that have examined positive or

negative induction of genes in tissues such as breast carci-

noma tissue, Xenopus larva and lymphoid tissue have yielded

different patterns of induction among the various systems

[1–3]. Thus, neuronal tissue is likely to have a unique

induction of genes in response to changes in retinoic acid

levels, compared to other tissues. Four genes, (neurogranin)

nrgn, BMP/RA-inducible neural-specific protein brinp1 (a.k.a.

dbc, deleted in bladder cancer in humans) and a retinal short-

chain dehydrogenase/reductase, sdr2/scdr9, retinoic acid

receptor alpha, rar-a, have shown altered expression in the

brain with the previously described feeding trial [45]. Of these

brinp1 and nrgn have prominent expression in HVC – nrgn is

associated with synaptic development and remodeling [48, 49]

and decreases in HVC in response to ATRA, while brinp1 is

an inhibitor of the cell cycle, possibly through the TrkC/NT3

receptor [50] and shows broad increases in neural tissues in

response to ATRA. The function of both these genes is

consistent with a role in modulating different kinds of

neuronal plasticity in the song system, in fact, a positive

linear relationship was shown between nrgn expression levels

in both LMAN and area X with the degree of song stereotypy.

Retinoic acid is known to modulate neuronal proliferation,

migration, differentiation and synaptic connectivity, but at

this point we know little about how genetic programs directed

by retinoic acid drive these cellular processes in the avian

song system. In terms of the histological structure of the song

system and volume of song nuclei there are no apparent

effects of altered retinoid signaling [45], similar to a lack

of an effect in the volume of the murine hippocampus [29].

Sdr2/scdr9 has low expression in the song system, but shows

increased expression with increased levels of retinoic acid in

area X and LMAN of the anterior loop of the song system,

consistent with a likely role of this gene product in providing

an inhibitory regulatory role in retinoic acid signaling.

5 Concluding remarks

Even though this is a relatively new area of research, the

evidence strongly suggests that vitamin A, through its main

metabolite retinoic acid, continues to exert important actions

on brain physiology and behavior in post-embryonic and adult

life. Avian and murine studies suggest that a balance of reti-

noic acid is required to attenuate the behavioral plasticity that

is required for the storage and recovery of memory. That is,

levels of retinoic acid are maintained at moderate levels by a

complex of control mechanisms and feedbacks, so that too

much or too little of this ligand will result in similar deficits in

learned behaviors. However, it is still unclear how underlying

pathways of retinoic acid signaling change with different levels

of the ligand and how this differs in different neuronal

systems. Retinoic acid is broadly implicated in neurogenesis,

cell differentiation, synaptic connectivity and electro-

physiological potentiation – all processes that affect what we

commonly think of as neuronal plasticity. Furthermore,

neurobiological systems may respond to retinoic acid differ-

ently at various stages of development, but additional work is

needed to fully understand this issue. In terms of learned

behavior, plasticity is required for neural systems to be able to

adapt to broad and constantly changing environmental condi-

tions, yet excessive plasticity may be detrimental for an animal

to effectively learn and consolidate very specific patterns,

particularly behaviors as complex as learned vocalizations.

The studies discussed here indicate the continued

importance of vitamin A as a nutrient for the brain not only

during embryonic development but also during adulthood.

The study of retinoic acid effects on the song system offers a

unique opportunity to identify the molecular regulators of a

complex behavior such as vocal learning. With the avian song

system, we have detailed knowledge on the composition and

physiology of specific neuronal elements, and thus presents

an opportunity to identify the retinoic acid targets at a cellular

and molecular level. Overall, research in basic model organ-

isms to further our knowledge of how vitamin A affects the

brain and behavior will expand our understanding of the

significance of VAD to human populations in terms of

learning ability. This is significant as measuring cognitive

abilities across multiple cultures is notoriously difficult.

The decline in cognitive ability is one of the classic

hallmarks of human aging, and in animal models under

conditions of poor vitamin A nutrition. Resumption of

vitamin A and proper levels of retinoic acid signaling may

have restorative effects, but again, research to identify the

extent of possible recovery and the critical periods during

the life stage is needed. Indeed, VAD at early stages in the

life cycle of rodents seems to have irreversible effects on the

brain, but adult animals may be more tolerant to episodes of

retinoid malnutrition [31]. Compared to short-lived rodents,

birds are very long-lived for their body sizes [51], and thus

may be an appropriate model for the long-term effects of

VAD in humans. Therapeutic doses of retinoic acid may

ameliorate age-related dementia and psychosis, yet may also

exert undesirable effects on the brain through other path-

ways. Further studies on animal models like rodents and

songbirds are poised to further reveal the importance of

vitamin A and retinoid signaling for brain function and

behavior.
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