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All-trans-retinoic acid (atRA) stimulates neurogenesis, den-
dritic growth of hippocampal neurons, and higher cognitive
functions, such as spatial learning and memory formation. Al-
though astrocyte-derived atRA has been considered a key fac-
tor in neurogenesis, little direct evidence identifies hippocam-
pus cell types and the enzymes that biosynthesize atRA. Here
we show that primary rat astrocytes, but not neurons, biosyn-
thesize atRA using multiple retinol dehydrogenases (Rdh) of
the short chain dehydrogenase/reductase gene family and reti-
naldehyde dehydrogenases (Raldh). Astrocytes secrete atRA
into their medium; neurons sequester atRA. The first step,
conversion of retinol into retinal, is rate-limiting. Neurons and
astrocytes both synthesize retinyl esters and reduce retinal
into retinol. siRNA knockdown indicates that Rdh10, Rdh2
(mRdh1), and Raldh1, -2, and -3 contribute to atRA produc-
tion. Knockdown of the Rdh Dhrs9 increased atRA synthesis
�40% by increasing Raldh1 expression. Immunocytochemistry
revealed cytosolic and nuclear expression of Raldh1 and cy-
tosol and perinuclear expression of Raldh2. atRA autoregu-
lated its concentrations by inducing retinyl ester synthesis via
lecithin:retinol acyltransferase and stimulating its catabolism
via inducing Cyp26B1. These data show that adult hippocam-
pus astrocytes rely on multiple Rdh and Raldh to provide a
paracrine source of atRA to neurons, and atRA regulates its
own biosynthesis in astrocytes by directing flux of retinol. Ob-
servation of cross-talk between Dhrs9 and Raldh1 provides a
novel mechanism of regulating atRA biosynthesis.

Vitamin A (retinol) metabolism produces the autacoid all-
trans-retinoic acid (atRA),2 which regulates multiple pro-
cesses required for vertebrate reproduction, embryonic devel-
opment, immunity, growth, and systems homeostasis (1–5).
atRA regulates proliferation, differentiation, and apoptosis of
many cell types, including epithelial, preadipocytes, and neu-
ronal stem cells (6–8). Molecular, cellular, and behavioral

studies confirm that central nervous system development and
function rely on atRA (9–11). atRA functions in the nervous
system via the nuclear RA hormone receptors, to regulate
both transcription and translation (12–14). For example, dis-
rupting atRA signaling by knocking out retinoic acid receptor
� severely compromises performance in the Morris water
maze test, commonly used to evaluate hippocampus-depen-
dent spatial learning in rodents (15). Impairing atRA signaling
impairs long-lasting, activity-dependent changes in synaptic
efficacy, including long-term potentiation and long-term de-
pression, viewed as potential cellular learning mechanisms
(16). atRA enhances hippocampus neuron function by stimu-
lating dendritic growth (17). atRA also induces neurogenesis
of adult neural stem cells in culture and in vivo, and neuronal
differentiation of embryonal carcinoma cells (18–21).
A complex metabolic pathway, consisting of multiple steps

and enzymes, controls atRA homeostasis (22). Depending on
cell needs, all-trans-retinol undergoes storage as retinyl esters
(RE), catalyzed primarily by lecithin:retinol acyltransferase
(LRAT) (23, 24). Alternatively, dehydrogenation into all-
trans-retinal, catalyzed by retinol dehydrogenases (Rdh) that
belong to the short-chain dehydrogenase/reductase gene fam-
ily, initiates atRA biosynthesis (25–29). Dehydrogenation of
all-trans-retinal, catalyzed by retinal dehydrogenases (Raldh),
which belong to the Aldh gene family, produces atRA (30–
33). Catabolism by members of the Cyp gene family balances
biosynthesis of atRA (34). These steps function collectively to
establish the presence and amount of atRA at specific loci.
The two dehydrogenation reactions, and the catabolic reac-
tion are each catalyzed by multiple isozymes. Rdh is physio-
logically active in generating atRA include Rdh2 (rRodh2,
mRdh1), Rdh10, and Dhrs9. Knock-out or inadequate expres-
sion of each Rdh produces a phenotype associated with im-
paired retinoid function, including enhanced adiposity
(mRdh1), defects in head and body development (Rdh10), or
enhanced tumorigenesis (Dhrs9) (35–37). The three Raldh
also have been associated with generating atRA physiologi-
cally, through modifying adiposity (Raldh1) or supporting
embryonic development (Raldh2 and -3) (38–41).
Astrocytes, the predominant glia cell type in the hippocam-

pus, provide structural, metabolic, and functional support to
neurons by secreting factors that induce neurogenesis and
formation of synaptic networks (42). atRA has been identified
as one of the astrocyte-derived factors that instruct neural
stem cell differentiation (7, 43–45). Consistent with supplying
atRA to neurons, evidence has been generated indicating that
astrocytes biosynthesize atRA, including astrocytes from the
rat spinal cord, glial cells in the lateral ganglion eminence,
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Müller cells, and various brain areas (7, 45–48). Expression of
Raldh1 and Raldh2 has been detected in glial cells and astro-
cytes (48, 49). Expression of Raldh also has been detected in
human neural cells and rat superior cervical ganglion neu-
rons; the later also express Rdh. These data suggest that neu-
rons also biosynthesize atRA (50, 51). Other research indi-
cates that the cortex meninges and hypothalamus tanycytes
secrete atRA to diffuse throughout nearby brain regions (37,
52). Given the complexity of the brain, the specialized func-
tions of brain regions, and the complexity of retinoid homeo-
stasis, conceivably atRA generation may occur in a region-
specific manner.
The goals of this research were to determine sources of

atRA in the hippocampus, the nature of the Rdh and Raldh
that contribute to atRA generation, and provide insight into
pathway regulation. We identify astrocytes as the primary, if
not sole source, of hippocampus atRA, and show that Rdh2,
Dhrs9, Rdh10, and all three Raldh likely contribute to astro-
cyte atRA biosynthesis. atRA autoregulates its homeostasis in
astrocytes by redirecting retinol metabolism to RE biosynthe-
sis and inducing its catabolism. We also report a novel cross-
talk between Dhrs9 and Raldh1, indicating a new mechanism
of regulating atRA production. These data reveal a complex
path with multiple functional isoenzymes for atRA biosynthe-
sis in the hippocampus.

EXPERIMENTAL PROCEDURES

Cell Culture—Primary cultures of astrocytes were prepared
as described with some modifications (53). Briefly, hip-
pocampi without meninges from 2-day-old Sprague-Dawley
rats were dissected and resuspended in 2 ml of Hanks’ bal-
anced salt solution containing 10 mM HEPES, pH 8.0, and
1,000 units/ml of penicillin-streptomycin. Hippocampi were
dissociated by 0.05% trypsin and trituration through a series
of Pasteur pipettes with gradually reduced diameters. Astro-
cytes were plated in DMEM supplemented with 10% FBS in
175-cm2 tissue culture flasks, and incubated in a 37 °C incu-
bator with 5% CO2. The medium was changed after 24 h. As-
trocytes formed a confluent layer 14 days after plating. Flasks
were sealed and shaken at 300 rpm for 6 h to separate oligo-
dendrocytes and microglia cells. Astrocytes were trypsinized
and re-cultured in 6-well plates or 22 � 22-mm glass cover-
slips at a cell density of 2 � 105 cells/well after an additional 2
weeks in culture.
To prepare the pure neuronal cultures, as described (17),

hippocampal neurons were dissected and dissociated from
E18 Sprague-Dawley rat hippocampus in the same way as as-
trocytes, and plated in Neurobasal medium containing 2%
B27 supplement (Invitrogen) on plates or glass coverslips pre-
coated with poly-D-lysine (Sigma) at a cell density of 2 � 105
cells/well in 24-well plates or 1 � 106 cells/well in 6-well
plates. Half the medium was replenished each week. After a
1-week culture, 2 �M Ara-C (Sigma) was added to prevent glia
proliferation. The purities of cultured astrocytes and neurons
were confirmed by immunostaining with the astrocyte marker
glial fibrillary acidic protein (GFAP), the neuron dendrite
marker microtubule-associated protein 2 (MAP2), and the
neuronal nuclear antigen NeuN.

Retinoid Metabolism Assays—Primary cultured astrocytes,
neurons, or co-cultured astrocytes and neurons were incu-
bated with the indicated concentrations of substrates dis-
solved in DMSO for the indicated times in DMEM containing
3% FBS. The medium was aspirated and saved, cells were ly-
sed with reporter lysis buffer (Promega). atRA in the medium
and lysed cells, and RE and retinol in lysed cells were ex-
tracted as described (54, 55). atRA was quantified by LC/
MS/MS with atmospheric pressure chemical ionization. Reti-
nol and RE were quantified by HPLC (56). Retinoids were
handled under yellow lights using only glass/stainless steel
containers, pipettes, and syringes. Background was assessed
from control incubations without cells. Results are averages of
triplicates, normalized to picomole/million cells/4 h or to
control groups and shown as fold-change.
RNA Interference—The small interfering RNAs set (siRNA)

of Raldh1 (L-093355), Raldh2 (L-095884), Raldh3 (L-098021),
Rdh10 (L-098615), Rdh2 (L-095187), Dhrs9 (L-091764),
Cyp26B1 (L-093105), and non-targeting control siRNA (D-
001810) were obtained from ON-TARGET plus SMART pool
of Dharmacon Research (Lafayette, CO). Each siRNA set was
designed to target four different regions of the specific gene.
Astrocytes were plated in 6-well plates at a density of 2 � 105/
well 1 day before the transfection and transfected with 100 nM
siRNA using DharmaFECT siRNA transfection reagent I
(Dharmacon) following the manufacturer’s protocol. 48 to
96 h post-transfection, the level of target gene knockdown
was assayed by RT-PCR or Western blot. atRA was assayed
96 h post-transfection.
RNA Extraction, RT-PCR, and Quantitative RT-PCR

Analysis—Total RNA was extracted from astrocytes with
TRIzol reagent (Invitrogen) following the manufacturer’s pro-
tocol. RNA concentration was determined by absorption at
260 nm; the 260/280 nm ratio was �1.9. Semi-quantitative
reverse transcription-polymerase chain reaction (RT-PCR)
was done using oligo(dT)12–18 as primer and Superscript II
reverse transcriptase (Invitrogen) in a 20-�l reaction mixture.
The cDNA was diluted and amplified with Taq polymerase at
the following conditions: initial denaturing step at 93 °C for 3
min followed by 30–35 cycles of denaturation (93 °C, 30 s),
annealing (60 °C, 30 s), and extension (72 °C, 30 s), then fur-
ther extension at 72 °C for 10 min. Exon-specific primers were
(forward and reverse, respectively): Raldh1, 5�-GAAGGGGA-
CAAGGCAGATG-3�, 5�-CCACACACCCCAATAGGTTC-
3�; Raldh2, 5�-TTCTTCATTGAGCCTACCGTGTTC-3�,
5�-TCTCTCCCATTTCCAGACATCTTG-3�; Raldh3,
5�-CGATAAGCCCGATGTGGAC-3�, 5�-CTGTGGATGAT-
AGGAGATTGC-3�; Rdh10, 5�-ACCTGTGATGTGGGGAA-
GAG-3�, 5�-CAAGGTAAGGGCAAACCAAA-3�; Rdh2, 5�-
GGACCAGACCAGCTCAGAAG-3�, 5�-CAGGCTTTGGA-
GAAGTCCAG-3�; Dhrs9, 5�-ATGCTGCTTTGGGTGTTG-
GCCCTC-3�, 5�-TCACACAGCTTGGGGATTGGCCAG-3�;
Cyp26A1, 5�-TTCTGCAGATGAAGCGCAGG-3�, 5�-TTTC-
GCTGCTTGTGCGAGGA-3�; Cyp26B1, 5�-CAGCTAGTG-
AGCACGGAGTG-3�, 5�-CGGCAGAGAGAAGACATTCTC-
3�; Lrat, 5�-AGGAGGCACAGGGAAGAAA-3�, 5�-CACAA-
GCAGAACGGGATG-3�; �-actin, 5�-GGCATCCTGACCC-
TGAAGTAC-3�, 5�-ACCCTCATAGATGGGCACAG-3�.
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PCR products were electrophoresed in 1.5% agarose gels in
the presence of ethidium bromide, visualized by ultraviolet
fluorescence, and recorded by a digital camera connected to a
computer (ChemiImager 4400, Alpha Innotech). The cDNA
of rat �-actin was adopted as an intrinsic standard during
RT-PCR.
Pre-designed real time PCR primers for Raldh1

(Rn00755484_m1), Raldsh2 (Rn00588079_m1), Raldh3
(Rn00596232_m1), Rdh2 (Rn01505848_g1), Rdh10
(Rn00710727_m1), and Dhrs9 (Rn00590763_m1) were ob-
tained from Applied Biosystems (Foster City, CA). The 20-�l
reaction mixture included 10 �l of TaqMan Universal PCR
master mixture, 9 �l of diluted cDNA, and 1 �l of 20� Taq-
Man Gene Expression Assay Mix. Real time PCR was per-
formed in a 7500 real time PCR system (Applied Biosystems).
The thermal cycling program consisted of 2 min at 50 °C, 10
min at 95 °C, followed by 40 cycles of 15 s at 95 °C, and 1 min
at 60 °C. Reactions were quantified by selecting the amplifica-
tion cycle when the PCR product was first detected (threshold
cycle, Ct). Each reaction was performed in triplicate and the
average Ct values were used in analyses. To account for varia-
bility in total RNA input, expression was normalized to �-ac-
tin and shown as (target gene/�-actin) � 105.
Western Blot Analysis—Astrocytes were lysed with reporter

lysis buffer following the manufacturer’s protocol; protein
content was normalized using protein assay kits (Bio-Rad).
Protein was subjected to SDS-polyacrylamide gel electro-
phoresis and transferred onto nitrocellulose membrane via
standard protocol. The Odyssey Western blotting system (LI-
COR Bioscience) was used for quantification. The membrane
was incubated in Odyssey blocking buffer (1:1 dilution in PBS)
for 1 h and then incubated with rabbit anti-Raldh1 antibody
(1:200, Abcam) overnight at 4 °C. After incubation with IRDye
infrared secondary antibodies (1:10,000 for IRDye800 goat
anti-rabbit; 1:15,000 for IRDye680 goat anti-mouse), the fluo-
rescent signal was visualized and density was measured by the
Odyssey Infrared Imaging System. Results are fold-change
compared with controls. Values are at least two independent
reactions.
Construction of Plasmid and Transfection—To obtain a

mammalian expression vector, the full-length open reading
frame of rat Dhrs9 (NM_130819) was obtained by PCR ampli-
fication from a rat brain cDNA library using forward primer,
5�-CGCGAATTCGCCACCATGCTGCTTTGGGTGTTGG-
CC-3�, containing an EcoRI site, and reverse primer, 5�-CCG-
GGATCCCACAGCTTGGGGATTGGCCAG-3�, containing
a BamHI site. To obtain a FLAG-tagged Dhrs9(Dhrs9-FLAG),
the gel-purified PCR product was ligated into pFLAG-CMV-
5.1 (Sigma) vector, which appends the FLAG tag to the C ter-
minus of the protein. The sequence of the expression vector
was confirmed by sequencing. COS cell or primary cultured
astrocytes were transfected with Dhrs9-FLAG using Lipo-
fectamine 2000 (Invitrogen) for 24 h. Expression of FLAG-
tagged Dhrs9 was detected by immunofluorescent staining
with anti-FLAG antibody.
Immunofluorescent Staining—Primary cultured neurons

and astrocytes or transfected COS cells and astrocytes grown
on coverslips were fixed with 4% paraformaldehyde for 15

min, permeabilized with 0.2% Triton X-100 for 5 min, and
blocked with PBS containing 10% goat serum or chicken se-
rum for 1 h at room temperature. Cells were incubated with
mouse anti-MAP2 (1:500, Millipore), mouse anti-GFAP (1:
500, Millipore), mouse monoclonal anti-FLAGM2 (1:500,
Sigma), rabbit polyclonal anti-Raldh1 (1:200, Abcam), and
goat polyclonal anti-Raldh2 (1:10, Santa Cruz) overnight
at 4 °C, washed three times for 5 min each with PBST (1�
PBS � 0.25% Tween 20) followed by incubation with goat anti-
mouse Alexa 555, goat anti-rabbit Alexa 488, donkey anti-
mouse Alexa 555, or chicken anti-goat Alexa 488 secondary
antibody (Invitrogen) for 1 h. After washing three times for 5
min each with PBST, coverslips were mounted on slides by
Vectashield mounting medium (with DAPI, Vector Laborato-
ries Inc., Burlingame, CA). Images were captured with a LSM
510 Meta UV/visual confocal microscope.
Statistical Analysis—Statistical significance was assessed

with two-tailed, unpaired Student’s t tests. Data are mean �
S.E.

RESULTS

Retinoids in Adult Rat Hippocampus—We have reported
concentrations of atRA in adult mouse hippocampus using a
sensitive liquid chromatography-tandem mass spectrometry
assay (54, 56). Here we used the method to quantify retinoids
in adult rat hippocampus. The atRA concentration was �3 �
0.9 pmol/g of tissue in hippocampus of 2-month-old male
Sprague-Dawley rats. Retinol and RE concentrations were
�56 � 7.7 and �539 � 62 pmol/g of tissue (n � 8).
Hippocampus Astrocytes Biosynthesize atRA—To test di-

rectly whether hippocampus astrocytes metabolize retinol, we
prepared primary cultures. Astrocyte purity was assessed by
assaying for expression of GFAP, an astrocyte marker (57).
Immunostaining showed that �98% of the cultured cells were
GFAP positive (Fig. 1A). No signals from the neuron marker
NeuN were detected in cultured astrocytes (supplemental Fig.
S1A).
Rates of atRA and RE biosynthesis from retinol by primary

astrocytes were determined as a function of incubation time.
The rates of total atRA produced, measured in medium and
cells, increased over 24 h (Fig. 1, B and C). At each time, as-
trocytes secreted most atRA into the medium, resulting in a
linear increase of atRA in the medium, with the proportion
remaining in the cells deceasing with incubation time. This
linear increase of atRA in the medium indicates a lack of feed-
back inhibition of synthesis and secretion. RE increases were
linear during the first 4 h of incubation, but continued to in-
crease over 24 h (Fig. 1D). Four h incubation was selected as
the incubation time in the following experiments to remain in
the linear range of rate versus time.
Rates of astrocytes converting retinol into atRA and RE

depended on the retinol concentration (Fig. 2, A and B). Once
again, astrocytes secreted the majority of the synthesized
atRA into their medium, with the proportion reaching �96%
with retinol concentrations �1 �M. The substrate-rate curve
of atRA biosynthesis (total atRA in cells plus medium) had
sigmoidal kinetics with an apparent K0.5 of �2.1 �M and a Hill
coefficient of �1.8. In contrast, RE synthesis was not satu-
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rated with retinol concentrations as high as 8 �M, and no RE
was detected in the medium. RE biosynthesis was much faster
than atRA biosynthesis, consistent with the much higher RE
than atRA concentrations in serum and tissues. The rate of
retinal dehydrogenation into atRA was not saturated at sub-
strate concentrations up to 2 �M (Fig. 2C). In contrast, reduc-
tion of retinal into retinol had an apparent K0.5 value of 0.3

�M (Fig. 2D). The rate of retinal reduction into retinol ex-
ceeded the rate of dehydrogenation into atRA, at the lower
concentrations of retinal normally found in vivo (�100 nM).
This rate of reduction may contribute to the sigmoidal kinet-
ics observed during the production of atRA from retinol,
rather than reflecting a cooperative process. In other words,
at the lower concentrations of retinol the reduction of newly
formed retinal would compete with the dehydrogenation of
retinal into atRA, reducing the overall rate of atRA biosynthe-
sis. As the retinal concentrations increases, however, the rate
of dehydrogenation would exceed the rate of reduction. Based
on these data, we selected 2 �M retinol, 1 �M retinal, and 4 h
incubation to monitor atRA biosynthesis in astrocytes, as re-
flecting the forward reactions for both steps.
Retinoid Metabolism by Hippocampus Neurons—Next, we

tested the capacity of neurons to metabolize retinoids. About
95% of the cells in primary cultures of DIV14 neurons ex-
pressed the dendritic marker MAP2 (Fig. 3A) or the neuron
nuclear marker NeuN (supplemental Fig. S1B). GFAP positive
cells contribute no more than 5% to primary neuron cultures
(supplemental Fig. S1C). Although atRA was detected in a
retinol concentration-dependent manner with the LC/MS
assay, the amounts were linear with substrate concentration,
and the values were close to the limit of quantification of the
assay (Fig. 3B). Therefore, they are not as reliable as the data
with astrocytes. Neurons produced even less atRA from reti-
nal, and atRA was at the limit of detection (Fig. 3C). These
data do not support the conclusion that neurons generate
atRA. In contrast, neurons showed a relatively robust rate of
retinal reduction into retinol (Fig. 3D). Retinal reduction by
neurons was sigmoidal with an apparent K0.5 of 0.23 �M and a
Hill coefficient of 1.9. This likely reflects true reductase activ-
ity in neurons, because the values are well within the capabil-
ity of the HPLC assay used to quantify retinal, and are too
high relative to astrocytes to result solely from astrocyte con-
tamination. Neurons generated RE from retinol in a sigmoidal
relationship with an apparent K0.5 of 5.9 �M and a Hill coeffi-
cient of 1.4 (Fig. 3E). These data indicate that rat hippocam-
pus neurons have fairly robust retinal reductase and retinol
acyltransferase activities, but low if any retinol and retinal
dehydrogenase activities.
Neurons Sequester atRA Secreted by Astrocytes—Because

hippocampus neurons do not seem to generate atRA, or do so
at a relatively low rate, secretion of atRA by astrocytes might
serve as a source of atRA for neurons. To test this hypothesis,
we co-cultured astrocytes and neurons (Fig. 4A). Primary
neurons were cultured on the surfaces of poly-D-lysine-coated
plates and astrocytes were cultured on glass coverslips. A
third configuration involved placing the coverslips on the tops
of neurons with the astrocytes facing up. The coverslips pre-
vented direct cell-cell contact between neurons and astro-
cytes, and allowed easy separation of the neurons and astro-
cytes to quantify atRA and RE after incubation with retinol.
The coverslips covered about half the surface area of the neu-
rons, which ensured that at least half of the cultured neurons
were exposed directly to the medium.
Individual cultures revealed less atRA in neurons relative to

astrocytes, and co-culture did not change the amount of atRA

FIGURE 1. Time course of atRA and RE biosynthesis from retinol by pri-
mary astrocytes. A, astrocyte purity was determined by visualization with
GFAP. atRA concentrations were quantified in cells (B) and medium (C), and
RE (D) concentrations were quantified in cells after incubation with 2 �M

retinol for the times indicated. Error bars, means � S.E.

FIGURE 2. Effects of substrate concentrations on retinoid metabolism in
primary astrocytes. Primary astrocytes were cultured for 1 month and in-
cubated 4 h with graded concentrations of retinol or retinal. atRA concen-
trations in the medium (solid line) and cells (dashed line) were quantified by
LC/MS/MS: retinol (A) and retinal (C). B, RE biosynthesis from esterification of
retinol; and D, retinol biosynthesis from reduction of retinal in cells. Error
bars, means � S.E.
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in astrocytes, but increased the amount of atRA in neurons
�10-fold, relative to neurons cultured in the absence of astro-
cytes (Fig. 4B). The amount of atRA in the medium did not
change significantly, as expected given the disparity between
medium and cell atRA concentrations (Fig. 4C). We also
quantified RE, because both neurons and astrocytes synthe-
size, but do not secrete RE. Consistent with the intracellular
retention of RE, independent culture versus co-culture made
no difference in the intracellular concentrations of RE in neu-
rons or astrocytes (Fig. 4D). These results indicate that neu-
rons can sequester atRA secreted by astrocytes without re-
quiring cell-cell contact.
Raldh Contribute to atRA Production in Astrocytes—Raldh

catalyze the second dehydrogenation step in the pathway of
atRA biosynthesis. Q-PCR revealed that astrocytes express
three Raldh (Raldh1, -2, and -3) (Fig. 5A). Expression varied
greatly, with �500-fold higher expression of Raldh1 than
Raldh2 or -3. To determine which of these Raldh participate
in astrocyte atRA biosynthesis, we used siRNA to sequentially
knockdown each mRNA. siRNA transfection reduced Raldh1
and -3mRNA �80%, and Raldh2mRNA �60% after 3 days

(Fig. 5B) and reduced Raldh1 protein �90% after 4 days (Fig.
5C). Each Raldh knockdown occurred without affecting �-ac-
tin expression (mRNA and protein), verifying the specificities
of the siRNAs. Astrocytes transfected with Raldh1 siRNA had
a 64% reduction in atRA production from retinol and a 77%
reduction from retinal (Fig. 5, D and E). Raldh2 knockdown
also caused significant reduction of atRA production: �37%
from retinol and �44% reduction from retinal. These results
indicate that both Raldh1 and -2 contribute to atRA biosyn-
thesis in hippocampus astrocytes. Although the knockdown
of Raldh3mRNA was as efficient as Raldh1, it caused only
�24 and �13% reduction of atRA production from retinol or
retinal, respectively. Notably, no complementary up-regula-
tion of Raldh2 or -3mRNA was observed during Raldh1
knockdown (Fig. 5F); similar results were observed when
Raldh2 or -3 were knocked down (data not shown).

Although Raldh1 and -2 localize to the soluble fraction af-
ter differential centrifugation of tissues or after heterologous

FIGURE 3. Retinoid metabolism catalyzed by primary hippocampus neu-
rons. A, the purity of neurons (DIV14) was determined by MAP2 visualiza-
tion. Primary cultured neurons were incubated 4 h with retinol or retinal.
atRA accumulation in the medium (solid line) and in cells (dashed line) from
retinol (B) or retinal (C) was quantified by LC/MS/MS. D, retinol biosynthesis
from retinal, and E, RE production from retinol was quantified by HPLC. Error
bars, means � S.E.

FIGURE 4. Neurons sequester atRA secreted by astrocytes. A, astrocytes
(2 � 105) were cultured on 22 � 22-mm glass coverslips and neurons (6 �
105) were cultured directly in plates. In co-cultures, coverslips were placed
on the top of neurons with astrocytes facing up to avoid direct contact be-
tween neurons and astrocytes. Cells were incubated 4 h with 2 �M retinol.
atRA in the medium was quantified. Neurons and astrocytes in co-cultures
were separated and analyzed individually for atRA and RE in the cells.
B, intracellular atRA in astrocytes, neurons, and co-cultures of astrocytes and
neurons: *, p � 0.0005, n � 3. C, atRA in the medium of astrocyte cultures or
co-cultures of astrocytes and neurons. D, intracellular RE in astrocytes, neu-
rons, and co-cultures of astrocytes and neurons. Error bars, means � S.E.

Astrocyte Biosynthesis of All-trans-retinoic Acid

6546 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 8 • FEBRUARY 25, 2011



expression in Escherichia coli, each could occur in different
intracellular microenvironments (31, 58, 59). To test this pre-
mise, primary astrocytes were immunostained with Raldh1 or
-2 antibodies together with the astrocyte marker GFAP.
Raldh1 was expressed throughout the cytoplasm (Fig. 6, A and

C). In addition, Raldh1 localized strongly to the nuclei of all
cultured glia cells. In contrast, Raldh2 expressed most
strongly in perinuclear areas relative to the cytoplasm and
nuclei (Fig. 6, B and D). All GFAP-positive cells expressed
Raldh1 and -2 (Fig. 6, A and C), but GFAP-negative cells (solid
arrows) also expressed both, indicating wider expression in
glial cells.
Multiple Rdh Contribute to atRA Biosynthesis in Astrocytes—

Primary astrocytes express Rdh10 and Dhrs9much more ro-
bustly than Rdh2 (Fig. 7A). We knocked down each using
siRNA to evaluate their relative contributions to atRA pro-
duction. siRNA transfection eliminated �50% of Rdh10 and
�90% of Rdh2 and Dhrs9mRNAs without affecting �-actin
(Fig. 7B). Knockdown of Rdh10 or Rdh2 caused �25 and
�20% reduction of atRA production from retinol, respectively
(Fig. 7C). To exclude one Rdh complementing for the loss of
another by increased expression, we assayed the impact of
siRNA knockdown on the non-targeted Rdh by RT-PCR.
Knockdown of Rdh10 or Rdh2 did not result in marked up-
regulation of the non-targeted paralog (Fig. 7, D and E).
Knockdown of Dhrs9, surprisingly, caused �40% increase of
atRA production, indicating its participation in retinoid me-
tabolism in astrocytes, a result seeming inconsistent with its
purported function as a retinol dehydrogenase (Fig. 7C).
Dhrs9 Functions as a Retinol Dehydrogenase—To confirm

its function, Dhrs9 was expressed in COS cells and overex-
pressed in primary astrocytes. We confirmed expression of
FLAG-tagged Dhrs9 by immunostaining with an anti-FLAG
antibody, and tested the cells for the ability to convert retinol
into atRA (Fig. 8A). Expressing Dhrs9 in both COS cells and
primary astrocytes increased atRA production from retinol,
confirming Dhrs9 function as a dehydrogenase. Next, we
tested whether Dhrs9 impacted the rate of atRA catabolism.
Knockdown of Dhrs9 in astrocytes did not change the atRA
degradation rate (Fig. 8B). Consistent with this result, the
mRNA of Cyp26A1 and -26B1, two of the main enzymes that
catalyze atRA catabolism, did not decrease with knockdown
of Dhrs9 (Fig. 8C). Nor did the mRNA of Rdh10 and Rdh2
increase after Dhrs9 knockdown. These data do not support a
decrease in atRA catabolism or an increase in expression of
the enzymes in the first dehydrogenation step for the increase
in atRA production with knockdown of Dhrs9. To test
whether Dhrs9 knockdown enhances dehydrogenation or
reduces reduction of retinal, atRA and retinol production
from retinal was measured in astrocytes transfected with
Dhrs9 siRNA. Knockdown of Dhrs9 did not change the rate of
retinal reduction into retinol, confirming that Dhrs9 does not
function as a retinal reductase (Fig. 8D). atRA production
from retinal, however, increased with time after knockdown
up to �50% relative to the non-targeting siRNA-transfected
cells, indicating an increase in retinal dehydrogenase activity
(Fig. 8E). RT-PCR revealed no increase of Raldh2 and -3
mRNA after Dhrs9 knockdown (Fig. 8C), but an increase in
Raldh1mRNA (Fig. 8F, upper panel). Real time PCR con-
firmed the increase in Raldh1 mRNA with time after Dhrs9
knockdown (Fig. 8F, left lower panel). An increase in pro-
tein accompanied the increase in Raldh1 mRNA (Fig. 8F,
right lower panel). To determine whether changes in reti-

FIGURE 5. Knockdown reveals Raldh that contribute to atRA biosynthe-
sis. A, Q-PCR analysis of Raldh mRNA expression in primary astrocyte cul-
tures normalized to �-actin mRNA. B, results of transfecting primary astro-
cytes with non-targeting siRNA or with siRNA targeted to Raldh1, -2, or -3.
mRNA was detected by RT-PCR 72 h after transfection. C, Raldh1 was quan-
tified by Western blot 96 h after transfection: ***, p � 0.001; D, atRA biosyn-
thesis from 2 �M retinol after 4 h incubation. E, atRA biosynthesis from 1 �M

retinal after 4 h incubation. F, 72 h after Raldh1 siRNA transfection, Raldh2
and -3 mRNA were measured by RT-PCR. D and E, data were normalized to
non-targeting siRNA transfected groups: *, p � 0.01; n � 3. Four-h incuba-
tions with substrates were done 96 h after transfections. NT, non-targeting.
Error bars, means � S.E.
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nal or atRA contribute to the changes in Raldh1 expres-
sion, astrocytes were treated with either retinal or atRA,
and Raldh1 mRNA was measured by RT-PCR (Fig. 8G).
Neither retinal nor atRA caused changes in Raldh1 mRNA
expression.
atRA Autoregulates Its Homeostasis through Cyp26B1 and

LRAT—To test the contributions of redirecting retinol me-
tabolism to RE biosynthesis and increasing catabolism on
maintaining atRA homeostasis, astrocytes were incubated
with 1 �M atRA from 3 h to 3 days. atRA induced Lrat and

Cyp26B1mRNA as early as 6 h after treatment, but did not
affect Cyp26A1mRNA (Fig. 9A). To test whether increases in
RE formation and/or decreases in atRA accompany these gene
changes, atRA and RE biosyntheses from retinol were mea-
sured in astrocytes exposed to graded doses of atRA for 72 h
(Fig. 9B). As low as 0.1 �M atRA increased RE formation and
decreased atRA accumulation, with 0.3 to 0.5 �M producing
maximum effects.
Because atRA induces Cyp26B1 in astrocytes, we tested

whether Cyp26B1 serves as the major catalyst of atRA degra-

FIGURE 6. Confocal images of Raldh1 and -2 expression. A, primary cultured astrocytes were fixed and stained for Raldh1 (green), GFAP (red), and DAPI
(blue). The three channels of each set were merged (merge). B, higher magnification of representative astrocytes with staining as in A. C, astrocytes were
fixed and stained for Raldh2 (green), GFAP (red), and DAPI (blue) and the three channels were merged (merged). D, higher magnification of representative
astrocytes with staining as in C. Hollow arrows, astrocytes with GFAP expression. Solid arrows, cells without GFAP expression that expressed Raldh1 or -2. No
signals were detected in negative controls, which consisted of eliminating primary antibodies (data not shown).
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dation. Knockdown of Cyp26B1mRNA by siRNA resulted in
a 5-fold increase in atRA recovery after incubating astrocytes
with retinol (Fig. 9, C and D). To confirm this insight, the
elimination t1⁄2 of atRA was measured (Fig. 9E). atRA was rela-
tively stable in medium without cells with a t1⁄2 of �139 h. As-
trocytes transfected with the non-targeting construct catabo-
lized half of the atRA in �9 h. Cyp26B1 knockdown increased
the t1⁄2 of atRA to �17 h, confirming a major contribution of
Cyp26B1 to atRA catabolism by astrocytes. These data indi-
cate that atRA autoregulates its homeostasis in astrocytes by
re-directing retinol use from atRA to RE formation, and by
increasing the rate of atRA catabolism.
Rates of Retinol Metabolism Change with Time of Astrocytes

in Primary Culture—The preceding work was done with pri-
mary astrocytes cultured for 1 month. To determine whether
length of time in culture alters the ability of astrocytes to me-
tabolize retinol, we compared two additional times in culture
to the 1 month cultures: 2 weeks and 3 months (Fig. 10A).
Rates of atRA biosynthesis from retinol increased 4-fold after
1 month compared with 2 weeks, and 19-fold after 3 months
relative to 2 weeks in culture. Rates of atRA biosynthesis from
retinal increased 7-fold after 1 month compared with 2 weeks

and 11-fold after 3 months relative to 2 weeks in culture. RE
production, in contrast, decreased �15% after 1 month of
culture relative to 2 weeks, and �34% after 3 months of cul-
ture relative to 2 weeks. We used Q-PCR to determine gene
expression changes that might underlie the changes in meta-
bolic rates. Raldh1mRNA expression underwent the largest
changes with time, with a nearly 30-fold increase from 2
weeks to 1 month in culture. By 3 months, Raldh1 expression
increased 47-fold relative to 2 weeks. Increased Raldh1 pro-
tein also was observed by Western blot (data not shown).
Raldh2mRNA increased 1000-fold from 2 weeks to 1 month,
and 2.6-fold from 1 to 3 months, yet remained far less ro-
bustly expressed at all times than Raldh1. Raldh3 did not
change markedly with time in culture, and at 1 month was
similar in expression to Raldh2, as first observed in Fig. 5A.
Rdh2 increased only �30% from 2 weeks to 1 month, and
�70% from 2 weeks to 3 months. Rdh10mRNA doubled from
2 weeks to 3 months, but did not change from 2 weeks to 1
month. Dhrs9 increased 57% from 2 weeks to 1 month and
�5-fold from 2 weeks to 3 months. Cyp26A1mRNA expres-
sion did not change (data not shown), but Cyp26B1mRNA
increased with time in culture (Fig. 10C). No change was de-
tected of LratmRNA at 3 months.

DISCUSSION

Hippocampus neurons respond to atRA via retinoic acid
receptor � by quickly increasing dendrite outgrowth through
a novel mechanism of regulating translation to increase
CamKII kinase and GluR1 (12, 17). The source of atRA in the
hippocampus had not been established, whether from neu-
rons, astrocytes, or more distance sources (e.g.meninges).
Here we applied a sensitive LC/MS/MS assay to specifically
quantify atRA biogeneration in astrocytes and neurons. Our
results do not support major atRA biosynthesis by hippocam-
pus neurons, suggesting a paracrine source. Astrocytes
seemed a likely source. Astrocytes are abundant in the adult
CNS, accounting for nearly half of the total cell content of
brain (60). Astrocytes occupy a strategic position, interposed
between blood vessels and neurons. Astrocyte structures,
known as end feet, contact blood vessel walls, enabling cap-
ture of retinol from circulation. Astrocytes also extend pro-
cesses that contact synapses, and regulate synaptic efficacy
through modulating uptake and release of neurotransmitters
and neurotrophic factors. This cytoarchitecture provides met-
abolic support for neurons by absorbing glucose from circula-
tion and exporting lactate for neuron use (61–63). Astrocytes
or astrocyte-conditioned medium can induce neural fate dif-
ferentiation of ES cells or adult neural stem cells. atRA, and
retinol in the presence of astrocytes, induce neuronal differ-
entiation, but retinol alone cannot induce differentiation (7).
Thus, our data considered with these previous reports, sup-
port the hypothesis that hippocampus astrocytes absorb reti-
nol from blood vessels and export atRA to neurons to regulate
synaptic plasticity. Nevertheless, our data do not exclude the
possibility that oligodendrocytes and microglia also synthesize
atRA.
Our results show that Rdh2 (mRdh1), Rdh10, and Dhrs9

are all present and active in hippocampus astrocytes. Rdh10

FIGURE 7. Multiple Rdh contribute to atRA biosynthesis in astrocytes.
A, Q-PCR analysis of Rdh10, Rdh2, and Dhrs9 mRNA expression in astrocytes.
B, effects of transfecting astrocytes with non-targeting siRNA or siRNA ho-
mologous with Rdh10, Rdh2, and Dhrs9. Rdh mRNA were detected by RT-
PCR 72 h after transfection. C, total atRA production from 2 �M retinol in 4 h
was quantified 96 h after transfection and was normalized to the non-tar-
geting cultures: *, p � 0.01, n � 4. D, mRNA expression of Rdh2 and Dhrs9
was evaluated by RT-PCR 72 h after Rdh10 siRNA transfection. E, mRNA ex-
pression of Rdh10 and Dhrs9 was evaluated by RT-PCR 72 h after Rdh2
siRNA transfection. Error bars, means � S.E.
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and Dhrs9 were expressed more intensely than Rdh2, yet
knockdown of Rdh2 decreased atRA biosynthesis, verifying a
contribution. The result with Dhrs9 knockdown also verifies a
contribution to retinoid homeostasis, even though its knock-
down increased atRA biosynthesis by inducing Raldh1. The
knockdowns verify contributions for these Rdh, but do not
necessarily reflect relative contribution. Compensatory mech-
anisms may not be obvious, as illustrated by Dhrs9, or retinol
substrate may redirect to an unaffected Rdh. Moreover, these
data do not exclude the possibility that additional Rdh partici-
pate in retinol dehydrogenation. As for Raldh, astrocytes ex-
pressed Raldh1 far more intensely then Raldh2 and -3, but all

three catalyzed atRA production in intact cells. These data
show that multiple Rdh and Raldh are expressed in and con-
tribute to atRA biosynthesis in astrocytes.
These data stand in contrast to conclusions about sites of

atRA biosynthesis in the CNS, and “the essential enzyme”
based on localization of one enzyme in one step, as has been
attempted for some Raldh, without verifying catalytic activity
by quantifying atRA. Such an approach prompts several con-
cerns. Absence of one Rdh or Raldh does not imply absence of
the others. On the other hand, the presence of a single en-
zyme does not define a path: the enzyme may not have access
to its substrate and/or it may not function catalytically. Ace-

FIGURE 8. Dhrs9 functions as a retinol dehydrogenase in astrocytes. A, COS cells (top) or primary astrocytes (bottom) were transfected with an empty
vector or a vector that expressed FLAG-tagged Dhrs9. Anti-FLAG antibody (red) and nuclei (DAPI, blue) images in cells transfected with the expression vec-
tor. Bar graphs show atRA production from 2 �M retinol over 4 h from cells transfected with empty vectors or Dhrs9-expressing vectors: *, p � 0.005, n � 3.
B, recovery of atRA was measured in astrocytes transfected with non-targeting or Dhrs9 siRNA and incubated with 4 nM atRA for 6 h. C, mRNA expression
was measured by RT-PCR 72 h after transfection with Dhrs9 siRNA. D, retinol production was measured in astrocytes transfected with non-targeting or
Dhrs9 siRNA, incubated 4 h with 1 �M retinal. E, atRA production from 1 �M retinal with time after transfection with non-targeting or Dhrs9 siRNA: *, p �
0.0001, n � 3. F, Dhrs9 and Raldh1 mRNAs were detected by RT-PCR (upper panel). Raldh1 mRNA levels were quantified by Q-PCR (left lower panel). Raldh1
protein levels were quantified by Western blot (right lower panel) with time after transfection with Dhrs9 siRNA: *, p � 0.05, n � 3. G, astrocytes were incu-
bated with 1 �M retinal (upper panel) or 1 �M atRA (lower panel). Radlh1 mRNA was measured by RT-PCR. Error bars, means � S.E.
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tylcholine esterase, for example, may have non-classical func-
tions in which it does not hydrolyze acetylcholine, but
prompts neurite outgrowth and promotes adhesion during

synapse formation (64). Members of the Aldh gene family,
including Raldh1, serve as corneal crystallins, which protect
the eye from UV damage via both catalytic and non-catalytic
mechanisms (65). Thus, it is important to determine loci of
multiple enzymes and to verify their function to generate real-
istic models of atRA homeostasis.
Besides redundancy, other purposes may account for multi-

ple catalytically active Rdh and Raldh in the same cell type.
Even though all GFAP positive astrocytes express both
Raldh1 and -2, and despite the fact that each isolates with the
cytosolic faction upon differential centrifugation, each isolates
to distinct subcellular loci when assayed by immunocyto-
chemistry (30, 31). These loci include, but are not restricted
to the cytoplasm. The perinuclear locus of Raldh2 and the
nuclear locus of Raldh1 imply generation of distinct atRA
pools. Distinct isozymes might also provide opportunity for
differential regulation. For example, proinflammatory cyto-
kines induce astrocyte Raldh3, but not Raldh1 or 2.3 These
insights indicate that the generation of atRA in the astrocyte
is far from a simple process, and the complexity involves both
steps in generating atRA from retinol.
In contrast to differences in atRA biosynthesis, both neu-

rons and astrocytes synthesize RE from retinol and reduce
retinal into retinol. In astrocytes, conversion of retinol into RE

3 C. Wang and J. L. Napoli, unpublished data.

FIGURE 9. atRA induces Cyp26B1 and Lrat mRNA in astrocytes. A, RT-PCR
of Cyp26A1, Cyp26B1, and Lrat mRNAs after incubating primary astrocytes
with 1 �M atRA. B, astrocytes were preincubated with graded concentra-
tions of atRA for 72 h. atRA was removed, cells were incubated 4 h with 2
�M retinol, and atRA (solid line) and RE (dashed line) production was quanti-
fied. C, astrocytes were transfected with non-targeting or Cyp26B1 siRNA for
72 h and Cyp26B1 mRNA was measured by RT-PCR. D, astrocytes were trans-
fected 96 h with Cyp26B1 siRNA and then incubated 4 h with 2 �M retinol.
The amount of atRA produced was normalized to the amount detected in
cells transfected with non-targeting siRNA: *, p � 0.0001, n � 3. E, astro-
cytes were transfected with non-targeting or Cyp26B1 siRNA (96 h) and then
incubated with 1 nM atRA. The natural log of the percent atRA remaining
was plotted versus incubation time: filled circles, medium without cells; open
circles, cells transfected with Cyp26B1 siRNA; open diamonds, cells trans-
fected with non-targeting siRNA. Error bars, means � S.E.

FIGURE 10. Effect of culture duration on retinoid metabolism by pri-
mary astrocytes. A, atRA and RE production was quantified from primary
astrocytes incubated for 4 h with 2 �M retinol or 1 �M retinal as a function of
days in culture: *, p � 0.001 relative to 2 weeks in culture. B, mRNA expres-
sion levels of Raldh1, -2, and -3, Rdh2 and -10, and Dhrs9 in primary astro-
cytes with days in culture were quantified by Q-PCR: *, p � 0.001 relative to
2 weeks in culture. C, Cyp26B1 and Lrat mRNA expression in astrocytes with
days in culture were detected by RT-PCR. Error bars, means � S.E.
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serves to store retinol for future use and regulate the amount
of retinol available to support atRA biosynthesis, whereas
neurons may sequester retinol as RE only to prevent atRA
biosynthesis. Further insight into the flux of retinol can be
deduced by using the kinetic constants (Vm and K0.5 values) to
deduce reaction rates at the 60 nM retinol concentration in rat
hippocampus (Table 1). Substrate concentrations much lower
than apparent K0.5 values, with relatively high Vm values,
identify enzymes that react to small increases in substrate
with disproportionate increases in reaction rates. Such is the
case for the retinoid metabolizing enzymes in astrocytes and
neurons, especially so for conversion of retinol into RE. In
astrocytes, the rate of RE biosynthesis from retinol exceeds
the rate of atRA biosynthesis from retinol (Fig. 11). In the
presence of atRA, Lrat induction exacerbates this competition
in favor of RE formation, and induction of atRA catabolism
further decreases atRA concentrations. These data support a
model of atRA controlling its steady-state concentrations by
controlling its rate of catabolism and the retinol concentra-
tion via LRAT. This model complements previous conclu-
sions that atRA induces Lrat and Cyp26 in liver (2, 66).
The rate of atRA biosynthesis from retinal exceeds the rate

from retinol by a large margin, indicating that conversion of
retinol into retinal represents the rate-limiting step (Table 1,
Fig. 11). The rate of retinal reduction into retinol also exceeds
the rate of retinol dehydrogenation into retinal. This also in-
dicates that the rate of atRA biosynthesis depends on the rate
of supplying retinal, i.e. the rates of retinol dehydrogenation
and retinal reduction.

Because Dhrs9 had been reported as a retinol dehydrogen-
ase, we were surprised to observe that its knockdown in astro-
cytes resulted in increased atRA production (28, 67, 68). We
excluded the most obvious possibility that Dhrs9 functioned
as a reductase, and instead noted that Dhrs9 knockdown
causes an increase in Raldh1 expression. This observation
confirms function for both Dhrs9 and Raldh1 in astrocyte
atRA biosynthesis, and provides the first evidence of commu-
nication between the two steps. The mechanism remains un-
resolved. Neither atRA nor retinal changes atRA production
by feedback inhibition, seemingly excluding either as interfer-
ing directly with Raldh1 action. It is tempting to speculate
that Dhrs9may regulate Raldh1 expression. Future research
will address this possibility. The observation, nevertheless,
provides novel insight into regulation of atRA homeostasis.
Neurons and astrocytes increase proliferation and then dif-

ferentiation during the first month of postnatal CNS develop-
ment (69, 70). This coincides with the onset of increases in
atRA biosynthetic enzymes in primary astrocytes, likely to
supply atRA to support rapid postnatal CNS development.
The quantitatively largest increase occurred in Raldh1 and
seems to account for most, but not all, of the increase in atRA
biosynthesis, indicating a primary function for Raldh1 in the
adult nervous system.
In summary, our data support multiple Rdh and Raldh con-

stituting a complex metabolic system in astrocytes generating
atRA to support neurons. This complexity may reflect redun-
dancy, except overlapping but distinct subcellular expression
patterns of Raldh1 and Raldh2 suggests more than redun-
dancy and perhaps generation of distinct atRA pools. Cross-
talk between an enzyme in the first step and with an enzyme
in the second step provides another layer of complexity of
atRA biosynthesis. Age related decreases in relational mem-
ory and some neurodegenerative diseases have been related to
lower atRA levels in the brain (71, 72). It is probable that im-
paired expression or regulation of this synthetic and catabolic
machinery contribute to the atRA deficit.
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