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Freud-1: A Neuronal Calcium-Regulated Repressor of the
5-HT1A Receptor Gene
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Altered regulation of 5-HT1A receptors is implicated in mood disorders such as anxiety and major depression. To provide insight into its
transcriptional regulation, we previously identified a novel DNA element [14 bp 5'-repressor element (FRE)] of the 5-HT1A receptor gene
that mediates repression in neuronal and non-neuronal cells (Ou et al., 2000). We have now cloned a novel DNA binding protein [five’
repressor element under dual repression binding protein-1 (Freud-1)] that binds to FRE to mediate repression of the 5>-HT1A receptor or
heterologous promoters. Freud-1 is evolutionarily conserved and contains two DM-14 basic repeats, a predicted helix-loop-helix DNA
binding domain, and a protein kinase C conserved region 2 (C2)/calcium-dependent lipid binding (CalB) calcium/phospholipid binding
domain. An intact CalB domain was required for Freud-1-mediated repression. In serotonergic raphe cells, overexpression of Freud-1
repressed the 5-HT1A promoter and decreased 5-HT1A receptor protein levels, whereas transfection of antisense to Freud-1 derepressed
the 5-HT1A gene and increased 5-HT1A receptor protein expression. Calcium-dependent signaling blocked Freud-1-FRE binding and
derepressed the 5-HT1A promoter. Treatment with inhibitors of calmodulin or CAM-dependent protein kinase reversed calcium-
mediated inhibition of Freud-1. Freud-1 RNA and protein were present in raphe nuclei, hippocampus, cortex, and hypothalamus, and
Freud-1 protein was colocalized with 5-HT1A receptors, suggesting its importance in regulating 5-HT1A receptors in vivo. Thus, Freud-1
represents a novel calcium-regulated repressor that negatively regulates basal 5-HT1A receptor expression in neurons and may play a

role in the altered regulation of 5-HT1A receptors associated with anxiety or major depression.

Key words: serotonin; transcription; silencer; raphe; autoreceptor; calcium

Introduction

The 5-HT1A receptor is widely expressed at postsynaptic sites
including cortex, hippocampus, limbic system, and hypothala-
mus (Albert et al., 1990; Toérk, 1990; Pompeiano et al., 1992) and
is implicated in major depression, anxiety, and suicide (Mann,
1999; Pineyro and Blier, 1999; Veenstra-VanderWeele et al.,
2000). Importantly the 5-HT1A receptor functions as a somato-
dendritic autoreceptor (Riad et al., 2001) to inhibit the firing of
serotonergic raphe neurons (Pineyro and Blier, 1999). 5-HT1A
receptor knock-out mice display enhanced serotonergic neuro-
transmission attributable to the loss of presynaptic 5-HT1A re-
ceptors (Ase et al., 2000) and have increased anxiety-related be-
haviors (Heisler et al., 1998; Parks et al., 1998; Ramboz et al.,
1998). Downregulation of 5-HT1A autoreceptors is implicated in
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the clinical efficacy of chronic antidepressant treatments, which
enhance serotonergic neurotransmission (Albert et al., 1996;
Pineyro and Blier, 1999). Acute desensitization by receptor un-
coupling (seconds), internalization (seconds to minutes), or deg-
radation (hours) occurs too rapidly to explain the 2-3 week time
course for 5-HT1A autoreceptor downregulation in vivo (Albert
etal., 1996; Riad et al., 2001), suggesting a role for transcriptional
silencing. Conversely, 5-HT1A autoreceptor levels are increased
in the midbrain of suicide victims with major depression com-
pared with control subjects (Stockmeier et al., 1998), suggesting
that the level of basal expression of this receptor may predispose
subjects to depression or suicide. Therefore, we have addressed
the transcriptional mechanisms that regulate the basal expression
of the 5-HT1A receptor gene in raphe cells.

Transcriptional regulation is an important determinant of the
basal neuron-specific expression of 5-HT1A receptors (Parks and
Shenk, 1996; Hendricks et al., 1999; Storring et al., 1999; Ou et al.,
2000). We have used rat RN46A cells as a model of raphe neurons
to examine the transcriptional regulation of the rat 5-HT1A re-
ceptor gene (Storringetal., 1999; Ou et al., 2000). RN46A cells are
embryonic day 13 (el3) rat raphe neurons that are transformed
reversibly and retain essential characteristics of raphe neurons
including expression of tryptophan hydroxylase, 5-HT trans-
porters, and 5-HT1A receptors (Eaton et al., 1995; Storring et al.,
1999). Analysis using 5-HT1A promoter-luciferase reporter con-
structs revealed that rat, mouse, and human 5-HT1A receptor
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genes contain a conserved dual repressor element (DRE) (31 bp
DRE, —1555/—1524 bp) that conferred strong basal repression in
non-neuronal and neuronal cells (Ou et al., 2000). Deletion or
inactivation of the DRE resulted in 10-fold induction of basal
5-HTI1A transcriptional activity. The 5-HT1A DRE is composed
of two elements: a 14 bp 5'-repressor element (FRE) and an ad-
jacent 12 bp 3'-repressor element (TRE). The FRE is active in
neuronal cells that normally express the 5-HT 1A receptor such as
raphe RN46A or septal SN-48 cells, as well as in non-neuronal
cells. The TRE is active only in 5-HT1A receptor-negative cells
such as rat L6 myoblasts. Here we identify a novel FRE-binding
protein, five’ repressor element under dual repression binding
protein-1 (Freud-1), as the first transcriptional repressor for neu-
ronal regulation of a serotonin system gene, the 5-HTIA
receptor.

Materials and Methods

Yeast one-hybrid screening. The Matchmaker One-Hybrid System (Clon-
tech, Palo Alto, CA) was used to screen for DRE-binding cDNA clones. A
concatenated probe with three copies of 31 bp 5-HT1A DRE (-1555/-
1524 bp) was subcloned into EcoRI-Xmal-digested pHISi and pLacZi
vectors (Clontech). The constructs were linearized and stably integrated
into the genome of YM4271 and plated onto synthetic dropout (SD)-
His-Ura plates to establish the dual-construct yeast strain YM4271-LZ3-
HIS3. Subsequent transformation with a mouse brain Matchmaker
cDNA library (>1 X 10° clones) fused to GAL4-AD allowed for selection
of resistant clones, which were tested by the -galactosidase plate assay,
retransformed for verification, and sequenced. 5’ rapid amplification of
cDNA ends (RACE) was used to isolate full-length Freud-1 using the
primer 5'-GCACGAATGGCGTCT-TGGTATTGCTTGACA-3". 5’
RACE was performed using the Mouse brain Marathon-Ready cDNA
and the Advantage 2 PCR Kit (Clontech). PCR products were gel-
purified, subcloned into the pGEM-T Easy Vector (Promega, Madison,
WI), and sequenced using the ABI/PRISM automated system.

Plasmids. 5-HT1A reporter constructs were derived from a 2.7 kb
fragment of the rat 5-HT1A receptor promoter (—2719-luciferase),
which has been described previously (Storring et al., 1999; Ou et al.,
2000). Freud-1 expression plasmids were subcloned by digestion of
PACT?2 clones obtained from yeast one-hybrid screening with Bg/II and
subsequent ligation with BamHI-digested pcDNA3 (Invitrogen, Burling-
ton, Ontario, Canada). The Freud-1 coding sequence was obtained by
PCR and verified by DNA sequence analysis. Subsequently, the PCR
product was subcloned into the pPGEM-T Easy vector (Promega) before
subcloning in the EcoR1 site of pET30A (Invitrogen) for protein expres-
sion and purification. A Freud-1 deletion mutant (Freud-1 del), lacking
amino acids 341-348 within the CalB portion of the C2 domain, was
made by site-specific mutagenesis of the Freud-1 sequence in pcDNA3,
Flag-pcDNA3, or pET30A plasmids using QuikChange XL Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA). The Flag epitope (DYKD-
DDK) was incorporated at the N terminus of Freud-1 or Freud-1 del and
subcloned into the EcoRI site of pcDNA3.

Freud-1 protein expression and purification. Escherichia coli BL21 (DE3)
cells were transformed with Freud-1 expression plasmid pET30A-
Freud-1, grown overnight, and induced with 1 mwm isopropyl-B-p-
thiogalactopyranoside at 37°C for 3—4 hr. Cells were harvested and pu-
rified by TALON metal affinity resin (Clontech). Fractions containing
Freud-1 were dialyzed against a buffer containing 20 mm HEPES, pH 7.9,
150 mm KCl, 0.2 mm EDTA, 0.5 mm dithiothreitol, 20% glycerol, and
stored frozen at —80°C.

Cell culture. Rat L6 myoblast and rat raphe RN46A cells were main-
tained and transfected as described previously (Ou et al., 2000). For
Western blots of 5-HT1A receptor, 75% confluent RN46A cells were
differentiated at 39°C, and the medium was changed to 1:1 DMEM/
Ham’s F12 medium containing 1% (v/v) fetal bovine serum, 1 pg/ml
insulin, 1 ug/ml transferrin, and 30 ng/ml nerve growth factor for 3 d
(White et al., 1994). Differentiated RN46A cells were transiently trans-
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fected using Superfect (Qiagen, Mississauga, Ontario, Canada) for 72 hr,
and cell extracts were harvested. Transfection efficiency was determined
in separate cultures by counting X-gal-stained cells after transfection of
pCMV-BGal as described (Albert et al., 1999). Rat hippocampal and
cortical cells were dissected from Sprague Dawley fetuses at 18 d of ges-
tation (Banker and Cowan, 1977). Cells were dispersed, resuspended in
Neurobasal media containing B27 supplement (Invitrogen), 0.5 mm
L-glutamine, 1% penicillin/streptomycin, and 25 um glutamate (Brewer
etal., 1993), plated on poly-p-lysine (MW 30,000—-70,000)-coated vessels
at 37°Cin 5% CO, for 13 d, and then fixed in 4% paraformaldehyde. Less
than 0.2% GFAP-positive cells were present, suggesting that the cultures
were 99.8% neuronal (Brewer et al., 1993).

Electrophoretic mobility shift assay. Nuclear proteins were extracted,
and electrophoretic mobility shift assay (EMSA) was performed as de-
scribed previously (Ou et al., 2000). Nuclear extracts (20 ug per sample)
or purified Freud-1 (4 pg per sample) were preincubated with or without
competitor 5-HT1A DNA oligonucleotides, antibody, peptide, CaCl,
(100 um), and/or ATP (150 um) or different protein kinase inhibitors (50
M) in a 30 pl reaction containing DNA binding buffer (20 mm HEPES,
0.2 mm EDTA, 0.2 mm EGTA, 100 mm KCl, 5% glycerol, and 2 mm DTT,
pH 7.9), 2 mg of poly (dI-dC) at room temperature for 25 min. >*P-
labeled DRE or FRE probe (60,000 cpm per sample) was added and
incubated for an additional 20 min. The locations, sizes, and forward
sequences of rat 5-HT1A receptor gene primers were as follows: DRE
(-1555/-1524 bp, 31 bp): 5'-CGGCATAAGCAAGCCCTTATTGCACA-
GAGCT-3'; FRE: (-1554/-1540 bp, 14 bp): 5'-GGCATAAGCAAGCC-
3'; TRE (-1543/-1532 bp, 12 bp): 5'-GCCCTTATTGCA-3" (Ou et al,,
2000). The mutation in the 2300m1 and DREmut/SV40 constructs
changes the FRE sequence to 5'-GGACATAGAGCACC-3'.

Luciferase and B-galactosidase assays. Cells were extracted with 150 ul
Reporter Lysis Buffer (Promega) 48 hr after transfection with promoter-
luciferase, pPCMV-BGal, and expression plasmids. The extracts were cen-
trifuged, collected, and assayed for luciferase and B-galactosidase activi-
ties as described previously (Ou et al., 2000). The ratio of luciferase/3-
galactosidase activity was determined in triplicate samples and
normalized to vector-transfected (pGL3-basic) extracts. All data are pre-
sented as the mean = SEM of at least three independent experiments.

Northern and Western blot analyses. For Northern blot analysis, tissues
were dissected from Sprague Dawley rats (Gispen et al., 1972) and RNA
isolated using RNA Isolation Reagent (Ambion, Austin, TX), electropho-
resed, blotted, and probed using a full-length Freud-1 cDNA probe (Al-
bertetal., 1990). For production of antibodies, the peptide KEALYRRN-
LVESELQR (Freud-1 amino acids 577-592) was synthesized as a
multiple-antigenic peptide to immunize rabbits (Cedarlane, Hornby,
Ontario, Canada). Freud-1 antiserum was purified by Affi-Gel blue 50—
100 mesh (Bio-Rad Laboratories, Hercules, CA) for albumin removal,
followed by purification on peptide-conjugated Affi-Gel 15 (Bio-Rad).
For Western blot, nuclear proteins (20 ug) or purified Freud-1 (1 ug)
were separated by SDS-PAGE on a 10% polyacrylamide gel. Immuno-
blotting was performed as described previously (Ghahremani et al.,
1999). Freud-1 antibody was used at a dilution of 1:1000 followed by a
1:2000 dilution of the secondary horseradish peroxidase (HRP)-linked
rabbit antibody (Bio/Can Scientific, Mississauga, ON). Anti-Flag M2
mouse monoclonal antibody (Sigma, Oakville, ON) was used at 1:1000,
and HRP-conjugated anti-mouse (Amresco, Santa Cruz, CA) was used as
the secondary antibody at a 1:8000 dilution. For detection of 5-HT1A
receptor, whole-cell lysates (60 ug) were electrophoresed on a 12% Tris
glycine polyacrylamide gel (Invitrogen/Novex Electrophoresis, Carlsbad,
CA), transferred onto a nitrocellulose membrane, and incubated with
Tris-buffered saline (TBS) and 5% milk for 1 hr and overnight at 4°C
with primary rabbit polyclonal anti-5-HT1A antibody (Santa Cruz Bio-
technology, Santa Cruz, CA; catalog number sc 10801) at a 1:300 dilu-
tion. The blots were then washed three times and incubated with HRP-
conjugated donkey anti-rabbit secondary antibody (Amersham,
Arlington Heights, IL) at 1:3000. The reactive bands were visualized by
chemiluminescence using the ECL-kit (Amersham) after exposure to Hy-
perfilm (Amersham). An antiserum to 3-actin (Santa Cruz Biotechnology)
was also tested on blots and served as a control for equal loading of samples.

Immunofluorescence. Adult male (250-300 gm) Sprague Dawley rats
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were anesthetized (Somnatol, 100 mg/kg, i.p.), perfused with saline, 4%
paraformaldehyde, and decapitated. Brains were removed and postfixed
overnight at 4°C, transferred to 10% sucrose/0.02% sodium azide, and
frozen. Tissues were sectioned (12 wm), mounted on slides, and kept at
—80°C or stored as floating sections at 4°C in PBS containing 0.02%
sodium azide. Cultured cells were fixed in 4% paraformaldehyde for 1 hr
at 37°C. Brain sections or cells were permeabilized and blocked in 1%
BSA, 5% goat serum, and 0.05% Triton X-100 and incubated for 48 hr at
4°C with rabbit anti-Freud-1 primary antibody in combination with
guinea pig anti-5-HT1A (Chemicon International, Temecula, CA),
guinea pig anti-5-HT (Dr. A. A. Verhogstad, Nijmegen, Sweden), or
mouse anti-tyrosine hydroxylase (TH) (Chemicon) (1:100, 1:500, and
1:100 dilutions in blocking buffer, respectively). Immunostaining was
detected using corresponding secondary antibodies, Texas Red-coupled
anti-rabbit (Calbiochem, San Diego, CA), anti-guinea pig FITC (Chemi-
con), and anti-mouse FITC (Sigma) (1:100, 1:500, and 1:100 dilutions,
respectively, in 1% BSA, 1% goat serum, 0.05% Triton X-100 for 1 hr at
room temperature). RN46A cells transfected with DsRed (pDsRed2-C1,
Clontech) were fixed and stained for 5-HT1A receptor (as above), and the
red fluorescent protein (DsRed) was detected under the red channel by flu-
orescence microscopy. Immunofluorescence was visualized under a Zeiss
Axioscop 2 microscope, and images were captured using a Sony Hyper Had
color camera and Northern Eclipse software (Emphix imaging).

In situ hybridization. Sense (5'-CAGCGGAAGGCACGCATG-
CATGAACGAATTGTCAAGCAAT-3") or antisense (5'-ATTGCTT-
GACAATTCGTTCATGCATGCGTGCCTTCCGCTG-3') Freud-1 oli-
gonucleotides (1 ug per reaction) were labeled using 30 U terminal
transferase, 5 nmol digoxigenein-11-dUTP in tailing buffer/CoCl,
(Roche, Laval, Quebec, Canada) in 50 ul for 90 min at 37°C, and stored at
—20°C. Slides were heated (45°C, 10 min), permeabilized in 5 ug/ml
proteinase K/0.1 m Tris-HCI, pH 7.5 (37°C, 4 min), rinsed, and hybrid-
ized overnight at room temperature with 75 ul of hybridization buffer
per slide (500 pg/ul of sense or antisense oligonucleotide in 50% deion-
ized formamide, 6 X SSC, 50 mm Tris-HCI, pH 7.0, 2X Denhardt’s solu-
tion, 0.2% SDS). Sections were washed in 2X and 0.5X SSC (two times
for 10 min, room temperature), and incubated with anti-
digoxygenin-AP (Roche) (1:500, 2 hr, room temperature). The alkaline
phosphatase reaction was developed in nitroblue tetrazolium/5-bromo-
4-chloro-3 indoyl phosphate (NBT/BCIP) (10 mg/5 mg; Boehringer-
Ingelheim, Laval, Quebec, Canada) and 8 mg levamisole (15 hr, room
temperature) in 30 ml of 100 mum Tris-HCI (pH 9.5)/NaCl/MgCl,. After
washing, sections were dehydrated in a series of ethanol washes and
mounted, and images were captured as described above.

Statistical analysis. The significance of values compared with control
was set at p < 0.05 as determined by ¢ test using Prism 3.0 (GraphPad
Software, San Diego, CA).

Results

Molecular cloning of Freud-1

To identify regulatory proteins that target the 5-HT1A DRE,
three copies of the DRE sequence were placed upstream of LacZ
or various selectable markers to screen a mouse brain cDNA
library for DRE-binding proteins by the yeast one-hybrid ap-
proach. Three different positive clones were identified, two of
which encoded a novel 595 aa protein (NP  666082; predicted
molecular weight 66.5 kDa) that we named Freud-1. By GenBank
search, human (BAA91194), Drosophila  melanogaster
(NP 609488), Anopheles gambieae (EEA09979), and Caeno-
rhabditis elegans (NP 493412) homologs were identified with
85, 33, 31, or 28% amino acid identity to the murine Freud-1,
respectively. As shown in Figure 1 A, Freud-1 contains a number
of known protein domains, including two DM-14 domains
(boxed) and a protein kinase C (PKC) conserved region 2 (C2
domain) (dashed box). The DM-14 domain is a conserved 60 aa
repeat sequence of unknown function that is specific to Freud-1-
species homologs (Fig. 1B). The C2 domain (via its central 43 aa
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Figure 1. Protein structure of Freud-1. 4, Predicted structural motifs in Freud-1 are shown.
Indicated are consensus sequences for DM-14 (boxed) and (2 domains (dashed box), helix-
loop-helix DNA binding domain (underlined), cAMP phosphorylation site (bold and outlined),
and PKC phosphorylation sites (italicand underlined). 8, Alignment of Freud-1 DM-14 sequence
with consensus sequence.

CalB domain) mediates Ca>*-dependent lipid binding of PKC,
phospholipases, and synaptotagmin and protein—protein inter-
actions (Clark et al., 1991). The C2 domain is present in all Freud-1
species homologs, suggesting a conserved calcium-dependent regu-
lation of Freud-1. Freud-1 also contains a putative helix-loop-helix
(HLH) DNA binding domain (HELIXTURNHELIX; http:/
xblast.tamu.edu/pise/helixturnhelix-simple.html) that could medi-
ate its DNA binding function (Fig. 1 A). In addition, a consensus
PKA/calmodulin-dependent protein kinase (CAMK) phosphoryla-
tion site and nine putative PKC phosphorylation sites were identified
(ProSearch; http://bioweb.pasteur.fr/seqanal/interfaces/prosearch-
simple.html) (Fig. 1A). Although a consensus nuclear localization
signal was not identified, Freud-1 localization is predicted to be nu-
clear (ProtComp program; http://www.softberry.com/berry.
phtmlttopic=proteinloc&prg=ProtCompA), consistent with a
transcriptional regulatory function.

Freud-1 binding to 5-HT1A FRE

We examined the DNA binding specificity of purified recombi-
nant His-tagged Freud-1 protein to double-stranded primers of
5-HTI1A repressor elements by EMSA (Fig. 2). A single specific
species (band 1) was observed that was competed by unlabeled
5-HT1A-FRE or -DRE oligonucleotides (Fig. 2A, lanes 3, 5), in-
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FRE TRE

5-CGGCATAAGCAAGCCCTTATTGCACAGAGCT-3’
DRE

A B Cc

DRE*
Freud-1
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Freud-1
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Freud-1del

+Pl + Anti-Freud
FRE ___ DRE Peptide

FRE TRE FRE

8

D

DRE*
Extract: L6 RN46A
Anti-Freud: - - 4 - + 4+

Figure 2.  Specific binding of Freud-1 to 5-HTTA—FRE requires an intact CalB motif. The
sequences of oligonucleotides for DRE (31 bp), FRE (14 bp), and TRE (12 bp) are indicated. A,
Recombinant Freud-1-DRE binding was assessed by EMSA using 5-HT1A—DRE (31bp) asa probe
incubated with 4 g of purified Freud-1 (lanes 1- 6) or without (lane 7) as indicated. A single
specific species (band 1) was retarded in the presence of 10 r.q of anti-Freud-1 antibody (band
2, lane 4). The retarded complex was blocked by coincubation with 4 (g of peptide antigen
(lane 6). Double-stranded unlabeled competitor oligonucleotides (at 100-fold molar excess)
were included as indicated. FRE was sufficient to compete for Freud-1-DRE complex. B, Recom-
binant Freud-1-FRE binding: 4 g of purified Freud-1 interacted specifically with FRE (band 1,
lane 1). Freud-1—FRE interaction was abolished by preincubation with 100-fold unlabeled FRE
(lane 2) but not by TRE (Iane 3). ¢, Recombinant mutated Freud-1-DRE binding: EMSA using
DRE as a probe incubated with 8 g of purified Freud-1with a disrupted CalB domain (Freud-1
del) alone (lane 1) or with unlabeled 14 bp FRE (lane 2) as indicated. A disrupted CalB motif
reduced affinity of Freud-1 for the DRE. D, Presence of Freud-1 in nuclear extracts of L6 and
RN46A cells. EMSA using the 31 bp DRE as a probe incubated without (lane 1) or with nuclear
extracts from L6 (lanes 2, 3) or RN46A cells (lanes 4, 5) as indicated. The higher mobility complex
(band 1) was displaced rather than retarded in the presence of anti-Freud-1antibody in extracts
from both cell lines (Ianes 3 and 5, respectively). The second protein/DRE complex present in L6
cells (band 2) was not affected by Freud-1 antibody (lane 3) and represents an additional
unknown repressor.
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dicating that Freud-1 binds specifically to FRE. Incubation of
purified Freud-1 with an antibody against its N terminal super-
shifted the protein—-DRE complex, band 2 (Fig. 2A, lane 4), and
this supershifted complex was partially disrupted by Freud-1
peptide antigen leading to reappearance of the original complex,
band 1 (Fig. 2 A, lane 6). Purified Freud-1 also bound as a single
complex to labeled FRE that was competed by unlabeled FRE
oligonucleotides but not by TRE primers (Fig. 2 B). To address
the role of the C2 domain in Freud-1, a deletion mutant (Freud-1
del) lacking amino acids 341-348 within the CalB domain was
examined. Mutation of the C2 domain attenuated but did not
abolish Freud-1 DNA binding activity, suggesting a role for this
domain in Freud-1-DNA interaction (Fig. 2C). Thus recombi-
nant Freud-1 binds specifically to the FRE of the 5-HT1A recep-
tor gene.

To determine whether Freud-1 is present in cells and can bind
to the 5-HT1A DRE, EMSA was done using nuclear extracts (Fig.
2D). As we reported previously (Ou et al., 2000), in 5-HT1A-
expressing raphe RN46A nuclear extracts only one protein—-DRE
complex was observed (band 1, lane 4), whereas in 5-HT1A
receptor-negative L6 myoblasts, two complexes were present
(lane 2). Nuclear extracts were preincubated with anti-Freud-1
antibody before EMSA to assess the presence of Freud-1 in
protein-DRE complexes. Addition of anti-Freud-1 specifically
displaced the lower FRE-specific complex (band 1) in both
RN46A and L6 cells but did not affect the upper protein—TRE
complex (band 2) present in L6 cells (Fig. 2 D, lane 3). Previous
studies showed that in 5-HT1A-negative cells such as L6 myo-
blasts, this second protein—-DRE complex maintains repression of
the 5-HT1A receptor gene after mutation of the FRE (Ou et al.,
2000). Antibody alone did not bind the DRE probe (Fig. 2D, lane
6). In contrast to the supershift of recombinant Freud-1 by anti-
Freud-1 (Fig. 2A), incubation with anti-Freud-1 inhibited DRE
binding by the protein complex from nuclear extracts (Fig. 2D,
lanes 3, 5), suggesting that anti-Freud-1 destabilizes the Freud-1
complex present in cell nuclei. These results indicate that Freud-1
is present in nuclear extracts and exhibits sequence-specific DNA
binding to the 31 bp DRE.

Freud-1 repression of raphe 5-HT1A receptor expression

To test whether Freud-1 represses transcriptional activity of the
rat 5-HT1A receptor gene, the Freud-1 expression plasmid was
cotransfected with the DRE-containing -2300 or -1590 5-HT1A
promoter-luciferase reporter constructs in RN46A and L6 cells
(Fig. 3). In both cell types, Freud-1 decreased the transcriptional
activity of the -2300 5-HT1A construct, but the effect was greater
in the 5-HT1A-expressing raphe RN46A cells (Fig. 3A). Transre-
pression of the 5-HT1A promoter by Freud-1 was abolished by
disruption of the CalB domain in the Freud-1 del mutant, al-
though this mutant could still bind weakly to the DRE (Fig. 2C).
Importantly, both Freud-1 and Freud-1 del were expressed at
similar levels in L6 and RN46A cells as detected by Western blot
(Fig. 3A, blot). Thus Freud-1 represses the 5-HT1A receptor
gene, especially in raphe RN46A cells, and the CalB domain is
required for this repression.

The importance of an intact FRE for Freud- 1-induced repres-
sion was examined using the -2300m1 and DREmut/SV40 con-
structs containing mutations that specifically inactivate the FRE,
while the downstream TRE remains intact (Ou et al., 2000). In
contrast to the -2300 construct, transfection of Freud-1 did not
affect the luciferase activity of the -2300m1 construct in either L6
or RN46A cells (Fig. 3B). The DRE/SV40 construct contains the
5-HT1A DRE upstream of a heterologous promoter (SV40) and
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Figure3. Freud-1 represses basal 5-HT1A receptor expression in raphe RN46A cells via FRE. Luciferase activity was normalized

to that of B-galactosidase and is expressed as relative light units and normalized to control. *p << 0.05 compared with control by
t test. A, CalB-dependent Freud-1 repression. The FRE-containing -2300 5-HT1A—luciferase was transiently cotransfected in L6
myoblast or raphe RN46A cells with vector (pcDNA3, Control), Freud-1, or Freud-1 del mutant of the (2 (CalB) domain. Above, A
Western blot of 30 g of nuclear extracts was probed with anti-Flag to show equal expression of Flag—Freud-1 or Flag—Freud-1del
in these experiments. B, FRE dependence of Freud-1 repression. Transfections as above were done with FRE-inactivated mutant
2300m1, which was insensitive to Freud-1. ¢, FRE-dependent repression of SV40 promoter by Freud-1. The 31 bp DRE (DRE/SV40)
or the FRE-mutant DRE (DREmut/SV40) was placed upstream of the SV40 promoter and cotransfected with vector (pcDNA3) or
Freud-1 expression construct. D, £, Freud-1 inhibits transcriptional activity of the 5-HT1A receptor gene. L6 myoblast or raphe
RN46A cells were transiently cotransfected with the DRE-containing (-1590luc) 5-HT1A-luciferase reporter or vector (pcDNA3,
Control), and sense (D) or antisense (£) Freud-1 expression vectors. Freud-1 protein expression in each cell line after transfection
was detected by Western blot using specific anti-Freud antibody (shown above). 3-Actin immunoreactivity was tested to confirm
equal loading. £, G, Freud-1 proteininhibits 5-HT1A receptor expression in raphe RN46A cells. F, Proteins prepared from RN46A cells
transfected with Freud-1 sense or antisense expression vectors and differentiated for 72 hr were subjected to anti-5-HT1A receptor
immunoblotting. B-Actin immunoreactivity was tested to confirm equal loading. Shown is a representative blot of three inde-
pendent experiments. The relative intensity was quantified by an Automated Digitizing System (UN-SCAN-IT, Silk Scientific Inc.).
Data represent the mean == SE of three independent experiments. G, RN46A cells cotransfected with 1 g of Red Fluorescent
Protein (DsRed) and 5 g of Freud-1 sense or antisense expression plasmids as indicated were stained for 5-HT1A immunoreac-
tivity (see Materials and Methods). Arrows indicate representative DsRed-positive cells that express either high or low 5-HT1A
immunoreactivity (for antisense or sense Freud-1, respectively) compared with cells not transfected with DsRed.
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mediates repression in RN46A cells (Ou et
al., 2000). Cotransfection of Freud-1 in-
duced a further 50% repression of this
construct (Fig. 3C, DRE/SV40), but
Freud-1 had no effect when the FRE was
inactivated (DREmut/SV40). These re-
sults demonstrate that Freud-1 requires
an intact FRE to mediate repression of the
5-HT1A or heterologous promoters.

To further study its importance in
transcriptional regulation of the 5-HT1A
receptor gene, Freud-1 protein expression
was modulated using sense and antisense
Freud-1 ¢cDNA constructs (Fig. 3D-G). On
cotransfection with sense Freud-1, tran-
scriptional activity of the DRE-containing
-1590 5-HT1A promoter—luciferase con-
struct was significantly decreased compared
with control in both L6 and RN46A cells (by
25 or 50%, respectively), as observed for the
larger -2300 5-HT1A construct (Fig. 3D).
The DRE-deficient -1519-luciferase con-
struct lacked Freud-1-induced repression
(data not shown). Transfection of Freud-1
plasmid increased Freud-1 protein content
by 1.8- and 2.2-fold in L6 and RN46A
cells, respectively (Fig. 3D, blot). The
greater repression by Freud-1 in RN46A
cells may reflect the importance of the sin-
gle Freud-1-DRE complex in these cells
compared with two protein-DRE com-
plexes in L6 (Fig. 2D) and other non-
neuronal cells (Ou et al., 2000). Cotrans-
fection of an antisense Freud-1 cDNA
construct depleted endogenous Freud-1
protein levels in L6 and RN46A by ap-
proximately the same extent (50 vs 55%)
(Fig. 3E, blot). Cotransfection of antisense
Freud-1 derepressed the 5-HT1A pro-
moter construct only in RN46A cells, in-
dicating that endogenous Freud-1 plays a
role in basal regulation of the 5-HT1A re-
ceptor gene in these neuronal cells.

To address the role of Freud-1 in regu-
lating receptor expression, we measured
5-HT1A receptor levels in raphe RN46A
cells transiently transfected with sense or
antisense Freud-1 cDNA constructs (Fig.
3F). The level of endogenous 5-HT1A re-
ceptor protein in differentiated RN46A
cells was decreased significantly after tran-
sient transfection with sense Freud-1, but
increased with antisense to Freud-1, par-
allel to the changes observed in 5-HT1A
gene transcription. Because the transfec-
tion efficiency in these experiments was
30% (see Materials and Methods), alter-
ations in Freud-1 and 5-HT1A receptor
expression would occur in a maximum of
only 30% of cells. To examine changes
specifically in transfected cells, cotrans-
fection of sense or antisense Freud-1 con-
structs was done with a DsRed construct
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staining was strongest in perinuclear re-
gions, perhaps reflecting internalized re-
ceptors. On transfection of sense Freud-1,
decreased 5-HT1A immunostaining was
observed in DsRed-positive cells relative
to DsRed-negative cells, whereas anti-
sense to Freud-1 led to increased 5-HT1A
receptor staining in DsRed-labeled cells.
Although dramatic effects were seen in a
majority of DsRed-positive cells, immu-
nofluorescence represents a qualitative
method that complements the quantita-
tive findings observed using Western blot
(Fig. 3F). These experiments indicate that
Freud-1 represses 5-HT1A gene tran-
scription to decrease 5-HT1A protein ex-
pression in raphe RN46A cells.

Inactivation of Freud-1 by calcium/ATP
Because the CalB domain is thought con-
fer Ca“—dependent lipid binding, we ex-
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amined the action of calcium and ATP on

protein—DRE binding activity in nuclear
extracts from L6 and RN46A cells by
EMSA. On addition of Ca®* and ATP,
the specific interaction of the Freud-1-
containing nuclear protein-DRE complex
(band 1) was decreased in RN46A or abol-
ished in L6 extracts (Fig. 4A). By contrast,
the protein—-TRE complex from L6 cells
(band 2) was sensitive to ATP alone. Thus
the combination of calcium and ATP spe-
cifically interferes with Freud-1 binding to
DNA. The role of calcium-dependent
phosphorylation in Ca**/ATP-mediated
inhibition of the Freud-1-DRE interac-
tion was assessed by addition of protein

5-HT1A promoter-luciferase construct

Figure4. CAM kinase attenuates Freud-1-mediated repression. 4, Ca>* and ATP in combination interfere with Freud-1/DRE
interaction. EMSA using the 31 bp DRE as a probe incubated with nuclear extracts from RN46A (lanes 1—4) or L6 cells (lanes 5— 8)
asindicated. CaCl, (lanes 2, 6), ATP (lanes 3, 7), or both (lanes 4, 8) were added into incubation buffer for 20 min before incubation
with DRE probe. B, (, CAM kinase activation in nuclear extracts interferes with Freud-1-DRE binding. EMSA using DRE as a probe
and nuclear extracts from RN46A cells (B) and L6 cells ( () are shown. Both CaCl, and ATP were added into the incubation before
adding probe (lanes 2—7). Treatment was with 10 um (except 50 nu CalC) KN92 (negative control for KN93; lane 3), KN93 (CAM
kinase inhibitor; lane 4), CalC (PKCinhibitor; lane 5), H-8 (PKA inhibitor, lane 6), and CMZ (CAM inhibitor; lane 7), as indicated. In
L6 cells ( ), CAM or CAMK inhibitors rescued only the Freud-1-containing species (band 1). D, Calcium signaling enhances 5-HT1A
promoter activity ina Freud-1—-FRE-dependent manner. 5-HT1A promoter—luciferase reporter constructs containing FRE (-1590 or
-2300) or lacking FRE (-1519, -2300m1) were transfected into RN46A cells. Twenty-four hours after transfection, the cells were
treated with 40 mm KCl or with 40 mmKCland 1 umionomycin without or with 10 em KN92, KN93, or CMZ in the medium for 16 hr.
Luciferase activity is expressed as relative light units normalized to control (untreated) samples. *p << 0.05 in comparison with
control. Note that calcium mobilizing agents had no effect in FRE-lacking reporter constructs (-1519 or-2300m1) and were blocked
by CAM or CAMK inhibitors.

kinase inhibitors (Fig. 4B, C). The inhibi-

tors of CAMK (KN93) and CAM [calmidazolium (CMZ)] blocked
the inhibitory action of Ca*>*/ATP on Freud-1-DRE binding, lead-
ing to a recovery of the Freud-1-DRE complex (Fig. 4 B, lanes 4, 7).
In L6 cells, these inhibitors specifically rescued the Freud-1-DRE
complex (Fig. 4C, band 1), whereas the second protein—-TRE com-
plex (band 2) was not rescued. However, the inactive analog of KN93
(KN92), PKC inhibitor Calphostin C (CalC), or PKA inhibitor H-8
failed to influence Freud 1-DNA binding. These results suggest that
CAMKIV (the predominant nuclear CAMK), but not PKC or PKA,
mediated the inhibitory action of calcium/ATP on Freud-1 interac-
tion with FRE.

We tested whether calcium-mediated inhibition of Freud-1
binding to FRE can activate 5-HT1A receptor gene transcription.
RN46A cells were treated with agents to increase [Ca®"];, and
the activity of FRE-containing (-1590- and -2300-luciferase),
FRE-deleted (-1519-luciferase), or FRE-inactivated (-2300m1)
5-HT1A reporter constructs was examined (Fig. 4 D). After incu-
bation with 40 mm KCl to induce calcium influx, the luciferase
activity of -1590 and -2300, but not the -1519 or -2300m1 con-
structs, was increased significantly. Co-addition of ionomycin (1
uM), a calcium ionophore that induces calcium influx and re-

leases calcium stores (Albert and Tashjian, 1986; Szonyi et al.,
2001), further enhanced the luciferase activity of the -1590 and
-2300 5-HT1A promoter constructs. Thus calcium signaling en-
hances 5-HT1A receptor transcription in raphe cells via a Freud-
1-FRE-dependent mechanism. Inhibitors KN93 and CMZ, but
not the inactive analog KN92, blocked calcium-mediated induc-
tion of the 5-HT1A promoter constructs, indicating a specific
role for CAMK and CAM. Thus, calcium/CAM-dependent acti-
vation of CAMK inhibits Freud-1 function, resulting in enhanced
transcriptional activity of the 5-HT1A receptor gene.

Freud-1 RNA and protein expression in brain

The role of Freud-1 in vivo was addressed initially by examining
the expression profile of Freud-1 mRNA by Northern blot anal-
ysis of rat tissues and brain regions (Fig. 5). A single 3.8 kb mRNA
species was strongly expressed in several rat brain areas, including
frontal cortex, cortex, mesencephalon, hypothalamus, hip-
pocampus, and midbrain. Freud-1 RNA was also detected in pe-
ripheral tissues such as testis and at low levels in pituitary, liver,
and kidney. Freud-1 RNA and protein expression in rat brain
were analyzed further by in situ hybridization and immunobhisto-
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Figure 5.  Tissue distribution of Freud-1 RNA expression. Freud-1 mRNA expression in rat
tissues. RNA prepared from 17 different rat tissues was used for Northern blot analysis. The
position of molecular mass markers is shown on the right. An arrow indicates hybridization to
Freud-1 probe. Ethidium bromide-stained 185 RNA was used as a loading control.

chemistry (Fig. 6 A—C). Hybridization of antisense (a’—c") versus
sense (a—c) Freud-1 oligonucleotide probes demonstrated spe-
cific Freud-1 mRNA expression that corresponded with regions
of strong Freud-1 immunoreactivity (a"—c”). The highest levels of
Freud-1 RNA were detected in hippocampal pyramidal cells (Fig.
6B) and raphe nuclei [including dorsal, medial (Fig. 6A), and
magnus (data not shown)]. Discrete subsets of cells were labeled
intensely in the hypothalamus and cortex, with weaker hybrid-
ization in the thalamus. In pyramidal cells of hippocampal CAl,
CA2, CA3, and dentate gyrus regions, Freud-1 RNA was present
in the cell body and proximal dendrites, whereas Freud-1-like
immunoreactivity was predominant in the nucleus (Fig. 6 B). A
few pyramidal cells of the prefrontal cortex also displayed intense
Freud-1 RNA staining and immunoreactivity (Fig. 6C). Freud-1
was also strongly expressed in cells of the dorsal and intermediate
nuclei of the lateral septum, medial septum, and hypothalamus
(data not shown). Each of these brain areas that express Freud-1
RNA and protein also express 5-HT1A receptor RNA (Pom-
peiano et al., 1992), consistent with a role for Freud-1 to regulate
the 5-HT1A gene in vivo.

To address directly whether Freud-1 protein is expressed in
5-HT1A receptor-positive cells, dual immunofluorescent stain-
ing of cells in culture and brain sections was done. In RN46A cells
as well as primary hippocampal and cortical cultures (Fig. 6 D),
Freud-1 protein was present in the nucleus of cells expressing
5-HT1A receptors in the cell body and processes. Especially in the
cortical cultures, some cells expressed Freud-1 but not 5-HT1A
receptors (arrows); however, the majority of 5-HT1A-expressing
cells also expressed Freud-1. In tissue sections (Fig. 6 E), Freud-1
staining was predominantly nuclear and was colocalized by dual
immunofluorescence with extra-nuclear staining for 5-HT1A re-
ceptors [in hippocampus and dorsal raphe nucleus (DRN)],
5-HT (DRN), or TH (substantia nigra). In the raphe, Freud-1
staining was weaker than in the hippocampus and was colocal-
ized primarily with 5-HT1A receptors and 5-HT staining, sug-
gesting its presence in 5-HT1A-positive serotonergic neurons.
Interestingly, some cells that stained weakly for Freud-1 dis-
played strong 5-HT1A staining (Fig. 6 D,E, arrowheads), and
vice-versa (arrows), suggesting that Freud-1 protein inhibits
5-HT1A receptor expression in vivo, as we observed after trans-
fection of sense or antisense Freud-1 in RN46A cells (Fig. 3G).
Staining for Freud-1 in substantia nigra was strongest in TH-
positive cells of the pars reticulata, suggesting a role in a subset of
dopaminergic neurons. In control studies, fixed sections and cells
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that were incubated with primary or secondary antibody alone or
preincubated with Freud-1 peptide antigen displayed only back-
ground immunoreactivity, demonstrating the specificity of
Freud-1 staining (Fig. 6 F) (data not shown). Colocalization of
Freud-1 and 5-HT1A receptors in presynaptic and postsynaptic
neurons of the serotonin system is consistent with a role for
Freud-1 as a repressor to negatively regulate 5-HT1A gene ex-
pression in vivo.

Discussion

Freud-1: a novel repressor of the 5-HT1A receptor gene
expressed in brain

Previous studies have suggested the importance of regulation of
5-HT1A receptor expression in mental illnesses such as anxiety
and major depression and in suicide (Albert et al., 1996; Mann,
1999; Pineyro and Blier, 1999; Artigas et al., 2001). Antidepres-
sant compounds target the serotonin system, and chronic down-
regulation of the somatodendritic 5-HT1A autoreceptor on ra-
phe neurons has been proposed as an obligatory step to their
clinical efficacy. Conversely, genetic oblation of the 5-HT1A re-
ceptor results in increased anxiety behaviors in three different
strains of mice (Saudou et al., 1994; Heisler et al., 1998; Parks et
al., 1998; Ramboz et al., 1998). Importantly, in postmortem
brains from depressed suicides, the basal level of 5-HT1A recep-
tor expression was increased specifically in the raphe nuclei, sug-
gesting that altered regulation of the 5-HT1A autoreceptor may
predispose subjects to depression or suicide (Stockmeier et al.,
1998). Thus, we have studied the transcriptional mechanisms of
5-HT1A receptor regulation in raphe cells and identified the neu-
ronal repressor element FRE (Ou et al., 2000). We have now used
the yeast one-hybrid approach to identify a novel protein,
Freud-1, that binds to the FRE site of the 5-HT1A promoter to
repress 5-HT1A receptor expression.

Several pieces of evidence indicate that Freud-1 acts as a neu-
ronal repressor of the 5-HT1A gene by binding to the FRE site.
First, the two independent Freud-1 clones were isolated on the
basis of the trans activation of the DRE in the yeast system. Sec-
ond, recombinant purified His-tagged Freud-1 bound specifi-
cally to the 5" FRE 14 bp segment of the DRE, and this complex
was retarded by a specific antibody directed against Freud-1. Ad-
ditionally, in RN46A or L6 nuclear extracts, the formation of the
FRE—-protein complex was inhibited by this antibody, indicating
the presence of Freud-1 in the complex. Third, Freud-1 repressed
various 5-HT1A or heterologous promoter—luciferase constructs
in a FRE-dependent manner in raphe RN46A cells to a greater
extent than in non-neuronal L6 cells, suggesting a greater role for
Freud-1 in raphe cells. In combination with other repressors such
as the TRE-specific protein complex, Freud-1 mediates silencing
of the gene in non-neuronal cells (Ou et al., 2000). Depletion of
Freud-1 protein using an antisense construct derepressed the
5-HT1A receptor gene in RN46A cells but not L6 cells, suggesting
that Freud-1 is a crucial regulator of this gene in raphe cells.
Fourth, Freud-1 expression decreased 5-HT1A receptor protein
levels whereas antisense to Freud-1 increased receptor expression
in RN46A cells, indicating that Freud-1 is a key repressor of the
5-HT1A receptor in raphe cells. Thus Freud-1 mediates neuronal
repression of the 5-HT1A receptor gene by binding to the FRE.

The subcellular and brain regional distribution of Freud-1
further supports its role in neuronal regulation of the 5-HT1A
receptor gene. The colocalization of Freud-1 with both 5-HT and
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the 5-HT1A receptor in raphe nuclei strongly suggest that
Freud-1 isinvolved in regulation of the expression of somatoden-
dritic 5-HT1A autoreceptor on serotonergic neurons. Interest-
ingly, Freud-1 was also expressed in TH-positive cells of the sub-
stantia nigra, not known to express 5-HT1A receptors, suggesting
other roles for Freud-1 in addition to regulation of the 5-HT1A
receptor. The substantia nigra is known to express the
dopamine-D2 receptor, and an FRE-like sequence is present in
the second intron of the human D2 receptor gene, suggesting that
D2 receptors could be an additional target for regulation by
Freud-like proteins.

The presence of a human Freud-1 homolog suggests a role in
regulation of the human 5-HT1A receptor. Within a strong re-
pressor region of the human 5-HT1A gene located between
-1624/-1570 bp we have identified two adjacent functional DREs
with 80% identity to the rat DRE (S. Lemonde and P. R. Albert,
unpublished observations). The human DRE binds to Freud-1 and
mediates repression of the human 5-HT1A gene, suggesting a role
for Freud-1 in humans. For example, altered regulation of Freud-1
in the raphe nuclei could mediate the increase in 5>-HT1A autorecep-
tors observed in depressed suicide victims (Stockmeier et al., 1998),
perhaps implicating Freud-1 in predisposition to suicide or depres-
sion. Expression of Freud-1 in serotonergic and 5-HT1A-positive
neurons of the raphe nuclei suggests that Freud-1 could play a role in
regulating human 5-HT1A autoreceptor expression i vivo.

Structural domains and calcium-dependent regulation

of Freud-1

Freud-1 represents a novel DNA binding protein with no signif-
icant homology to other families of known DNA binding pro-
teins. All Freud-1 species homologs contain multiple repeats of
the basic DM-14 domain, a predicted HLH domain, and a con-
served C2 domain. By analogy with known basic HLH transcrip-
tion factors, the HLH domain of Freud-1 may mediate DNA
binding in combination with the basic DM-14 repeats. The nu-
clear localization of Freud-1 could also be mediated in part by the
basic DM-14 domains, given the lack of a consensus nuclear lo-
calization sequence. Deletion of the first nine amino acids of the
C2 domain reduced DNA binding of Freud-1 and abolished its
repressor activity, suggesting its role in DNA binding but espe-
cially in repressor function of Freud- 1. Interestingly, the calcium-
independent C2 domain of phosphatase and tensin homolog
(PTEN) mediates protein—protein interaction with the tumor
suppressor p53 (Freeman et al., 2003). By analogy the C2 domain
of Freud-1 may also interact with nuclear proteins to localize
Freud-1 to the nucleus or to recruit co-repressors. The Freud-1
C2 domain may be calcium insensitive because calcium alone did
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not alter Freud-1 function, and the Freud-1 C2 domain lacks
several acidic residues that mediate calcium binding of the PKC
C2 domain. In addition, the Freud-1 C2 domain contains a poly-
basic insert (five of eight basic residues between residues 365 and
372) that is not present in calcium-dependent C2 domains and
may function as a nuclear localization signal as reported for the
double-C2 vy protein (Fukuda et al., 2001). Further experiments
will be required to identify the precise function of the Freud-1 C2
domain.

We found that although not directly regulated by calcium,
Ca’*—ATP inactivated Freud-1 binding to DNA in nuclear ex-
tracts. Pharmacological analysis of calcium-mediated inhibition
of Freud-1 implicated CAMKII or more likely CAMKIV, which is
located predominantly in the nucleus and known to mediate
transcriptional activation associated with long-term memory
(Soderling, 2000; Kasahara et al., 2001; Impey et al., 2002). It
remains unclear whether CAMK directly phosphorylates Freud-1
or phosphorylates an associated protein to inactivate Freud-1
function. Unlike repressors that are inhibited directly by calcium
binding such as DREAM (Carrion et al., 1999; Mellstrom and
Naranjo, 2001; Cheng et al., 2002), Freud-1 provides a new ex-
ample of a repressor that is inactivated by CAMK-mediated phos-
phorylation. Consistent with this, calcium mobilization by high
K™ depolarization and calcium ionophore increased 5-HT1A
transcriptional activity in RN46A cells. Calcium signaling in ra-
phe neurons can be initiated via glutamatergic input, which acti-
vates NMDA receptors to enhance calcium-dependent 5-HT re-
lease (Celada et al., 2001; Lee et al., 2003). Conversely, activation
of 5-HT1A autoreceptors decreases [Ca>*]; (Chen and Pening-
ton, 1996; Bayliss et al., 1997a,b), which would activate Freud-1
to repress the 5-HT1A receptor gene. Activation of 5-HT1A au-
toreceptors by antidepressant treatment could use calcium- and
Freud-1-dependent mechanisms to desensitize the 5-HT1A au-
toreceptor. Thus, Freud-1 can regulate 5-HT1A receptor tran-
scription in two ways: the level of Freud-1 protein negatively
regulates basal 5-HT1A expression, whereas CAMK-mediated sig-
naling enhances 5-HT1A transcription by inactivation of Freud-1.
Thus, either Freud-1 protein levels or calcium-mediated signaling
determines Freud-1 activity to regulate 5-HT1A receptor expression.

It should be emphasized that Freud-1 is one of several tran-
scription factors that regulate 5-HT1A receptor expression, in-
cluding enhancers such as Sp1/MAZ (Parks and Shenk, 1996),
PET-1 (Hendricks et al., 1999), and nuclear factor kB (NFkB)
(Abdouh et al.,, 2001), which positively regulate the gene. Other
negative regulators include the putative TRE-binding protein
(Ou et al., 2000), the neural restriction silencing factor REST/
NRSF (Lemonde and Albert, unpublished observations), and a

Figure 6.

Colocalization of Freud-1with 5-HT1A receptor. A-C, Coronal brain sections were hybridized with sense (a— c) or antisense (a’— ¢’) digoxigenin-labeled Freud-1 oligonucleotides and

stained as described in Materials and Methods or were assayed for Freud-1immunoreactivity (a”— ¢”). Boxed regions are displayed at successively higher magnification in a—¢,a’~ ¢, and a”- ¢".
Scalebars:a,a’, a",500 m; b,b’, b",100 wm; ¢, ', ", 50 em. Freud-1 staining was observed in the following regions. A, Raphe nuclei. Staining was most intense in cells of the dorsal raphe nucleus
(DRN) but also present in the medial raphe nucleus (MRN) and raphe magnus (data not shown). The dorsal raphe nucleus is magnified showing cytoplasmic Freud-1RNA and nuclear Freud-1 protein.
B, Hippocampus. Staining is prominent in pyramidal cells of CA1, CA3, and the dentate gyrus. Dentate gyrus cells are magnified to show pyramidal cell morphology. C, Primary sensory cortex. The
arrow indicates hippocampus for comparison. D, Nuclear localization of Freud-1. Colocalization of Freud-1 (red) and 5-HT1A receptors (green) in raphe RN46A cells (1), and primary cultures of
embryonic cortical (2) and hippocampal (3) cells. Arrows indicate cells expressing high levels of Freud-1and low levels of 5-HT1A receptor. £, Colocalization studies. Dual immunofluorescence was
used to detect colocalization of Freud-1 with various markers. Freud-1was colocalized with 5-HT1A receptor staining in sections from hippocampus and dorsal raphe nucleus (DRN), as indicated. In
DRN, Freud-1 was also colocalized with staining for 5-HT, a marker of serotonergic neurons. In the substantia nigra pars compacta (SNC) or especially pars reticulata (SNR), Freud-1 was colocalized
with TH, a marker for dopaminergic neurons. Arrowheads indicate cells expressing low Freud-1and high 5-HT1A receptor levels. £, Specificity of 5-HT1A and Freud-1 staining. Raphe tissue sections
that were incubated with anti-guinea pig or anti-rabbit secondary antibodies alone or in the presence of 100 g of Freud-1 peptide antigen displayed only background immunoreactivity.
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novel protein complex that recognizes a palindrome DNA se-
quence in the repressor region of the 5-HT1A gene (Lemonde
and Albert, unpublished observations). In addition, a negative
mineralocorticoid response element confers inhibitory regula-
tion of 5-HT1A transcription by glucocorticoids (Ou etal., 2001).
However, Freud-1 appears to play an important role in neuronal
regulation of the 5-HT1A receptor, whereas factors like REST or
TRE-binding proteins appear more important to silence the gene
in non-neuronal tissues. The recent finding that PET-1 regulates
the differentiation of precursor raphe cells to a serotonergic phe-
notype (Hendricks et al., 2003) suggests that in raphe cells
Freud-1 and PET-1 may coordinately regulate 5-HT1A receptor ex-
pression, whereas in non-serotonergic neurons, Freud-1 may coor-
dinate with other as yet unknown factors. Thus, the transcription
factors that underlie the tissue-specific and regulated expression of
5-HT1A receptors may include, but are not limited to, Freud-1.

In summary, Freud-1 is a novel transcription factor that neg-
atively regulates the basal expression of the 5-HT1A receptor
gene in neuronal cells. The importance of Freud-1 in repressing
basal 5-HT1A transcription and receptor levels in raphe cells
suggests a potential role in altered regulation of 5-HT1A recep-
tors in disorders such as anxiety or major depression.
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