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Abstract

The serotonin-1A (5-HT1A) receptor functions as a pre-synaptic autoreceptor in serotonin neurons that regulates their activity, and is
also widely expressed on non-serotonergic neurons as a post-synaptic heteroreceptor to mediate serotonin action. The 5-HT1A
receptor gene is strongly repressed by a dual repressor element (DRE), which is recognized by two proteins: Freud-1 ⁄ CC2D1A and
another unknown protein. Here we identify mouse Freud-2 ⁄ CC2D1B as the second repressor of the 5-HT1A–DRE. Freud-2 shares
50% amino acid identity with Freud-1, and contains conserved structural domains. Mouse Freud-2 bound specifically to the rat
5-HT1A–DRE adjacent to, and partially overlapping, the Freud-1 binding site. By supershift assay using nuclear extracts from L6
myoblasts, Freud-2–DRE complexes were distinguished from Freud-1–DRE complexes. Freud-2 mRNA and protein were detected
throughout mouse brain and peripheral tissues. Freud-2 repressed 5-HT1A promoter–reporter constructs in a DRE-dependent
manner in non-neuronal (L6) or 5-HT1A-expressing neuronal (NG108-15, RN46A) cell models. In NG108-15 cells, knockdown of
Freud-2 using a specific short-interfering RNA reduced endogenous Freud-2 protein levels and decreased Freud-2 bound to the
5-HT1A–DRE as detected by chromatin immunoprecipitation assay, but increased 5-HT1A promoter activity and 5-HT1A protein
levels. Taken together, these data show that Freud-2 is the second component that, with Freud-1, mediates dual repression of the
5-HT1A receptor gene at the DRE.

Introduction

The serotonin system originates from neurons of the midbrain raphe
nuclei that project widely throughout the brain (Törk, 1990). The
serotonin system regulates the development of anxiety, aggression
and stress-reactivity phenotypes (Gordon & Hen, 2004; Lesch,
2005), and is implicated in feeding behavior, sleep disorders and
emotional function (Jacobs & Azmitia, 1992). The serotonin-1A
(5-HT1A) receptor is expressed pre-synaptically on serotonergic
raphe neurons as a somatodendritic autoreceptor (Sotelo et al., 1990;
Riad et al., 2000), which regulates the activity of the entire serotonin
system (Pineyro & Blier, 1999). The 5-HT1A receptor is also
expressed as a heteroreceptor on non-serotonergic neurons in the
hippocampus, septum, hypothalamus and cortex to mediate serotonin
action (Albert et al., 1990; Pompeiano et al., 1992). Mice lacking
5-HT1A receptors display increased anxiety and fear behaviors,
altered sleep patterns and reduced behavioral and neurogenic
responses to antidepressants (Boutrel et al., 2002; Gross et al.,
2002; Santarelli et al., 2003; Toth, 2003; Tsetsenis et al., 2007). The
anxiety phenotype can be rescued by early post-natal expression of
5-HT1A receptors in the forebrain (Gross et al., 2002), suggesting
that 5-HT1A receptors mediate early developmental events that set
the anxiety phenotype in the adult (Faber & Haring, 1999; Gross &

Hen, 2004; Scott & Deneris, 2005; Whitaker-Azmitia, 2005;
Alexandre et al., 2006).
In order to elucidate the transcriptional mechanisms that regulate

5-HT1A receptor expression, we have characterized its promoter and
identified specific DNA elements that regulate this gene (Albert &
Lemonde, 2004). The rat and human 5-HT1A receptor genes are
negatively regulated by a strong repressor element, the 31-bp dual
repressor element (DRE), located between )1590 and )1519 bp
upstream of the rat 5-HT1A translation start site (Ou et al., 2000).
Using the DRE as the target sequence in yeast one-hybrid cloning, we
identified Freud-1 ⁄ CC2D1A (Ou et al., 2003; Rogaeva et al., 2007a),
which binds to the 5¢ 14-bp segment [5¢-repressor element (FRE)]within
the 5-HT1A DRE and represses the 5-HT1A promoter in raphe RN46A
cells, a model of 5-HT1A autoreceptor regulation. However, in non-
neuronal L6 myoblasts and other neuronal cell lines, a second protein
binds to the 3¢ 12-bp [3¢-repressor element (TRE)] portion of the DRE to
mediate dual repression (Ou et al., 2000). Mutations in the 14-bp
segment (FRE) eliminated the binding of Freud-1 and derepressed
5-HT1A receptor expression in RN46A cells. However, in L6 myoblast
cells, mutation of both FRE and TRE was required to eliminate DRE-
dependent repression of 5-HT1A promoter activity. Thus, although
Freud-1 regulates the basal expression of 5-HT1A receptors in raphe
RN46A cells, a second unknown repressor mediates dual repression of
the 5-HT1A receptor gene in several other cell types.
In the present study we identify the Freud-1-related transcription

factor Freud-2 ⁄ CC2D1B as the second component that binds to the

Correspondence: Paul R. Albert, as above.
E-mail: palbert@uottawa.ca

Received 10 June 2010, revised 30 September 2010, accepted 7 October 2010

European Journal of Neuroscience, Vol. 33, pp. 214–223, 2011 doi:10.1111/j.1460-9568.2010.07498.x

ª 2010 The Authors. European Journal of Neuroscience ª 2010 Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience


