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Abstract
The relationship between serotonin (5-HT) and major depressive disorder (MDD) has been
extensively studied but certain aspects are still ambiguous. Given the evidence that 5-HT
neurotransmission is reduced in depressed subjects, it is possible that one or more of the 5-HT
regulators may be altered in the dorsal raphe nucleus (DR) of depressed subjects. Candidates that
regulate 5-HT synthesis and neuronal activity of 5-HT neurons include intrinsic regulators such as
tryptophan hydroxylase 2 (TPH2), 5-HT autoreceptors, 5-HT transporter (SERT) and transcription
factors, as well as afferent regulators such as estrogen and brain-derived neurotrophic factor
(BDNF). The present study was designed to quantify mRNA concentrations of the above 5-HT
regulators in an isolated population of 5-HT-containing DR neurons of MDD subjects and gender-
matched psychiatrically normal control subjects. We found that mRNA concentrations of the 5-
HT1D receptor and the transcription factors, NUDR and REST, were significantly increased in
DR-captured neurons of female MDD subjects compared to female control subjects. No
significant differences were found for the transcripts in male MDD subjects compared to male
controls. This study reveals sex-specific alterations in gene expression of the presynaptic 5-HT1D
autoreceptors and 5-HT-related transcription factors, NUDR and REST, in DR neurons of women
with MDD.
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Introduction
Major depressive disorder (MDD) is a common, recurring and debilitating mood disorder.
Considerable evidence from clinical in vivo imaging and pharmacological challenge studies
as well as human postmortem studies has accumulated to suggest that the serotonin (5-HT)
system is disrupted in subjects with MDD. The dorsal raphe nucleus (DR) in the midbrain
contains about 50% of the brain’s serotonin neurons and the majority of forebrain 5-HT
axons and terminals arise from the midbrain DR (Tork 1990). Several key regulators of 5-
HT neurotransmission reside in the DR including the rate-limiting enzyme, tryptophan
hydroxylase 2 (TPH2; EC1.14.16.4), the serotonin transporter (SERT) and the 5-HT1A
autoreceptor and these targets have been the focus of investigations aimed at elucidating the
alterations in serotonin neurotransmission in MDD.

Several studies have examined TPH2 in the DR of depressed or suicide subjects. A number
of reports from the same group found that TPH2 mRNA levels are increased and the number
of TPH-immunoreactive neurons are increased in the DR in depressed suicide subjects
(Underwood et al. 1999; Boldrini et al. 2005; Bach-Mizrachi et al. 2006; Bach-Mizrachi et
al. 2008). However, Bonkale and colleagues reported no change in TPH-immunoreactivity
in individual subnuclei of the DR between depressed suicide and control subjects, which
indicates no alteration in the TPH protein in depressed suicide subjects (Bonkale et al.
2004). Similarly, a study of Nissl-stained sections of the DR found that the number of
neurons and volumes in the entire DR were not significantly different between the mood
disorder group and control group, and only the ventrolateral subnucleus of the DR showed a
31% reduction in the number of neurons in the mood disorder group relative to controls
(Baumann et al. 2002). These studies reveal conflicting results regarding the role of TPH2 in
DR neurons of subjects with depression.

The SERT has been another serotonin substrate investigated in depressed subjects. Although
a previous report found that the cellular levels of SERT mRNA in the DR was greater in
suicide victims (Arango et al. 2001), there are several studies which show opposite results
such as a radioligand binding assay of SERT which revealed no changes in SERT
distribution and binding sites in the DR between suicide victims with depression and control
subjects (Bligh-Glover et al. 2000). Two other studies reported that SERT mRNA
expression or the number of SERT binding sites in the DR was not different between those
who committed suicide and control subjects (Little et al. 1997; Anisman et al. 2008).

5-HT1A receptors located in the DR represent somatodendritic autoreceptors which regulate
the activity of DR neurons; hence a dysfunction of these receptors has been intensely
investigated in subjects with MDD. Stockmeier and colleagues (1998) reported that 5-HT1A
agonist binding was significantly increased in specific subnuclei of the DR of subjects with
MDD (Stockmeier et al. 1998). In contrast, Arango et al. (2001) subsequently reported a
decrease in 5-HT1A receptor “binding capacity” in the dorsal raphe of depressed suicide
victims relative to controls (Arango et al. 2001). However, a more recent report from these
investigators contradicts their earlier finding and reveals an increase in 5-HT1A autoreceptor
binding sites in the rostral dorsal raphe of suicide subjects (Boldrini et al., 2008) which is
consistent with the original Stockmeier et al. (1998) report. Other findings include an in vivo
imaging study that reported decreased [11C]WAY 100635 binding in the brainstem region
of the DR in elderly depressed patients which provides further evidence of altered 5-HT1A
autoreceptor function in depression (Meltzer et al. 2004).

More recent studies have identified novel regulators of serotonin function. These include a
nuclear protein complex, nuclear deformed epidermal autoregulatory factor-1 (Deaf-1) or
the human homolog, NUDR, FRE under dual repression binding protein-1 (Freud-1) and
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RE-1 silencing transcription factor (REST) also known as neuron-restrictive silencing factor
(NRSF). These transcription factors bind to the specific repressor sequence in the 5-HT1A
promoter and lead to reduction in 5-HT1A receptor transcriptional activity as well as protein
expression. A recent study also found that the RE-1 sequence is present within the promoter
region of the TPH2 gene (Patel et al. 2007) which can bind REST and repress transcriptional
activity of TPH2. In addition, there are several afferent regulators whose terminals innervate
the DR and regulate DR neuronal activity. For example, BDNF by its action on
tropomyosine-related kinase B receptors (TrkB) and estrogen by its action on estrogen
receptors (ERα and ERβ) have been reported to exert profound effects on serotonin DR
neurons and serotonin neurotransmission (Joffe and Cohen 1998; Mattson et al. 2004;
Shively and Bethea 2004; Lasiuk and Hegadoren 2007; Martinowich and Lu 2008).

The aforementioned regulators all have been shown to regulate various parameters of
serotonin function and therefore may be involved in the pathophysiology of major
depressive disorder. There have been no previous studies which have measured the cellular
expression of all of the above 5-HT-related regulators in isolated DR neurons of both male
and female subjects with MDD using a laser-capture microdissection (LCM) approach. The
present study was designed to quantify the cellular concentration of mRNA transcripts of
several 5-HT-related genes in a pure population of serotonin-containing DR neurons in
female and male subjects diagnosed with MDD and in psychiatrically-normal control
subjects matched for gender using LCM of immunofluorescently-stained neurons and
quantitative real time PCR.

Materials and Methods
Subjects

All procedures in our study were approved by the Institutional Review Board of the
University of Mississippi Medical Center and University Hospitals of Cleveland. Human
brain specimens were obtained in the course of routine autopsies conducted at the Cuyahoga
County Coroner’s Office, Cleveland, OH, after obtaining written consent from the legally
defined next-of-kin. Blood and urine samples from all subjects were examined by the
coroner’s office for psychotropic medications and substances of abuse. Subjects included 6
female and 6 male subjects diagnosed with MDD. The 6 female and 6 male control subjects
never met criteria for an Axis I illness and had no history of a neurological disorder. Each
MDD subject was matched with a control subject for gender and as closely as possible for
age and post-mortem interval (PMI). Some of the pairs were also matched for race. The
demographics for each subject are summarized in Table 1.

Retrospective, informant-based psychiatric assessments were performed for all depressed
and control subjects as previously described (Stockmeier et al. 2004). About 3 months after
the death of the subjects, a trained interviewer administered the Schedule for Affective
Disorders and Schizophrenia: Lifetime Version (SADS-L;(Endicott and Spitzer 1978)) to
knowledgeable next-of-kin of the depressed subjects, as previously described (Stockmeier et
al. 1997). Axis I psychopathology was independently assessed by a clinical psychologist and
psychiatrist and consensus diagnosis was reached in conference using information from the
interview, previous hospitalizations, doctors’ records, and the coroner’s office. Responses
from the subjects evaluated with the SADS-L were also recorded in the Structured Clinical
Interview for DSM-IV Psychiatric Disorders (SCID;(First MB 1996)), and regardless of the
structured diagnostic interview used, all subjects met criteria for MDD according to the
Diagnostic and Statistical Manual of Mental Disorders IV (American Psychiatric
Association, 1994). All 6 female depressed subjects met DSM-IV criteria for an Axis I
diagnosis of MDD, all 6 met this criteria for MDD in the last month of life. Four of the
female MDD subjects had multiple depressive episodes during their life and two female
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subjects had a single episode. Six male depressed subjects met DSM-IV criteria for an Axis
I diagnosis of MDD, and all 6 met this criteria for MDD in the last month of life. Three male
subjects had multiple depressive episodes during their life and three male subjects had a
single episode. Five females and two male MDD subjects had an antidepressant prescription
at the time of death, but toxicology screening of these subjects were negative for any
antidepressant and no other psychotropic drug was detected in any of the subjects. The mean
age of onset of depression for females was 36.67±2.33 yrs and for males was 56.17±9.63 yrs
whereas the average duration of age of illness for females was 26.67±4.79 yrs and males
was 6.33±4.36 yrs.

Tissue sampling
The study was carried out on frozen tissue blocks of midbrain containing the DR which were
immediately frozen after autopsy and stored at −80°C. Before and after sectioning each
block of tissue - the blade, blade holder, anti-rolling blade and area inside the cryostat were
wiped with 95% ethanol and RNase wipes to avoid cross-contamination and RNase
contamination. In order to ensure that sections were collected consistently from DR,
reference slides (20μm) were collected at regular intervals of 240μm which were used for
Nissl staining. Midbrain sections (10μm) were collected on Silane-Prep glass slides (Sigma-
Aldrich, USA) at −20 °C in a Leica cryostat CM3050S (Leica Microsystem, Nussloch,
Germany). During sectioning, the tissue mounted slides were immediately placed in a
microslide box on dry ice and then transferred to −80 °C freezer for storage.

Immunofluorescence staining tissue sections for LCM
A quick staining protocol was standardized to locate and identify the serotonin-containing
neurons and to preserve the integrity of RNA. All solutions used were cold (0 °C) during the
staining protocol except the dehydration solutions. The solutions are also treated with
ProtectRNA™ RNase Inhibitor (Sigma-Aldrich, USA). Slide-mounted tissue sections were
removed from the −80°C freezer and immediately immersed into 4% parafomaldehyde
solution for 2 min followed by 10 sec wash with 1X PBS. The slides were then placed on a
cooling block (Molecular Devices, CA, USA) and a liquid repellent boundary was marked
around the tissue section using liquid repellent slide marker (Super pap pen, Tokyo, Japan).
The cold slides were then incubated in blocking buffer for 3 min. followed by incubation
with primary monoclonal anti-tryptophan hydroxylase-2 antibody (WH3; IgG3, 1:50;
Sigma-Aldrich, USA,) for 2 min. This was followed by 10 second 1X PBS wash and again
the slides were placed back on a cooling block before being stained with Cye 5 fluorescently
tag secondary anti-mouse antibody (anti-mouse; against IgG3; 1:100; Jackson Laboratories)
for 2 minute and then washed for 10 sec with 1X PBS. The tissue sections were immediately
dehydrated using increased concentration of alcohol (75% and 95%) for 30 seconds each
and two immersions in 100% alcohol for 1 min each, followed by xylene for 5 minute. The
sections were allowed to air dry for 10 minutes in a fume hood and immediately transferred
to a vacuum sealed desiccator. Slides were stored in the desiccator until processed with the
LCM to capture DR neurons from the tissue sections.

Laser Capture Microdissection
The TPH2 immunofluorescent-stained neurons were visualized using a fluorescence filter
and captured using the infrared laser beam of the Veritas laser microdissection system
(Molecular Devices, CA, USA) which does not affect the RNA integrity of captured cells.
This method also allows us to capture a pure population of 5-HT-containing neurons without
contamination from non-serotonergic cells and surrounding neuropil in the DR. Laser
capture parameters were 30–45mW power, with a 2500μsec pulse, and a spot diameter of
10–15μm. Approximately 1500 TPH2-positive cells were captured from three tissue
sections of the DR nucleus for each subject. The anatomical level of the sampled tissue
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sections corresponded to the mid-rostral level of the DR where all DR subnuclei are visible
and the trochlear nucleus is present. Each control and MDD matched-paired tissue section
and captured cells were processed in parallel to avoid any variance due to reagents and
handling.

RNA isolation
Total RNA from captured cells was isolated using the PicoPure RNA isolation kit following
the manufacturer’s protocol (Molecular Devices, CA, USA). To eliminate genomic DNA
contamination, RNA samples were treated with RNase-free DNase I as described by the
manufacturer (Qiagen, Valencia, CA, USA). RNA was eluted in two steps with 14μl of
elution buffer, bringing the final volume up to 26 μl after elution. A 1 μl aliquot of each
sample was processed for RNA integrity analysis on an Agilent Bioanalyzer 2100 with
Agilent Lab-on-a-Chip Picochip RNA kit (Agilent technologies, Foster City, CA, USA).
RNA integrity number (RIN) was used to assess the RNA quality of LCM samples as
previously described (Schoor et al. 2003; Fleige and Pfaffl 2006; Schroeder et al. 2006). The
mean RIN value for the LCM samples was 6.3±0.7. There was no effect of
immunofluorescent-staining, PMI, pH, age, sex or race on RIN number. Similarly, there was
no difference in the RIN value of depressed and their matched control subjects.

cDNA synthesis
After isolation of RNA, all samples were immediately processed for reverse transcription
(RT) reaction to avoid potential RNA degradation. cDNA was synthesized from 50ng total
RNA isolated from each LCM sample using Sensiscript RT kit manufacturer specification
(Qiagen, Valencia, CA, USA). To avoid the bias toward the 3′ amplification, a mixture of
random and oligo dT primer was used for RT reaction. The RT reaction cDNA was stored at
−20°C until further use.

Primer design
All sequences for genes of interest were downloaded from the NCBI nucleotides data base.
Vector NTI (Invitrogen Corporation, Carlsbad, CA) and IDT web-based primer design
software (Integrated DNA Technologies, Coralville, IA) were used to design primers. The
sequences of primers, location of each primer and gene bank accessory number is shown in
Table 2. The specificity of each primer was confirmed by running the PCR product on an
agarose gel and followed by cloning the amplified sequence using pCR 2.1 TOPO vector
from each of these primer pairs and confirming the cloned sequence by DNA sequencing
(data not shown).

Real time PCR
The 1ul cDNA was subjected to Real-Time/Quantitative Polymerase Chain Reaction (Q-
PCR) analysis for the quantification of mRNA transcripts for 5-HT1A, 5-HT1B, 5-HT1D,
Freud-1, NUDR, REST, TPH1, TPH2, TPH2-T, SERT, ERα, ERβ, TrkB and TREK-1 using
gene specific primers (Table 2). Q-PCR was carried out in a 96 well format using MyiQ
Single color real time PCR cycler (BioRad, Hercules, CA, USA), and iQ SYBR Green PCR
Master Mix at annealing temperature of 55 °C (BioRad, Hercules, CA, USA). The Q-PCR
products were checked by performing a melting curve analysis and running Q-PCR products
on 2% agarose gel containing ethidium bromide. A concentration curve with known
concentrations of plasmid DNA containing the specific primer pair amplified sequence was
used to calculate the primer pair’s efficiency for each of the primer pairs including internal
controls. The primer efficiency for each primer pair in Table 2 was between 95 and 105%.
The final relative concentration of each transcript was calculated using both glyderaldehyde
3-phosphate dehydrogenase (GAPDH) and RNA polymerase II (RP-II) as internal control
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genes for normalization with ΔΔCt method. Conversion of ΔCt value to fold changes
(2−ΔΔCt) were calculated for each transcript (Livak and Schmittgen, 2001).

Several reports have shown that specific reference genes may be regulated under certain
conditions and may therefore be unsuitable for normalization purposes (Dheda et al. 2004).
Also some reports show that use of a single internal standard gene as a reference gene or
ribosomal RNA gene may lead to faulty results (Tricarico et al. 2002). Therefore, a
combination of genes were used as internal standards, in which one was the general
reference gene, GAPDH and other was the ribosomal gene RP-II since RP-II is minimally
influenced by chemical stimulation and has resistance to cellular activation (Radonic et al.
2004). We used the geometric mean as the normalization factor (Vandesompele et al. 2002).

Statistical analysis
Data for real time PCR was analyzed using a matched-pairs design. For real time samples,
three different individual runs were performed with each triplicate sample. Statistical tests
compared MDD to matched control separately for female and male groups and as well as for
the combined gender groups. Similar analyses were conducted for all genes. A maximum-
likelihood mixed-models test was used to estimate parameters of the models, assuming pairs
and subjects within pairs were random components (SAS; Version 9.1). As a first step,
unadjusted models were fit to compare depressives vs. controls without adjusting for
potential confounders. Gender-specific adjusted models included the main effect for
comparing depressives vs. controls and covariates for age, PMI, pH and cause of case death
(suicide vs. non-suicide). Interactions between the main effect, depressives vs. controls, and
each of the potentially confounding covariates were investigated and dropped from the
model. The covariate adjusted analyses produced similar results; the results for the
unadjusted model are reported for simplicity. Results for the depressed and control groups
are reported as mean ± SEM based on the mixed model. Results for main effects are
considered significant if p<0.05.

Results
TPH2 immunofluorescent staining of serotonin DR neurons

Using a rapid staining protocol, serotonin neurons in the DR exhibited robust
immunofluorescence with the primary monoclonal anti-tryptophan hydroxylase 2 antibody
resulting in a crisp contrast image that allowed easy identification and sampling of stained
neurons from other background neurons and neuropil (Figs. 1A and B). This sampling
method greatly reduced potential cross-contamination from the area surrounding the
serotonin neurons. Individual TPH2-stained cells were selected from the DR nucleus and the
laser fired on those selected serotonin cells. An area of remaining intact tissue can be seen
after the selected serotonin cells were captured from a DR tissue section (Fig 1C). The
selected serotonin neurons adhered to the base of polymer cap after the capture laser fired on
selected serotonin cells (Fig. 1D). This process is performed on the entire DR nucleus within
a section allowing the collection of the maximum number of serotonin neurons at the mid-
rostral anatomical level (Fig. 1E).

Tryptophan hydroxylase isoforms
There was no significant difference in mean mRNA concentrations of TPH1, TPH2 or
truncated TPH2 (TPH2-T) isoforms in laser-captured DR neurons of female or male MDD
subjects compared to gender-matched control subjects (Table 3 and Table 4). Similarly, no
difference in expression of the above transcripts was found when gender groups were
combined and analyzed between MDD and control subjects (Table 5). The truncated form of
TPH2-T was expressed in the serotonin neurons but in a very low concentration as
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compared to TPH1 and TPH2 mRNAs when the expression is normalized to internal control
gene GAPDH and RP-II.

5-HT, TrkB and estrogen receptors
The mean mRNA level of 5-HT1A (3.73 fold, p=0.0619) and 5-HT1B (3.16 fold, p=0.0742)
receptors show a borderline elevation in the female MDD subjects relative to controls while
in male MDD subjects there was no change in mRNA levels (Table 3 and Table 4). Levels
of mRNA for either 5-HT1A or 5-HT1B did not differ between depressed and control
subjects when combining both gender groups (Table 5).

The mean mRNA level of 5-HT1D receptors showed significantly higher expression (3.20
fold, p=0.0110) in the captured DR neurons in the female MDD subjects as compared to
their matched female control subjects (Table 3). The results for mRNA expression for 5-
HT1D receptor are summarized in Fig. 2; the delta Ct value for each subject is plotted on
scattered plot (Fig. 2A). All 6 depressed women subjects showed an increase in mean
difference of the 5-HT1D receptor delta Ct relative to their matched control (Fig. 2B). 5-
HT1D receptor mRNA was not significantly different in male MDD subjects compared to
matched controls nor was it different in the pooled gender groups (Table 4 and 5).

The TrkB receptor mRNA expression was not significantly different in the DR neurons of
depressed subjects as compared gender-matched control subjects or across genders (Table 3,
4 and 5). Estrogen receptor ERα mRNA was elevated in depressed subject group relative to
the control group but the data did not reach statistical significance (p=0.0853) (Table 5).
Similarly, there was no change in the expression of ERβ mRNA among the depressed
subject groups within or across genders (Table 3, 4 and 5).

Transcription factors
The mRNA expression for NUDR is summarized in Figs. 3A and B. The mean mRNA level
of NUDR was increased significantly by 3.43 fold (p=0.0088) in the female MDD subjects
as compared to their matched female control subjects while there was no difference in male
MDD subjects relative to matched control subjects (Table 3 and Table 4). The mean change
in NUDR expression from individually matched control subjects revealed that NUDR
mRNA in DR neurons was increased in every female MDD subject while only four male
MDD subjects showed increased levels (Fig. 3B). Pooling data across genders, the increase
in NUDR mRNA in MDD subjects did not reach statistical significance (2.31 fold,
p=0.0700).

The mRNA expression for REST is summarized in Figs. 4A and B. REST mRNA
expression in DR neurons was significantly increased by 3.15 fold (p=0.0458) in the female
MDD subjects compared to their matched control subjects. There was no alteration in REST
mRNA in the male MDD subjects relative to matched controls. Comparison of individually
matched pairs revealed that the mean REST mRNA level was increased in five of the six
depressed female subjects compared to the matched control subjects (Fig. 4B). There was no
difference in REST mRNA levels in the combined depressed and control groups. Also,
Freud-1 mRNA was not changed in depressed group when analyzed gender-wise or across
genders (Table. 3, 4 and 5).

SERT and TREK-1
The transcription level of SERT in DR neurons was not changed in depressed subjects
relative to matched control subjects within or across genders. Similarly, no difference in
TREK-1 mRNA was found in depressed subjects relative to matched control subjects within
or across genders (Table 3, 4 and 5).
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Discussion
The present study represents the first report using laser-capture microdissection and Q-PCR
to quantify mRNA transcripts in individual TPH2-immunofluorescent DR neurons of female
and male MDD subjects and gender-matched control subjects. The results revealed that
mRNA expression of NUDR, REST and the 5-HT1D receptor was significantly increased in
DR serotonin-containing neurons of female subjects diagnosed with MDD relative to
matched female control subjects, but the mRNA transcripts measured were unaltered in
midbrain DR neurons of male depressed subjects compared to male controls.

NUDR is the human homolog of Drosophila DEAF-1, which has been identified as a DNA-
binding protein and gene regulator (Huggenvik et al. 1998). Recent investigations have
shown that NUDR represses both human and rat 5-HT1A receptor promoter luciferase
constructs and is colocalized with 5-HT1A receptors in the prefrontal cortex, hippocampus
and raphe nuclei (Lemonde et al. 2003). While stable expression of NUDR reduced the
expression and binding of 5-HT1A receptors and mRNA levels in raphe cells suggesting that
NUDR negatively regulates 5-HT1A receptor (Lemonde et al. 2003), a subsequent study
revealed that NUDR functions as a transcriptional enhancer in non-serotonergic cells
(Czesak et al. 2006). Therefore, NUDR may have a dual function depending on the synaptic
localization of 5-HT1A receptors. A recent study using a gene knockout strategy reported
that NUDR−/− embryos display neural tube exencephaly at the mid-hindbrain region which
caused death at birth (Hahm et al. 2004), this may suggest that NUDR may play an
important neurodevelopment role in the early formation of midbrain structures.

We previously documented a gender-specific reduction in protein levels of NUDR and 5-
HT1A receptors in the prefrontal cortex (PFC) of women with depression, but not in
depressed men (Szewczyk et al. 2009). The present observation is consistent with this
previous report of alterations in NUDR only in depressed females, but an increase in NUDR
mRNA was found in the DR compared to a decrease in NUDR protein in the PFC. Since
NUDR is believed to function as a 5-HT1A receptor gene repressor in DR neurons, elevated
NUDR mRNA in the depressed female subjects may reflect an adaptive change to increase
NUDR synthesis and activity to down-regulate over-expression of somatodendritic 5-HT1A
autoreceptors in the DR of depressed subjects. Increased 5-HT1A receptor binding sites has
been previously reported in the DR of MDD or depressed suicide subjects (Stockmeier et al.
1998; Boldrini et al. 2008). Similarly, the mean level of 5-HT1A receptor mRNA in DR
neurons was increased by 3.73-fold in the depressed female subjects, however the data did
not reach statistical significance (p=0.0619). The trend towards an increase in 5-HT1A
receptor mRNA in depressed female DR neurons is in agreement with a 5-HT1A receptor
binding assay where increased 5-HT1A receptor binding was found in the DR of both male
and female depressed suicides as compared to gender-matched control subjects (Boldrini et
al. 2008), likewise an earlier study reported 5-HT1A receptor binding sites were increased in
the subnuclei of the DR of suicide victims with MDD compared with controls (Stockmeier
et al. 1998).

Repressor element-1 silencing transcription factor (REST) is another negative transcriptional
regulator of 5-HT1A receptors. It binds to the repressor element-1 (RE-1) site adjacent to the
dual repressor element (DRE) upstream of the promoter region in the 5-HT1A receptor gene
sequence of rat, mouse and human (Lemonde et al. 2004). Hence REST binding contributes
to silencing of 5-HT1A receptors in some neuronal and non-neuronal cells (Schoenherr and
Anderson 1995; Lemonde et al. 2004). We found a gender-specific increase in REST mRNA
expression in DR neurons of female MDD subjects as compared to their matched control
subjects but there were no changes in the male subject groups. In theory, the increase in
REST in DR neurons may result in increased binding to the 5-HT1A RE-1 promoter site and
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lead to a decrease in 5-HT1A autoreceptor expression. The decrease in 5-HT1A
autoreceptors may reduce inhibitory tone and increase the synaptic concentrations of
serotonin. However, it is interesting that both REST and NUDR are two transcriptional
repressors of 5-HT1A receptors that are elevated in DR neurons of depressed women, but
yet 5-HT1A receptor mRNA remains elevated in depressed women although not statistically
significant. Perhaps these changes reflect an adaptive molecular response triggering
transcriptional repressor mechanisms to suppress 5-HT1A autoreceptor expression in DR
neurons of depressed women and facilitate 5-HT neurotransmission, but the elevation in the
transcriptional repressors is not sufficient or functional to completely abolish the enhanced
inhibition via increased expression of somatodendritic 5-HT1A receptors.

In addition to 5-HT1A somatodendritic autoreceptors, 5-HT1B and 5-HT1D presynaptic
terminal autoreceptors also play a key role in regulating serotonin neurotransmission. The 5-
HT1B and 5-HT1D receptors are highly expressed in dorsal raphe nuclei in rats (Davidson
and Stamford 1995; Bonaventure et al. 1998) and in human (Bidmon et al. 2001). The
finding that 5-HT1B and 5-HT1D receptors can form homo- and heterodimers with each
other (Xie et al. 1999) further add to the complexity of the 5-HT1B and 1D autoreceptors
action. The increase in 5-HT1D receptor mRNA in DR neurons of depressed women is
supported by previous rodent studies measuring the 5-HT1B receptor mRNA (rodent
equivalent of the human 5-HT1D). For example, 5-HT1B receptor mRNA was elevated
(25%) in the DR of learned helplessness rats compared to controls (Neumaier et al. 1997)
albeit the magnitude of change was less compared to our observations. It is also interesting
that rats treated for 21 days with fluoxetine reduced 5-HT1B receptor mRNA expression in
the DR by 83% of control, whereas rats treated for 7 days and then allowed 7 days of drug
washout, had 5-HT1B receptor mRNA levels in the DR return to control levels (Neumaier et
al. 1996a). It is important to note that methodological differences between Neumaier et al.
(1997) using in situ hybridization histochemistry and our study using RT-PCR must be
considered when comparing fold-changes in mRNA expression. The gender-specific
increase in the mean levels of 5-HT1D receptor mRNA in DR neurons of female MDD
subjects as compared to their matched control subjects is potentially a very important
observation that may further elucidate the molecular mechanisms associated with
diminished serotonin neurotransmission in depression. Over-expression of presynaptic 5-
HT1D autoreceptors in depressed women may reflect excessive inhibitory tone on serotonin
neurons leading to reduced synaptic levels of 5-HT. Such a hypothesis is supported by our
observations of elevated NUDR and REST mRNA in DR neurons of depressed women to
dampen the inhibitory tone on DR neurons by acting to repress 5-HT1A autoreceptors.

There has been only one previous report published on midbrain 5-HT1D receptors in suicide
victims where a significant decrease was found in 5-HT1D binding affinity in the depressed
suicides (Arranz et al. 1994). Another study reported increased 5-HT1D receptor binding
sites in globus pallidus, but these alterations where restricted to those suicides who died by
violent means (Lowther et al. 1997). It will be important for future studies to confirm and
further investigate the over-expression of 5-HT1D receptors in depression.

The TPH2 gene promoter sequence also contains an RE-1 element and REST has been
shown to regulate transcription of TPH2. Patel and colleagues (2007) showed that in
transfected C6-glioma cells dominant-negative inhibition of REST produced a 4.4 fold up-
regulation of TPH2 mRNA compared to a reference gene which demonstrated the silencing
effect of NRSE/REST on TPH2 transcription. Increased REST repression of TPH2 in
depression may be maladaptive, but we did not observe any significant changes in any of the
TPH isoforms in DR neurons of depressed subjects nor is there any evidence in the literature
to support reduced transcription of TPH2 in depressed subjects. Our findings on TPH
isoforms in DR neurons of MDD subjects are in contrast to those of Arango and colleagues
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(Bach-Mizrachi et al. 2008) that have reported an increase in TPH2 mRNA expression using
in situ hybridization in depressed suicide subjects in the caudal level of the DR and median
raphe nuclei. The only DR subnucleus that exhibited an increase in TPH2 mRNA expression
was the caudal subnucleus. The same group also found a higher number and density of TPH-
immunoreactive neurons in the mid-rostrocaudal DR region and elevated TPH
immunoreactivity in DR region at the level of trochlear decussation in depressed suicides
(Underwood et al. 1999; Boldrini et al. 2005). In the context of elevated REST (a TPH2
repressor) mRNA transcripts in women with depression and the lack of change in TPH2
mRNA in the DR of depressed women and men, the increase in TPH2 mRNA reported in
DR of depressed suicides by Bach-Mizrachi et al. (2008) is difficult to interpret
mechanistically. It is conceivable that based on the functional heterogeneity of the DR
reported in rodents (Abrams et al. 2004; Lowry et al. 2008) that alterations in TPH2 mRNA
are restricted to the caudal DR in depressed suicide subjects. However, given the
considerable evidence of alterations in prefrontal cortical serotonergic markers in major
depressed subjects (Austin et al. 2002; Szewczyk et al. 2009; Stockmeier et al. 2009) and
that the majority of forebrain 5-HT terminals arise from the midbrain dorsal raphe nucleus
which contains more than 90% of the DR 5-HT neurons (Baker et al. 1990; 1991; Tork
1990), the rationale for choosing to examine the mid-rostral DR in the present study is
strongly justified.

TPH2-T is a truncated form of TPH2 and is a functional single nucleotide polymorphism in
the TPH2 gene (Haghighi et al. 2008). This polymorphism results in low efficiency of
normal splicing and produces a truncated TPH2-T isoform by alternative splicing. TPH2-T
lacks the catalytic domain and hence TPH2 enzyme activity that may reduce serotonin
production. Therefore, to understand the involvement of truncated TPH2-T, we measured
the TPH2-T mRNA and found there is no difference in mRNA expression of TPH2-T in
depressed subjects suggesting that TPH2-T does not play a major role in the
pathophysiology of depression. This is the first study which measured TPH2-T mRNA
transcripts in human DR neurons and established that the TPH2 truncated form does not
appear to play a role in major depressive disorder.

The previous study by Bonkale et al. 2004 reporting no changes in TPH2 protein combined
with the present report of no changes in TPH2 mRNAs in the DR of depressed subjects
represent two independent studies conducted on two separate cohorts of MDD and control
subjects which consistently demonstrates a lack of change in TPH2 biosynthesis in the
dorsal raphe nuclei of subjects diagnosed with major depressive disorder. These studies are
at odds with those of Arango and colleagues (Bach-Mizrachi et al. 2008; Underwood et al.
1999; Boldrini et al. 2005) reporting increased TPH2 expression in the raphe of depressed
suicides and therefore raise questions regarding the subject characteristics of their depressed
cases or perhaps methodological differences.

Of the remaining transcripts measured in the DR of depressed subjects (Freud-1, SERT,
TREK-1, BDNF, TrkB, ERα and ERβ), none of these mRNAs were significantly altered in
depressed subjects within or across genders. With the exception of SERT, no previous
studies have examined mRNA expression of these transcripts in DR neurons of depressed
subjects. For example, postmortem studies of depressed suicides revealed a greater
percentage of DR neurons expressing higher grain density for SERT mRNA (Arango et al.
2001). In contrast, a recent study found no difference in SERT mRNA in the DR between
those who committed suicide and control subjects (Anisman et al. 2008). Similarly, earlier
studies found no difference in SERT binding sites as well as SERT mRNA levels in the DR
of depressed subjects as compared to matched control subjects (Little et al. 1997; Bligh-
Glover et al. 2000; Klimek et al. 2003). Our finding of no change in SERT mRNA in DR
neurons of MDD subjects is consistent with these previous studies.
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One potentially important variable to consider in human postmortem mood disorder studies
is the confounding affect of antidepressant medication on the dependent measures. While no
published studies to date have documented effects of antidepressants on the transcription
factors, NUDR and REST, several rodent studies have reported alterations in gene
expression of various serotonergic markers in the dorsal raphe. For example, repeated
fluoxetine treatment significantly decreased (−38%) 5-HT1A receptor mRNA levels in the
anterior raphe area (Le Poul et al. 2000), paroxetine and fluoxetine both reduced 5-HT1B
receptor mRNA in the DR by 36% and 27%, respectively (Anthony et al. 2000), whereas
fluoxetine significantly reduced expression of TPH2 and SERT mRNAs as determined by
RT-PCR in the brainstem (Dygalo et al. 2006). These studies illustrate the importance to
consider the patients’ medication history and obtain, when possible, accurate clinical records
and toxicological reports for all subjects diagnosed with MDD.

Since toxicology screens were negative for antidepressants for all depressed subjects, it is
unlikely that the alterations in the mRNA transcripts in the MDD subjects were influenced
by antidepressant medication. However, the potential effects of antidepressants can not be
entirely ruled out since several of the MDD subjects had a prescription for an antidepressant
at the time of death, and this may raise questions regarding the compliance of these patients
and the possible long-term effects of antidepressants on these specific serotonin regulators.
It is important to note that having a prescription for a medication does not necessarily imply
compliance. In fact, only 25% to 50% of patients with MDD adhere to their antidepressant
routine for the length of time recommended by depression treatment guidelines, and close to
50% of depressed patients referred from primary care to specialty care treatment fail to
complete the referral (Trivedi et al. 2007).

Gender factor and hormonal effect
The increase in mRNA expression of 5-HT1D receptor, NUDR and REST in female
depressed subjects raises the issue of a biochemical alteration specific to women. These
results emphasize the facts that women have different biochemical profiles compared to men
with respect to the pathophysiology of depression (Carey et al. 1995; Kessler 2003; Baca et
al. 2004) and raise the possibility of ovarian hormones playing a role. Currently, there is no
available data on the direct effects of estrogen or progesterone on 5-HT1D receptor, NUDR
or REST. In a previous rodent study, estrogen selectively decreased 5-HT1B (which is
human 5-HT1D counterpart) mRNA in the mid-ventromedial subregion of the DRN, where
5-HT1B mRNA was associated with higher anxiety-like behavior and inversely correlated
with TPH2 mRNA levels (Hiroi et al. 2006; Hiroi and Neumaier 2009). These results
suggest that estrogen may reduce 5-HT1B autoreceptor and increase TPH2 synthesis in a
coordinated fashion, thereby increasing the capacity for 5-HT synthesis and release in
distinct forebrain regions that modulate specific components of anxiety behavior (Hiroi et al.
2006). On the other hand increased baseline hippocampal 5-HT levels in only female 5-
HT1B knockout mice mirrors and supports our study demonstrating increased 5-HT1D
receptor expression and possible diminished serotonin neurotransmission only in depressed
women (Jones and Lucki 2005).

Although the precise hormonal stage of the women involved in the study is difficult to
ascertain, we have evidence from toxicology screens and from structural interviews that
none of the female subjects were receiving hormonal therapy at the time of death.
Furthermore, all of the female subjects in our study were over 45 years of age, suggesting
that the majority of the women were likely perimenopausal or post-menopausal, so it is
unlikely that circulating ovarian hormones had a confounding effect on 5-HT1D receptor,
NUDR and REST mRNA expression in our female subjects. But this does not exclude the
possibility that long-term fluctuations in ovarian hormones may have played a role in the
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mechanisms regulating gene expression of 5-HT1D receptor, NUDR and REST in depressed
women.

In summary, this report presents evidence of increased gene expression of two novel
transcription factors, NUDR and REST, and of 5-HT1D receptors in an isolated population
of serotonin-containing dorsal raphe neurons of women with MDD. These findings reveal
alterations in specific regulators of serotonin function that may provide clues for
understanding the mechanisms associated with diminished serotonin neurotransmission and
the higher incidence of depression in women.
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Figure 1.
Representative photomicrographs of dorsal raphe nucleus, immunofluoroscent-stained cells
and captured neurons obtained from the laser-capture microdissection instrument. A. High
magnification (20x) composite image of entire DR illustrating TPH2-immunofluoroscent
stained neurons. B. Photomicrograph of TPH2-immunofluoroscent labeled DR neurons
(20x). C. Brightfield photomicrograph of tissue section after the TPH2-stained neurons were
captured (20x). D. Photomicrograph of laser-captured serotonin DR neurons adhered to the
cap after LCM processing of tissue section in C (20x). E. Photomicrograph illustrating laser-
captured serotonin DR neurons adhered to the entire cap after LCM processing of the tissue
section.
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Figure 2.
A. 5-HT1D mRNA levels in DR neurons of 6 female and 6 male control and MDD subjects
expressed as mean Δ Ct values. B. 5-HT1D mRNA levels of female and male MDD
subjects expressed as Δ Ct mean difference values from paired controls.

Goswami et al. Page 17

J Neurochem. Author manuscript; available in PMC 2013 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
A. NUDR mRNA levels in DR neurons of 6 female and 6 male control and MDD subjects
expressed as mean Δ Ct values. B. NUDR mRNA levels of female and male MDD subjects
expressed as Δ Ct mean difference values from paired controls.

Goswami et al. Page 18

J Neurochem. Author manuscript; available in PMC 2013 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
A. REST mRNA levels in DR neurons of 6 female and 6 male control and MDD subjects
expressed as mean Δ Ct values. B. REST mRNA levels of female and male MDD subjects
expressed as Δ Ct mean difference values from paired controls.
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Table 2

Primer sequences

Gene Transcript access number. Forward Primer (5′-3′) Reverse Primer (5′-3′)

PCR
Product
length
(bp)

5-HT1A NM_000524 CCGTCATTTACGCATACTTC CAC TGG CGG CAG AAC TTA CAC 79

5-HT1B NM_000863 TTGTGTGTTG GCTACCCTTC TTC AAC GTA TCA GTT TAT GGA ATG
CTT G 186

5-HT1D NM_000864 AGGAAGGAGCCAAATGTGTG GTGGCATTCAGGGATCTGTT 118

SERT/5HTT/SLC6A4 NM_001045 T GGGTACTCAG CAGTTCCAAG TCC ACA GCA TAG CCA ATC ACT 159

NUDR/Deaf-1 NM_021008 GTTGGTCA ATGGGCTGGA G CCT GGT TTG TGG CAG CTT CTC 152

Freud-1/CC2D1A NM_017721 GACA ATCAGCGGAC AATCGG TGT GCA AAC AGG ACT CTC CAG 156

REST NM_005612 TGTCCTTACTCAAGTTCTCAGAAGA GAGGCCACATAACTGCACTG 101

TPH2 NM_173353 AAATACTGGGCACGGAGAGGGT ACAACTGCTGTCTTGCCACTTTCG 170

TPH1 NM_004179 CCAAAGAAGATTTCTGACCTGGACC ATACTCTCTGCAAGCATGGGTTGG 254

TPH2-T AK094614 T AGACTCATTT ACGAAAATTC
ATGTGTGCAA AGTCATCTGACATACGTGGCTTGACG 153

ERα NM_000125 TTTGACCCTCCATGATCAGGTCCA ACACAAACTCCTCTCCCTGCAGAT 233

ERβ NM_001437 GACATGCTCCTGGCAACTACTTCA GGCAATCACCCAAACCAAAGCATC 195

TrkB NM_006180 ACCAATCACACGGAGTACCAC GTGTCCCCGATGTCATTCGC 220

TREK-1 NM_001017424 TGGCTGTGTACTCTTTGTGGCTCT ATCCAGAACCACACGACAGGCTTA 183

GAPDH NM_002046 AAGGTCGGAGTCAACGGATTTGGT TGATGACAAGCTTCCCGTTCTCAG 196

RP-II X74870 GCACTTGCCACAGACAGACAACAA AGCCATCAAAGGAGATGACGTGGT 245
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Table 3

Δ Ct value and Fold change for female subjects.

Genes Δ Ct Control (Mean±SEM) Δ Ct MDD (Mean±SEM) Fold Change (Mean±SEM) p-value

TPH1 −0.08±0.40 −0.70±0.56 1.53±0.48 0.3928

TPH2 −2.21±0.17 −1.77±0.22 0.74±0.20 0.1518

TPH2-T 17.27±0.62 15.85±0.77 2.68±0.70 0.1794

5-HT1A 13.49±0.68 11.59±0.59 3.73±0.64 0.0619

5-HT1B 13.36±0.50 11.70±0.66 3.16±0.59 0.0742

5-HT1D 16.16±0.43 14.48±0.32 3.20±0.38* 0.0110

NUDR 15.09±0.44 13.32±0.32 3.43±0.39* 0.0088

FREUD-1 18.43±0.78 16.72±0.71 3.26±0.75 0.1384

REST 15.57±0.24 13.91±0.69 3.15±0.51* 0.0458

SERT 12.74±0.93 11.08±0.80 3.16±0.87 0.2067

TREK-1 2.11±0.40 2.19±0.15 0.95±0.30 0.8599

TrkB 4.46±0.37 4.38±0.33 1.06±0.35 0.8708

ERα 4.64±0.16 3.95±0.46 1.61±0.34 0.1862

ERβ 7.88±0.20 7.54±0.21 1.26±0.20 0.2640

*
p≤0.05
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Table 4

Δ Ct value and Fold change for male subjects.

Genes Δ Ct Control (Mean±SEM) ΔCt MDD (Mean±SEM) Fold Change (Mean±SEM) p-value

TPH1 0.15±0.37 −0.58±0.38 1.66±0.37 0.1940

TPH2 −2.66±0.16 −2.77±0.06 1.08±0.12 0.5616

TPH2-T 14.56±0.71 16.17±0.94 0.33±0.84 0.2035

5-HT1A 11.30±0.42 11.54±0.86 0.84±0.67 0.7997

5-HT1B 12.57±0.74 13.02±0.76 0.73±0.75 0.6784

5-HT1D 15.13±0.76 15.54±0.98 0.75±0.87 0.7454

NUDR 15.20±0.65 14.76±0.75 1.35±0.70 0.6679

FREUD-1 18.27±0.71 18.37±0.99 0.94±0.86 0.9397

REST 14.89±1.06 15.05±0.64 0.90±0.87 0.9017

SERT 10.89±0.42 10.94±1.11 0.97±0.84 0.9689

TREK-1 2.76±0.26 2.41±0.26 1.28±0.26 0.3554

TrkB 3.75±0.13 3.88±0.12 0.91±0.13 0.4900

ERα 4.37±0.65 3.53±0.32 1.79±0.52 0.2754

ERβ 8.36±0.43 7.81±0.19 1.46±0.33 0.2692
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Table 5

Δ Ct value and Fold change value after combining both groups.

Genes Δ Ct Control (Mean±SEM) Δ Ct MDD (Mean±SEM) Fold Change (Mean±SEM) p-value

TPH1 0.03±0.26 −0.64±0.32 1.59±0.29 0.1182

TPH2 −2.44±0.13 −2.27±0.19 0.89±0.16 0.4732

TPH2-T 15.92±0.61 16.01±0.58 0.94±0.59 0.9132

5-HT1A 12.39±0.50 11.57±0.50 1.77±0.50 0.2562

5-HT1B 12.96±0.44 12.36±0.52 1.52±0.48 0.3877

5-HT1D 15.65±0.44 15.01±0.52 1.55±0.48 0.3622

NUDR 15.15±0.37 14.04±0.45 2.15±0.41 0.0700

FREUD-1 18.35±0.51 17.55±0.63 1.75±0.57 0.3312

REST 15.23±0.53 14.48±0.48 1.68±0.50 0.3035

SERT 11.81±0.56 11.01±0.65 1.75±0.61 0.3601

TREK-1 2.44±0.25 2.30±0.15 1.10±0.20 0.6325

TrkB 4.10±0.21 4.13±0.18 0.98±0.20 0.9350

ERα 4.51±0.32 3.74±0.27 1.70±0.30 0.0853

ERβ 8.12±0.24 7.68±0.14 1.36±0.19 0.1207
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