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Abstract
The serotonin1A receptor (5-HT1A R) knock-out mouse (KO) is a widely used animal model for
anxiety and cognitive function and regulation of signaling cascades by this receptor has been reported.
We aimed to determine individual representatives of signaling cascades in order to screen 5-HT1A
R-dependent signaling proteins (SPs).

Hippocampal proteins from wild type and 5-HT1A R KO mice were extracted, run on two-
dimensional gel electrophoresis, proteins were identified by MALDI and nano-ESI-LC-MS/MS and
SPs were quantified by specific software.

Nucleoside diphosphate kinase A (NDK A, synonym: nm23), Dual specificity mitogen-activated
protein kinase kinase 1 (MAPKK1, synonym: MEK), Serine/threonine-protein phosphatase PP1-
gamma catalytic subunit (PP-1G), Septin-5, were reduced in the KO mice. Novel phosphorylation
sites at T386 on MAPKK1 and at S225 and Y265 on Septin-5 were observed.

MAPKK1 and PP-1G are known 5-HT1A R-dependent signaling compounds and are in agreement
with receptor knock-out and septin-5 is involved in serotonin transport, although regulation by 5-
HT1A R has not been reported. 5-HT1A R – dependent levels for NDK A have not been demonstrated
so far and we herewith propose a role for NDK A in 5-HT1A R signaling.

Reduced SP levels along with findings of two novel phosphorylation sites may be relevant for
interpretation of previous and the design of future studies on this receptor system.
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1. Introduction
The serotonin1A receptor (5-HT1A R) plays an important role in cognitive and integrative
functions as well as in emotional states including anxiety – related behavior (Hensler, 2005;
Parks et al., 1998; Bailey and Toth, 2004; Sarnyai et al., 2000). 5-HT1A receptors are divided
into two functionally different receptor types, the presynaptic inhibitory autoreceptors and the
postsynaptic 5-HT1A receptors (Riad et al., 2000). Previous research asserts that mice lacking
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this receptor primarily show increased anxiety behavior and excitation as well as reduced
hippocampal – related cognitive functions (Sarnyai et al., 2000).

The 5-HT1A R is the most and best investigated receptor in the large family of 5-HT receptors.
It belongs to a large family of receptors that transduce signals through guanine nucleotide
binding and regulatory proteins (G-proteins; Albert and Tiberi, 2001; Raymond et al., 1993).
It is an integral membrane protein with seven hydrophobic transmembrane domains connected
by three intracellular and three extracellular loops (the amino terminus is oriented
extracellularly and the carboxyl terminus towards the cytoplasm). The intracellular domains
possess sites for interacting with G-proteins, other regulatory proteins, and sites for
phosphorylation by serine–threonine kinases (Mansuy and Shenolikar, 2006).

5-HT1A R-G coupling comprises several and manifold effects impacting associated signaling
pathways and mediates “stimulatory” pathways including Gβγ-mediated stimulation of
phospholipase Cβ (PLCβ) and mitogen-activated protein kinase (MAPK), leading to cell
proliferation and transformation (Albert and Tiberi, 2001).

Activation of ERK and MAPK by 5-HT1A R constitute a sequence of several consecutive
phosphorylation and activation steps. Binding of 5-HT to the 5-HT1A R results in the release
of βγ-subunits from pertussis toxin-sensitive G-protein and thereby in activation of Src (a non-
receptor tyrosine kinase) and phosphorylation of Shc. This in turn leads to recruitment of PI-3
kinase, Grb2 and Sps which is a Ras activator protein. Activated Ras causes the activation of
Raf and thereby mitogen- and extracellular signal-regulated kinase (MEK, also known as
MAPKK1) in turn activating ERK (Raymond et al., 2001).

A second pathway leading to cell proliferation and transformation is regulation of
phospholipases such as PLC. Activated 5-HT1A R activate phospholipases, which cause
generation of inositol triphosphate (IP3) – regulating intracellular Ca2+ release – and
diacylglycerol (DAG) binding and activating protein kinase C (PKC). Hence mediated by PLC
activation, 5-HT1A Rs regulate PKCs including serine–threonine, tyrosine and lipid kinases
(Raymond et al., 1999).

Besides its modulating effects on second-messenger pathways the 5-HT1A R also regulates
several channels such as G-protein-gated inwardly rectified K+ channels (GIRK), high
conductance anion channels, cystic fibrosis transmembrane regulator (CFTR) Cl− channels
and Ca2+ channels. GIRK channels play a role in hyperpolarizing postsynaptical potentials in
the nervous system during activation of Gi/oα-coupled receptors such as 5-HT1A receptors
(Raymond et al., 1999).

Moreover, activation of 5-HT1A R reduces AMPA-evoked currents in prefrontal cortex
pyramidal neurons: activated 5-HT1A R decrease autophosphorylated CaKMII and CaMKII
phosphorylation of GluR1 – an AMPA receptor subunit – in a protein phosphatase (PP1-)-
dependent manner (Schiapparelli et al., 2005). This 5-HT1A R – induced modulation depends
on the inhibition of PKA and requires activation of PP1 (Mukhin et al., 2000).

It has been shown that in prefrontal cortex activation of 5-HT1A receptors inhibits N-methyl-
D-aspartate (NMDA) receptor-mediated ionic and synaptic currents. The NMDA receptor
(NMDAR) is an ionotropic receptor for glutamate and its activation results in the opening of
an ion channel which is nonselective to cations. NMDA currents comprise flows of Na+ and
K+ ions, and small flows of Ca2+. The NMDA subunit NR2B, which is transported along
microtubule to neuronal dendrites turned out to be the primary target of 5-HT1A receptors
(Yuen et al., 2005). Serotonergic inhibition of NR2B is regulated by CaMKII and ERK
signaling pathways. Accordingly, inhibition of CaMkII and ERK abolishes 5-HT1A regulation
of NMDA currents.
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Although 5-HT1A R mainly couples with Gi/o-proteins to the inhibition of adenylyl cyclase
(AC) it is associated with a multitude of other signaling pathways and effectors.

A large series of these effectors have been reported but so far no systematic approach to search
for such effectors was carried out at the protein level forming the rationale for the study. It was
the aim of this work to use a proteomic approach for the systematic search for 5-HT1A-
dependent effector proteins by comparing hippocampal protein levels between wild type and
mice with genetically inactivated 5-HT1A R.

2. Methods
2.1. Animals

Ten wild type mice on a Swiss Webster background and ten 5-HT1A R −/− mice (three months
old, Bailey and Toth, 2004) were obtained from M. Toth, Department of Pharmacology, Weill
Medical College of Cornell University, New York, USA. Total hippocampi were isolated,
taken into liquid nitrogen, transported to Vienna on dry ice and the freezing chain was never
interrupted.

2.2. Sample preparation
Hippocampal tissue was powderised in liquid nitrogen and suspended in 2 mL sample buffer
(20 mM Tris, 7 M urea, 2 M thiourea, 4% CHAPS, 10 mM 1,4-dithioerythritol, 1 mM EDTA,
1 mM PMSF and 1 tablet Complete™ from Roche Diagnostics). The suspension was sonicated
for approximately 30 s and centrifuged at 15,000 × g for 60 min at 12 °C. Desalting was carried
out with an Ultrafree-4 centrifugal filter unit (Millipore, Bedford, MA, USA) by centrifugation
at 3000 × g at 12 °C until the eluted volume was about 4 mL (Shin et al., 2006). The protein
content of the supernatant was determined by the Bradford assay (1976).

2.3. Two-dimensional gel electrophoresis (2-DE)
2-DE was performed essentially as reported (Chen et al., 2006). Samples of 750 μg protein
were applied on immobilized pH 3–10 nonlinear gradient strips. Focusing started at 200 V and
the voltage was gradually increased to 8000 V at 4 V/min and kept constant for a further 3 h
(approximately 150,000 Vh totally). The second-dimensional separation was performed on
10–16% gradient SDS-PAGE. After protein fixation for 12 h in 50% methanol and 10% acetic
acid, the gels were stained with colloidal Coomassie blue (Novex, San Diego, CA, USA) for
8 h and excess of dye was washed out from the gels with distilled water. Molecular masses
were determined by running standard protein markers (Bio-Rad Laboratories, Hercules, CA,
USA), covering the range of 10–250 kDa. Isoelectric point values were used as given by the
supplier of the immobilized pH gradient strips.

2.4. In-gel digestion
Spots were excised with a spot picker (PROTEINEER sp™, Bruker Daltonics, Leipzig,
Germany), placed into 96-well microtiter plates (Bruker Daltonics, Leipzig, Germany) and in-
gel digestion and sample preparation for MALDI analysis were performed by an automated
procedure (PROTEINEER dp™, Bruker Daltonics; John et al., 2007). Briefly, spots were
excised and washed with 10 mM ammonium bicarbonate and 50% acetonitrile in 10 mM
ammonium bicarbonate. After washing, gel plugs were shrunk by addition of acetonitrile and
dried by blowing out the liquid through the pierced well bottom. The dried gel pieces were
reswollen with 40 ng/μL trypsin (Promega, Madison, WI, USA) in digestion buffer (consisting
of 5 mM Octyl b-D-glucopyranoside (OGP) and 10 mM ammonium bicarbonate) and incubated
for 4 h at 30 °C. Extraction was performed with 15 μL of 1% TFA in 5 mM OGP at 20 °C for
30 min.
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2.5. MALDI-TOF–TOF mass spectrometry and data processing
A target (AnchorChip™, Bruker Daltonics, Bremen, Germany) was wiped using paper tissues
in sequence with acetone and N-heptane, followed by ultrasonication in isopropanol and
subsequently in HPLC grade water and dried in air. Four micro-liters of extracted peptides
were directly applied onto the target that was loaded with α-cyano-4-hydroxy-cinnamic acid
(Bruker Daltonics, Bremen, Germany) matrix thinlayer. The mass spectrometer used in this
work was an Ultraflex™ TOF/TOF (Bruker Daltonics, Bremen, Germany) operated in the
reflector mode for MALDI-TOF peptide mass fingerprint (PMF) or LIFT mode for MALDI-
TOF–TOF MS/MS with a fully automated mode using the FlexControl™ software. Samples
were analyzed by one PMF from MALDI-TOF, followed by additional LIFT-TOF/TOF MS/
MS analysis of three peptides. Data were accumulated from 200 consecutive laser shots to
produce PMF and MS/MS spectra. Accelerating voltage was 25 kV for PMF. For MS/MS,
accelerating voltage was 8 kV in TOF1 stage to promote metastable fragmentation. After
selection of jointly migrating parent and fragment ions in a timed ion gate, ions were lifted by
19 kV to high potential energy in the LIFT cell under nitrogen gas. Peptide standards were
used for external calibration. The m/z range was 700–4000 for PMF and 40–2560 for MS/MS.
PMF and MS/MS spectra were interpreted primarily with the FlexAnalysis software (Bruker
Daltonics, Bremen, Germany). The signal to noise ratio threshold was set as three.
Autoproteolysis products of trypsin were used for internal calibration. Database searches,
through the MASCOT 2.1 (Matrix Science, London, UK) against MSDB 20051115 database,
using combined one PMF and three MS/MS datasets were performed via BioTools 2.3 software
(Bruker Daltonics, Bremen, Germany). Species searches were limited to rodents. Trypsin was
used and one maximum missing cleavage site was tolerated. A mass tolerance of 25 ppm for
PMF, MS/MS tolerance of 0.5 Da, modification of carbamidomethyl (C), and variable
modification of oxidation of methionine and phosphorylation (Tyr, Thr, and Ser) were
considered. A randomized MSDB database
(http://www.matrixscience.com/help/decoy_help.html) was searched simultaneously and false
positive results were omitted. Protein identification rejected from MASCOT were manually
examined and filtered to create a confirmed protein identification list. Positive protein
identifications were based on a significant MOWSE score.

2.6. Analysis of peptides by nano-LC-ESI-MS/MS and data processing
Spots that were not identified by MALDI-TOF–TOF were analyzed by a second mass
spectrometrical approach (Weitzdorfer et al., 2006). Solutions remaining from MALDI
analyses were transferred to new 0.5 mL protein lobind tubes (Eppendorf, Hamburg, Germany).
Protein spots were extracted twice using 15 μL 0.1% formic acid, 2% acetonitrile. Extracted
solutions were pooled and concentrated in a Speed-Vac (Eppendorf, Hamburg, Germany) until
the volume reached 8 μL, and 6.4 μL were used for nano-LC-ESI-MS/MS investigation. The
HPLC used was an Ultimate 3000 system (Dionex Corporation, Sunnyvale, CA, USA)
equipped with a PepMap C-18 analytic column (75 μm × 150 mm). The flow rate was 300 nL/
min. The gradient was (A = 0.1% formic acid in water, B = 80% ACN/0.08% formic acid in
water) 4–60% B from 0 min to 30 min, 90% B from 30 min to 35 min, 4%B from 35 min to
60 min. A QSTAR XL (Applied Biosystems, Foster City, CA, USA) mass spectrometer was
used to record peptide spectra over the mass range of m/z 350–1600, and MS/MS spectra in
information dependent data acquisition over the mass range of m/z 50–1600. Repeatedly, MS
spectra were recorded followed by two MS/MS spectra generation of highest intensity
precursor ions; the accumulation time was 1 s for MS spectra and 2 s for MS/MS spectra. The
voltage between ion spray tip and orifice was set to 3200 V. The collision energy was set
automatically according to the mass and charge state of the peptides chosen for fragmentation.
Doubly or triply charged peptides were chosen for MS/MS experiments due to their good
fragmentation characteristics. MS/MS spectra were interpreted and peak lists were generated
by a MASCOT module (mascot.dll 1.6b21; Matrix Science, London, UK) in Analyst QS 1.1
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(Applied Biosystems, Foster City, CA, USA). Searches were done by using the MASCOT 2.1
(Matrix Science, London, UK) against MSDB 20051115 database for protein identification.
Searching parameters were set as follows: enzyme selected as trypsin with one maximum
missing cleavage site, species limited to rodents, a mass tolerance of 500 ppm for peptide
tolerance, 0.15 Da for MS/MS tolerance, fixed modification of carbamidomethyl(C) and
variable modification of methionine oxidation and phosphorylation (Tyr, Thr, and Ser). A
randomized MSDB database (http://www.matrixscience.com/help/decoy_help.html) was
searched simultaneously and false positive results were omitted. Protein identification returned
from MASCOT were manually examined and filtered to create a confirmed protein
identification list. Positive protein identifications were based on a significant MOWSE score.

2.7. Quantification
Protein spots representing signaling proteins from all gels (10 per group; total n = 20) were
outlined and matched, first automatically and then manually, and quantified using the
Proteomweaver software (Definiens, Munich, Germany). The level of each protein was
evaluated by its intensity (spot volume) in the 2-DE gel (Frischer et al., 2006).

2.8. Western blots
Sample preparation for immunoblotting was carried out as given in detail previously (Cheon
et al., 2008). Electrophoresis and transfer to membranes was performed as given recently
(Sunyer et al., 2009). The amount of protein applied to gels was 10 μg. First antibodies used
were as follows: rabbit monoclonal antibody against MEK1 (Abcam, ab32091, in a dilution
of 1:2000; Cambridge, UK); rabbit polyclonal antibody against nm23 (Abcam, ab55417, in a
dilution of 1:2000; Cambridge, UK); chicken polyclonal antibody against PP-1G (Abcam,
ab26175, in a dilution of 1:2000; Cambridge, UK). Anti-actin (Abcam ab3280-500, in a
dilution of 1:5000) was used as a loading control.

Secondary antibodies used were anti-rabbit IgG, HRP linked (Cell Signaling, #7074; Danvers,
MA) and rabbit anti-chicken IgY, HRP conjugate (Upstate, JBC1381990; Billerica, MA). All
antibodies were used in a dilution of 1:2000. Controls were run without primary antibodies.
The secondary antibody against mouse IgG, HRP-linked Antibody #7076 was from Cell
Signaling and was used in a dilution of 1:5000.

2.9. Statistics
2.9.1. Proteomics—GraphPad Instat 3.05 was used to perform statistical analysis. Each
protein spot volume and summarized levels of multiple spot proteins were input as raw data
(arbitrary units of optical density). Mean and standard deviation were calculated. Subsequently,
one-way analysis of variance (ANOVA) was performed to find significantly regulated proteins.
Only those proteins which had ANOVA P values less than 0.05 were analyzed with Tukey
multiple comparison test to compare all pairs of groups and to correct for multiple testing.

2.9.2. Western blotting—Statistical analysis to compare the two groups was performed by
unpaired Student’s t-test. If data violated a principal assumption of a parametric distribution
non-parametric Mann–Whitney-U-test was carried out. All calculations were performed using
SPSS 14.0 (SPSS Inc., Chicago, IL).

3. Results
3.1. Protein identification

As shown in Table 1 a series of signaling proteins, some with several expression forms, from
several signaling cascades has been identified. Table 1 reveals identification of signaling
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proteins from both groups. Statistically significant differential protein levels are shown in bold
letters in the table and the level of significance was set as P < 0.05.

The Fig. 1 shows a combined identification map of signaling proteins.

3.2. Protein quantification
As shown above, four proteins showed statistically significant differential hippocampal levels
between groups and Table 1 demonstrates means and standard deviations as well as statistical
results.

Nucleoside diphosphate kinase A (EC 2.7.4.6) was represented by a single spot and levels were
reduced in KO mice by about 12%.

Dual specificity mitogen-activated protein kinase 1 (syn.: MAP kinase kinase 1, MAPKK1,
ERK activator kinase 1, MEK1) with the enzyme classification number EC 2.7.12.2, was
reduced in hippocampus of KO mice by about 16% and was represented by two spots.

Serine/threonine-protein phosphatase 1 (EC 3.1.3.16) levels were decreased by about 20% and
the enzyme was represented by a single spot.

Septin-5 was represented by four spots and spot volume of one of them was reduced in
hippocampus of KO mice by about 27%.

Gel images of the spots with different protein levels between groups are shown in Fig. 2.

3.3. Novel phosphorylation sites
nano-ESI-LC/MS/MS revealed a spectrum of Dual specificity mitogen-activated protein
kinase kinase 1(P31938) with a
peptide 363RSDAEEVDFAGWLCSTIGLNQPSTPTHAASI393 (m/z = 1137.53, 3+)
containing T386 phosphorylation (Fig. 3a).

Another two spectra were obtained for Septin-5 peptides, showing the
sequence 213FGIHVYQFPECDSDEDEDFKQQDR236 (m/z = 1028.87, 3+,) containing S225
phosphorylation (Fig. 3b) and the peptide 262GRLYPWGIVEVENQAHCDFVK282 (m/z =
866.19, 3+) demonstrating Y265 phosphorylation (Fig. 3c).

3.4. Western blotting
As shown in Fig. 4 results from 2-DE could be verified for MAPKK1, NDKA, and the two
expression forms of PP-1G.

Actin used as a loading control was comparable between lanes.

4. Discussion
The major outcome of the study is derangement of protein levels for signaling proteins
Nucleoside diphosphate kinase A (NDK A), Dual specificity mitogen-activated protein kinase
kinase 1 (MAPKK 1), Serine/threonine-protein phosphatase PP1-gamma catalytic subunit
(PP-1G), Septin-5, in (5-HT1A R) KO mice, findings that may well be linked to the reported
cognitive deficits. Moreover, the protein chemical finding of novel phosphorylation sites at
T386 on MAPKK 1 and at S225 and Y265 on Septin-5 may be of functional relevance.

Protein levels of Nucleoside diphosphate kinase A but not the B form were significantly
reduced in the KO animals. This is in agreement with a previous report studying brain areas
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from patients with Alzheimer’s disease demonstrating decreased nucleoside diphosphate
kinase A levels and activity (Kim et al., 2002). Decreased levels in the KO strain may be
providing a clue for a possible role of this enzyme in the mechanisms of cognitive function or
at least indicate 5-HT1A R-dependent modulation of protein levels.

MAPKK1 is a major signaling compound essential for generation of long-term synaptic
plasticity and memory (Kelleher et al., 2004). Moreover, MAPKK 1 is involved in regulation
of the NMDA receptor currents, an indeed, the NMDA receptor is the key element for
generation of cognitive functions (Gu et al., 2005). Reduced hippocampal levels for one
expression form of (spot 1 with a slightly lower pI) MAPKK 1, the phosphorylated form
containing the novel phosphorylation site T386, may be well responsible for cognitive decline
as reported for this (5-HT1A R) KO mouse. The fact that only one expression form is reduced
shows specificity of the finding and there was no phosphorylation site for MAPKK 1 described
so far and only predicted based upon similarity.

Serine/threonine-protein phosphatase 1 (PP1) has a key role in the formation of learning and
memory (Mansuy and Shenolikar, 2006) in health and neurodegenerative disease and
discriminates poor and good learning mouse strains (Pollak et al., 2006). The one expression
form observed in our study revealed moderate but significantly reduced PP-1G hippocampal
levels. The biological significance of reduced PP-1G levels remains elusive but fits the context
of the signaling derangement in this KO mouse.

Septin-5 is a functionally poorly described protein analyzed by mass spectrometry in
synaptosomes and brain (Munton et al., 2007; http://www.expasy.org/uniprot/Q9Z2Q6#ref4
and http://www.expasy.org/uniprot/Q9Z2Q6#ref5) with predicted function as a cell division
control-related protein based upon domains and we herein report a role in the effector chain of
the 5-HT1A R, an association with impaired cognitive function in the mouse or at least a link
to the 5-HT1A R knock-out state. Only one out of four (spot 1) expression forms was presented
with significantly reduced hippocampal protein levels. On this expression form two novel
phosphorylation sites, at S225 and at Y265 were herein observed (so far only phosphorylation
of S327 and T336 were reported) and decreased hippocampal levels may be compatible with
cognitive decline in the 5-HT1A R – KO mouse as well – In human fetal Down syndrome
cortex, a member of the septin family, Septin-7, was significantly and remarkably reduced that
may support a role of this protein for involvement in cognitive functions (Engidawork et al.,
2003).

We conclude that genetic inactivation of the 5-HT1A R in the mouse is linked to aberrant
signaling involving different effectors, protein kinase and – phosphatase systems. These
signaling systems were already associated with cognitive deficits in dementing disorders and
it is herein linked to the 5-HT1A R in the KO mouse that shows severe cognitive impairment.
And indeed, the 5-HT1A R has been shown to be linked to impaired cognitive function in
neurodegenerative disease (Borg, 2008). As to the novel findings of phosphorylation sites, we
may conclude that these post-translational modifications may change the function of the
corresponding proteins significantly and the activity of signaling systems do very much depend
on the phosphorylation state. We are currently following up complete signaling cascades the
effector proteins are belonging to and carry out studies complementing information on the
novel phosphorylation sites including quantification. This study provides the first evidence for
a link between the above mentioned signaling proteins and the 5-HT1A receptor.
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Fig. 1.
A combined map of proteins from WT and KO mice is given. Spots are identified and
UniProtKB accession numbers are provided. Proteins with significantly different levels are
shown in “white”.
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Fig. 2.
Images of individual spots on 2-DE in WT and KO mice.
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Fig. 3.
Identification of phosphorylated tryptic peptides by nano-ESI-LC/MS/MS. a) MS/MS
spectrum of dual specificity mitogen-activated protein kinase kinase 1 (P31938)
peptide 363RSDAEEVDFAGWLCSTIGLNQPSTPTHAASI393 (m/z = 1137.53, 3+)
containing T386 phosphorylation.; b) MS/MS spectrum of Septin-5 (Q9Z2Q6)
peptide 213FGIHVYQFPECDSDEDEDFKQQDR236 (m/z = 1028.87, 3+) containing S225
phosphorylation; c) MS/MS spectrum of Septin-5 (Q9Z2Q6)
peptide 262GRLYPWGIVEVENQAHCDFVK282 (m/z = 866.19, 3+) containing Y265
phosphorylation.
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Fig. 4.
Western blots showing immunoreactive bands for MAPKK1, NDKA and the two expression
forms of PP-1G including results from immunoblotting. A single actin band was comparable
between individuals and groups and used as loading control.
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