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ABSTRACT: Anesthetics are widely used in medical practice
and experimental research, yet the neurobiological basis
governing their effects remains obscure. We have here used
quantitative phosphoproteomics to investigate the protein
phosphorylation changes produced by a 30 min isoflurane
anesthesia in the adult mouse hippocampus. Altogether 318
phosphorylation alterations in total of 237 proteins between
sham and isoflurane anesthesia were identified. Many of the hit
proteins represent primary pharmacological targets of anes-
thetics. However, findings also enlighten the role of several other proteinsimplicated in various biological processes including
neuronal excitability, brain energy homeostasis, synaptic plasticity and transmission, and microtubule functionas putative
(secondary) targets of anesthetics. In particular, isoflurane increases glycogen synthase kinase-3β (GSK3β) phosphorylation at
the inhibitory Ser9 residue and regulates the phosphorylation of multiple proteins downstream and upstream of this promiscuous
kinase that regulate diverse biological functions. Along with confirmatory Western blot data for GSK3β and p44/42-MAPK
(mitogen-activated protein kinase; reduced phosphorylation of the activation loop), we observed increased phosphorylation of
microtubule-associated protein 2 (MAP2) on residues (Thr1620,1623) that have been shown to render its dissociation from
microtubules and alterations in microtubule stability. We further demonstrate that diverse anesthetics (sevoflurane, urethane,
ketamine) produce essentially similar phosphorylation changes on GSK3β, p44/p42-MAPK, and MAP2 as observed with
isoflurane. Altogether our study demonstrates the potential of quantitative phosphoproteomics to study the mechanisms of
anesthetics (and other drugs) in the mammalian brain and reveals how already a relatively brief anesthesia produces pronounced
phosphorylation changes in multiple proteins in the central nervous system.

KEYWORDS: Anesthesia, protein phosphorylation, phosphopeptide enrichment, quantitative phosphoproteomics,
glycogen synthase kinase-3β

The discovery and development of anesthetics revolution-
ized and humanized surgical procedures. Each year millions

of people undergo medical treatment requiring anesthesia(s).
Anesthetics are also commonly used in veterinary medicine and
in animal research. Volatile anesthetics, such as halogenated
hydrocarbons isoflurane and sevoflurane, are among the most
commonly used general anesthetics today. These drugs produce
concentration-dependent rapid general anesthesia (unconscious-
ness, insensateness, analgesia, and amnesia) that is quickly
recovered after the discontinuation of drug administration. The
depth of anesthesia can be monitored using cortical electro-
encephalogram (EEG) whereby deep surgical anesthesia is
characterized by intermittent shifts between almost flatline EEG
and “packages” of spiking activity (i.e., EEG burst suppression).1

The mechanisms underlying the neurobiological actions and
effects of anesthetics remain poorly understood. Early studies
demonstrated that the anesthetic potency increases with mere

lipid solubility and thus the effects of anesthetics were thought to
rise through unspecific effects on cellular lipids.2 According to a
more recent theory, anesthetics act predominantly by facilitating
the opening of ligand-gated GABAA (γ-aminobutyric acid) ion
channel receptors and/or by dampening the opening of ligand-
gated NMDA (N-methyl-D-aspartate) receptors.2,3 GABAA

receptors are responsible for the fast neuronal inhibition
mediated by hyperpolarizing chloride (Cl−) currents in the
adult mammalian CNS.4 NMDA receptors are activated by
glutamate, the most abundant excitatory neurotransmitter in the
nervous system. Although these pharmacological mechanisms
are clearly demonstrated for anesthetic agents, anesthetics target,
indirectly or directly, several other proteins as well.2 Surprisingly
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little is known about the downstream intracellular changes and
global intracellular signaling level alterations set fourth by the
primary effects of anesthetics.
The functional consequences of short and long-term

exposures to anesthesia have received considerable interest in
recent decades. Anesthetics and sedatives have been shown to

produce neuroapoptosis and atrophic neuronal changes,
particularly during early development.5 However, the effects of
anesthetics strongly depend on brain maturation stage, and the
adult brain seems to be much less vulnerable for the deleterious
effects of anesthetics. Yet, exposure to anesthetics in adult life
may produce reversible amnesia and have been suggested to

Figure 1. Effects of isoflurane anesthesia (4% induction, 2% maintenance) on cortical EEG spectrogram and burst suppression. (A) EEG spectrogram
during awake, non-REM (NREM) sleep, and under the influence of isoflurane (20−30 min recording). Representative traces of burst suppressing EEG
shown in inset (A2) and (A3). (B) Quantitation of delta (1−4 Hz) (B1), theta (4−8 Hz) (B2), alpha (8−12 Hz) (B3), beta (12−30 Hz) (B4), and
gamma (30−60 Hz) (B5) frequencies under the influence of isoflurane, during awake and NREM sleep. Deep burst-suppressing isoflurane anesthesia
significantly reduces spectral power in frequency bands below 30 Hz when compared to baseline NREM sleep. EEG spectra were normalized to total
EEG power for all frequencies within the baseline period recording.N = 5; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA followed by Dunnett’s
multiple comparison test.

Figure 2. Phosphoproteomic workflow (A) and heat map (B) depicting differentially regulated phosphoproteins after sham (C1−C3) or 30 min
isoflurane anesthesia (I1−I3) (4% induction, 2% maintenance). N = 3/group.
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produce cognitive problems and even accelerate Alzheimer’s
disease pathology.6,7 On the other hand, brief deep anesthesia
has also been shown to produce therapeutic effects against
depression, stroke, and brain trauma.8−11 The neurobiological
mechanisms and neurophysiological correlates underlying all of
these effects of anesthetics remain poorly understood.
Protein phosphorylation is an importanttransientpost-

translational modification that dynamically regulates the activity,
folding, protein−protein interaction and cellular trafficking and
targeting of many, if not most, proteins.12,13 Indeed, quantitative
phosphoproteomics is becoming very efficient tool to investigate
global signaling-level changes in biological systems.12 However,
to our knowledge, no study has utilized this method to
investigate phosphoproteomic alterations in samples obtained
from the mammalian brain following anesthesia. We have here
employed this method to study the effects of a single and brief
isoflurane anesthesia on protein phosphorylation in the adult
mouse hippocampus.

■ RESULTS AND DISCUSSION
Isoflurane anesthesia has been shown to produce a myriad of
central effects, ranging from therapeutic to pathological
alterations, yet the neurobiological correlates for these effects
(as for those underlying anesthesia in general) are poorly
understood. To elucidate this issue using quantitative
phosphoproteomics, we first utilized pharmaco-EEG to validate
an isoflurane treatment procedure that brings persistent and
reproducible state of anesthesia in adult male mice. As shown in
Figure 1, the treatment protocol consisting of 4% induction
phase and maintenance at 2% of isoflurane strongly and
reproducibly reduced cortical EEG power spectra during the
30 min treatment period and rapidly and sustainably led to burst
suppression pattern characterized by intermittent periods of low
and high (bursts) amplitude electrical activity. Induction and
maintenance with 2% isoflurane produced similar, albeit less
pronounced, EEG alterations in some but not all animals (data
not shown). Notably, rapid anesthesia induction phase
comprising initial high isoflurane concentration is commonly
employed in animal experiments requiring surgical anesthesia
(e.g., implantation of microdialysis probes or optogenetic wires).
Next the treatment protocol producing reproducible deep

anesthesia was used for a new cohort of naiv̈e mice and their
hippocampi were collected for the phosphoproteomic study
(Figure 2). We focused our analysis to the hippocampus to
ensure enough tissue for protein extraction and to ensure
reproducible dissection. This is to our knowledge the first
attempt to investigate the effects of anesthesia on global level
protein phosphorylation in the adult mammalian brain using
quantitative phosphoproteomics. The adult brain is rich in lipids,
which need to be removed before analysis. Therefore, our
protocol included lipid elimination followed by protein digestion
and TiO2-based phosphopeptide enrichment (selectivity:
phosphoserine/threonine > phosphotyrosine). The heat map
schematically depicting phosphopeptide alterations in individual
animals subjected to either sham and isoflurane anesthesia
demonstrates prominent differences between the treatment
groups (Figure 2). Altogether 318 significant phosphoproteomic
alterations in total of 237 different proteins between sham and
anesthesia were identified (Supporting Information). These
proteins are associated and functionally clustered into various
biological processes, and the great majority of them are
associated with protein phosphorylation, which also partially
validates our analysis (Supporting Information).

According to prevailing theory, volatile anesthetics primary act
by facilitating the inhibitory tone mediated by GABAA receptors
and/or dampening excitatory neurotransmission.2 Although the
exact binding site of isoflurane to GABAA receptors remains
unknown, α and β subunits are presumable targets.3 The
phosphorylations of α1 (Gabra1; Ser

373, Thr366), which governs
the sedative effects of benzodiazepines,14 and β3 (Gabrb3; Ser

394)
subunits are regulated by isoflurane in our study (Table 1). The

phosphorylation of Grin2B, the NMDA receptor subunit serving
as the binding site for glutamate, is also regulated by isoflurane
into two residues (Ser1036, Tyr1039) (Table 1). In addition, three
metabotropic glutamate receptors (Grm1, Grm5, Grm7) show
phosphorylation changes in serine residues (Table 1). Several
members of solute carriers, some of which regulate neuro-
transmitter reuptake (Slc1a2, Slc12a6, Slc4a8, Slc6a17, Slc9a1)
are also differentially phosphorylated in response to isoflurane
anesthesia (Supporting Information).
Several other ion channels have been also implicated as targets

of anesthetics. These include glycine receptors, nicotinic
acetylcholine receptors, 5-HT3 receptors and several potassium
(K+), sodium (Na+) and calcium (Ca2+) channels. Isoflurane
anesthesia produced phosphorylation changes in four K+

channels (Hcn2, Kcnj6, Kcnb1−2) (Table 1). Of note, most
anesthetics have been shown to block Hcn channel mediated Ih
currents15−18 and Hcn1 channels (although not found as a
significant hit in the current study) have been shown to
contribute to the hypnotic effects of anesthetics.15,19 Our data
further suggests that anesthetics affect multiple mechanisms
regulating [Ca2+]i (Table 2), including markedly altered
phosphorylation of Ca2+-dependent secretion activator
(Cadps), voltage dependent Ca2+ channels (Canb4, Cacna1a),
glutamate receptors, junctophilin 3 (Jph3), ryanodine receptor 2,
stromal interaction molecule 1 (Stim1), and a number of inositol
trisphosphate (IP3) related kinases and phosphatases. Phosphor-
ylation-dependent alteration of the functionality of these
regulators and effectors of Ca2+ signaling might result in the
triggering of a variety of intracellular cascades leading into diverse
outcomes, which is also supported by our data showing

Table 1. Isoflurane Anesthesia (4% Induction, 2%
Maintenance; 30 min) Induced Phosphorylation Changes on
Selected Plasma Membrane Channels and Receptorsa

aGreen up triangle = increased phosphorylation; red down triangle =
reduced phosphorylation.
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numerous Ca2+ regulated targets with modified phosphorylation
profiles. The intracellular release of Ca2+ is primarily dependent
on two mechanisms, the inositol 1,4,5-trisphosphate receptors
(InsP3Rs) and the ryanodine receptors (RyRs),20 but other
possible mediators are likely involved as well.21 The InsP3Rs are
regulated by the binding of IP3 that is generated by the exposure
of cells to diverse stimuli, such as neurotrophic factors and
neurotransmitters, which activate signaling through G-protein
coupled receptors.22 The RyRs, however, are regulated directly
by increases in [Ca2+]i. Aside from neuronal Ca2+ signaling, glial
cells utilize Ca2+ in even more complex manner.23,24 Approx-
imately half of the adult mammalian brain is comprised of
astrocytes that participate in a wide array of functions, including
synaptic transmission, neurotrophic signaling and structural
support.25

Some evidence indicate that PDZ (PSD-95/SAP90, Dlg, ZO-
1) domain mediated proteome disruption in the mechanisms of
actions of anesthetics.26 Interestingly, isoflurane anesthesia
produced differential phosphorylation in three PSD (post-
synaptic density) protein family members (Dlgap1−3) (Table
3), which act as scaffolding proteins in synaptic sites and
orchestrate the functions and localization of proteins important
for synaptic plasticity and neuronal transmission (e.g., NMDA
receptors). According to our data search, several identified “hit”
proteins are also associated with PDZ domain functionality
(Shank2−3, Rims1, MIIt4, Arhgap21−23, Pclo, Lrrc7, Sipa1,
Mast1) (Table 3, Supporting Information). Our data further
shows that isoflurane anesthesia produces phosphorylation
changes on several other proteins intimately implicated in
synaptic plasticity, synapse formation, and function (Table 3).
Our study further strengthens previous studies pointing

glycogen synthase 3β (GSK3β) as a target of anesthetics27

(Table 4). GSK3β is a promiscuous28 central serine-threonine
kinase in several biological pathways critical for brain energy
metabolism, microtubule stability, neuronal development,

synaptic plasticity, and inflammation.29,30 Specifically, GSK3β
phosphorylation at the inhibitory residue Ser9 is significantly
increased after isoflurane anesthesia. Alteration of GSK3β-
mediated signaling is further supported by phosphoproteomic
data demonstrating differential phosphorylation of multiple
proteins acting downstream or upstream of GSK3β including
protein phosphatase 1 (PP1),29 microtubule-associated proteins
1−2 (MAP1−2), mitogen-activated protein kinase 3 (Mapk3,
better known as p44-mitogen-activated protein kinase (p44-
MAPK)), phosphoinositide kinase, amyloid β precursor protein,
catenin Δ1, dynamin 1, dystrophin, muscular dystrophy,
phosphorylase kinase α2, and microtubule-associated protein
tau (Table 4).30 Importantly, in addition to GSK3β, we
confirmed two of these isoflurane-induced phosphoprotein
a l tera t ions , reduced phosphory la t ion of p44/42-
MAPKThr202/Tyr204 and increased phosphorylation of p-
MAP2Thr1620/Thr1623, with commercially available antibodies in
complementary animal experiments and Western blot analyses
(Figure 3A).
Many of the hit proteins regulate actin cytoskeleton and

microtubule dynamics (Table 4). Microtubules coordinate with
other cytoskeletal components including microtubule associated
proteins (MAPs) and actin filaments and play a critical role in
neuronal cell morphology by establishing axons, dendrites and
synapses, and maintaining them.32 This bundling activity of
microtubules forms the basis for the scaffolding of the neuron
and the synaptic architecture. MAPs, like MAP2 (Figure 3), are
heavily regulated by phosphorylation, which affects their ability
to bind and stabilize microtubules.31 Thus, the phosphorylation
of MAPs can give rise to a variety of effects from the regulation of
organelle transport to the anchorage of important signaling
molecules, such as protein kinases and phosphatases. MAP2 has
also been proposed to participate in the outgrowth of neuronal

Table 2. Isoflurane Anesthesia (4% Induction, 2%
Maintenance; 30 min) Induced Phosphoproteomic Changes
on Selected Proteins Implicated in Intracellular Calcium
Regulation and Homeostasisa

aGreen up triangle = increased phosphorylation; red down triangle =
reduced phosphorylation.

Table 3. Isoflurane Anesthesia (4% Induction, 2%
Maintenance; 30 min) Induced Phosphoproteomic Changes
on Selected Proteins Implicated in Synaptic Plasticity and
Synapse Functiona

aGreen up triangle = increased phosphorylation; red down triangle =
reduced phosphorylation.
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processes, synaptic plasticity and cellular death.31 Both GSK3β
and MAPKs are known to phosphorylate MAP2Thr1620/1623 in
vitro33,34 and thereby cause MAP2 to lose its ability to effectively
associate with the microtubules.35 However, our data, that shows
significant phosphorylation at the inhibitory Ser9 residue of
GSK3β and dephosphorylation of p44/42-MAPK at the
activating loop residues Thr202/Tyr204, suggests alternative
pathways for the phosphorylation of MAP2 following isoflurane
anesthesia. For example MAP/microtubule affinity regulating
kinases (MARKs), cyclin-dependent kinases (CDKs) and
protein kinase A and C have been shown to regulate MAP2
phosphorylation.33,35,36 Regulation of the phosphorylation of
MAP2 could also happen through the inhibition of specific
phosphatases. Notably, our proteomic data shows phospho-
rylation changes in several members of MARKs and CDK family
of kinases (Mark1, Mark2, Cdk11b, Cdk14 and Cdkl5) as well as
proteins that regulate phosphatase (inhibitor) activity (e.g.,
Elfn2, Ppp1r1a and Ensa) (Table 4, Supporting Information).

In order to deepen the mechanistic insights of isoflurane-
induced rapid phosphoproteomic alterations onGSK3βSer9, p44/
42-MAPKThr202/Tyr204 and MAP2Thr1620/Thr1623, we decided to
study the effects of pharmacologically diverse anesthetics on
these same residues. First, we investigated sevoflurane, a
structurally and pharmacologically close relative of isoflurane,
which produced similar phosphorylation changes on all three
proteins (Figure 3B). Next, we assessed the effects of ethyl
carbamate (better known as urethane). Urethane is commonly
used in experimental animals because it produces strong
analgesia and anesthesia but has minimal effects on cardiovas-
cular/respiratory systems and baseline electrophysiological
properties. However, also urethane anesthesia increased
GSK3β and MAP2 phosphorylation and reduced p44/42-
MAPK phosphorylation (Figure 3C). The mechanism of action
of urethane is poorly understood, but it has been shown to
regulate several ion channels, including GABAA and NMDA
receptors.37 Ketamine on the other hand specifically binds to and
blocks NMDA receptors and thereby produces so-called
dissociative anesthesia. Ketamine also produces very minor
effects on cardiovascular/respiratory systems. However, it is
more difficult to achieve deep anesthesia with ketamine
monotherapy in experimental animals. Intriguingly, ketamine
produced essentially similar changes on GSK3β, p44/42-MAPK
and MAP2 phosphorylation already at a sedative dose (100 mg/
kg, i.p.) (Figure 3D).
Few proteomic studies have been performed to investigate the

central effects of anesthetics but only a handful of proteins appear
sustainably and reproducibly regulated by anesthetics.41,42

Protein phosphorylation is instead a very dynamic posttransla-
tional modification that often critically alters the function of a
given protein. To our knowledge this is the first study
investigating phosphoproteomic changes induced by anesthesia
in the adult mammalian brain. Although we took specific
experimental focus (e.g., deep surgical anesthesia) and method-
ology (e.g., TiO2 more readily enriches phospho-serine/
threonine peptides compared to phospho-tyrosine), significant
number of phosphorylation events appeared in known targets of
anesthetics. However, the biological functions of many of the
identified phosphorylation sites have not been described and
further experiments and tools (e.g., antibodies) need to be
performed and developed, respectively, to confirm and extend
our observations.
Nevertheless, our study rationalizes the use of quantitative

phosphoproteomics to investigate the neurobiological mecha-
nisms and targets of anesthetics (and drugs in general) in the
mammalian brain and demonstrates unexpectedly pronounced
phosphorylation changes in multiple proteins in the central
nervous system following already a brief anesthesia. Most
interestingly, our pharmacological follow-up and confirmatory
experiments clearly demonstrate that anesthesia (or sedation)
irrespective of the pharmacological means inducing itproduce
rapid (inhibitory) phosphorylation changes on GSK3β and p44/
42-MAPK, and phosphorylation alterations on MAP2 that
render its dissociation from microtubules. Although the precise
neurobiological basis and overall significance of these findings
remain unclear it is important to note that regulation of GSK3β
signaling and MAP2 has been implicated in the mechanisms of
actions of neuroplastic treatments, antidepressants and mood
stabilizers.38−40

Table 4. Isoflurane Anesthesia (4% Induction, 2%
Maintenance; 30 min) Induced Phosphoproteomic Changes
on Selected Proteins Implicated in Glycogen Synthase Kinase
3β (GSK3β) Signaling and Microtubule and Actin Dynamicsa

aGreen up traingle = increased phosphorylation; red down triangle =
reduced phosphorylation.
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■ METHODS
Animals. The animal experiments were carried out according to the

guidelines of the Society for Neuroscience and were approved by the
County Administrative Board of Southern Finland (License: ESAVI/
10527/04.10.07/2014). Adult male C57BL/6JRccHsd mice (Harlan
Laboratories, Venray, Netherland) were used in the study. Animals were
maintained in the animal facility of University of Helsinki, Finland,
under standard laboratory conditions (21 °C, 12 h light−dark cycle,
lights on at 6 A.M.) with free access to food and water.
Drug Treatments. Unless otherwise stated the isoflurane

(Vetflurane, Virbac) anesthesia was induced with 4% isoflurane for 2
min, after which the anesthetic concentration was gradually reduced to
2% for 30 min duration (oxygen flow: 0.3−0.5 l/min). Sevoflurane
(Sevorane, Baxter) anesthesia was induced with 6%, after which the
anesthetic concentration was gradually reduced to 4.5% for 30 min
duration (oxygen flow: 0.3−0.5 l/min). Sham mice were kept in the
induction chamber without any oxygen or isoflurane/sevoflurane flow
for 2min. Urethane (2 g/kg; kindly provided byDr. Kai Kaila, University
of Helsinki) and ketamine (100 mg/kg; Ketaminol, Intervet) were
injected intraperitoneally. Saline was injected in similar volume for the
control group. Body temperature was maintained with a heat pad
throughout the treatments.
EEG and EMG Recordings. For the implantation of electro-

encephalographic (EEG) and electromyographic (EMG) electrodes,
mice were anesthetized with isoflurane anesthesia (4% induction, 1.5−
2% maintenance). Lidocaine (10 mg/mL) was used for local analgesia,
and buprenorphine (0.1 mg/kg, s.c.) for postoperative care. Two
epidural screw EEG electrodes were placed above the fronto-parietal
cortex. A further screw served as mounting support. Two silver wire
electrodes were implanted in the nuchal muscles to monitor the EMG.
After surgery, rats were single-housed in Plexiglas boxes. After a recovery
period of 1 week, animals were connected to flexible counterbalanced

cables for EEG/EMG recording and habituated to recording cables for 2
days. The EEG and EMG signals were amplified (EMG gain setting, 5 K;
EEG gain setting, 10 K) and filtered (high pass, 1 Hz; low pass, 100 Hz)
with a 16-channel AC amplifier (A-M System, model 3500), sampled at
254 Hz (EEG) or 70 Hz (EMG) with 1401 unit (CED), and recorded
using Spike2 (version 6, Cambridge Electronic Devices). The
processing of the EEG data was obtained using Spike2 (version 6,
Cambridge Electronic Devices). EEG files were manually scored in 4 s
epochs with Spike2 sleep scoring script Sleepscore 1.01 (CED)
according to standard criteria: Non-REM sleep was recognized as
high-amplitude EEG associated with low-voltage EMG and presence of
slow delta (1.0−4 Hz) oscillations in the EEG, REM sleep as low-
amplitude, high-frequency EEG with absence of EMG and presence of
prominent EEG theta (4−8 Hz), and waking as low-amplitude, high-
frequency EEG with high-voltage EMG. Artifacts or epochs with mixed
states were marked and excluded from power spectral analysis. EEG
power spectra were calculated within the 1−60 Hz frequency range by
fast Fourier transform (FFT = 256, Hanning window, 1.0 Hz
resolution).

Phosphoprotein Enrichment and Quantitative Mass Spec-
trometry. Mice were killed by rapid cervical dislocation immediately
after the treatment. Both hippocampi were dissected on a cooled dish as
described and processed further for phosphoproteomic or confirmatory
Western blot analyses. Phosphoproteomic analyses have been
conducted essentially as described.43 Briefly, proteins were extracted
from the brain samples by cutting the tissue with a razor blade and
vortexing in the presence of glass beads (0.5−5 mm) in a detergent free
lysis buffer containing broad-range protease and phosphatase inhibitors.
After centrifugation protein concentrations were determined and
sample tubes with equal amounts of total protein were prepared.
Samples were then treated with ice-cold acetone to precipitate the
proteins and to get rid of lipids that might hinder the subsequent
analysis. The precipitates were dried, resuspended and prepared for

Figure 3. Diverse anesthetics produce similar acute phosphorylation changes on p44/42-MAPKThr202/Tyr204, GSK3βSer9, and MAP2Thr1620/Thr1623 in the
adult mouse hippocampus. (A) Effects of isoflurane anesthesia (4% induction, 2% maintenance; 30 min) (N = 10/group). (B) Effects of sevoflurane
anesthesia (6% induction, 4.5% maintenance; 30 min) (N = 6/group). (C) Effects of urethane anesthesia (2.0 g/kg, i.p.; 30 min) (N = 4/control group,
N = 6/urethane group). (D) Effects of subanesthetic ketamine (100 mg/kg, i.p.; 30 min) (N = 6/group). *p < 0.05, **p < 0.01, ****p < 0.0001; two-
tailed unpaired t test with Welch’s correction. Abbreviations: MAPK, mitogen activated protein kinase; GSK3β, glycogen synthase kinase 3β; MAP2,
microtubule-associated protein 2.
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digestion into peptides by trypsin. Phosphopeptides were enriched by
titanium dioxide (TiO2) using self-preparedmicrocolumns and analyzed
subsequently by liquid chromatography tandem mass spectrometry
(LC-MS/MS) method to define relative phosphoproteome changes.
Notably, the phosphopeptide enrichment step multiplies the sensitivity
to detect phosphoproteins, particularly serine and threonine residues.
Bioinformatics. Progenesis software (Nonlinear Dynamics, UK)

was used for peptide quantification and the corresponding peptide
identifications were performed using Mascot search through Proteome
Discoverer (Thermo Fisher Scientific). The Progenesis-normalized
peptide abundances of phosphorylated peptides were selected for
differential expression analysis. The phosphosite locations in the peptide
sequences were matched to locations in full protein sequence and
peptides of the same protein having same phosphosites were summed.
Abundances therefore represent phosphorylated proteins that have a
specific combination of phosphosites. Significant differences in the
abundances between the treatment groups were detected using
reproducibility-optimized test statistic (ROTS), which selects a statistic
from a family of t-type statistics based on the maximal overlap of top-
ranked results in resamplings of the original data set.44 Phosphopro-
teomic alterations with false discovery rate (FDR) below 0.05 were
considered as significant. Functional analyses were carried out using the
DAVID tool, which is a biological knowledgebase integrated with
different analytical tools.45 The functional annotation terms that were
enriched in the list of differentially expressed phosphoproteins were
determined using a modified Fisher’s exact test (EASE score).
Benjamini-Hochberg correction for multiple testing was used to control
false discovery rate.
Western Blot. Western blotting was performed essentially as

previously described.46,47 Briefly, the brain samples were homogenized
in NP buffer (137 mM NaCl, 20 mM Tris, 1% NP-40, 10% glycerol, 48
mM NaF, H2O, Complete inhibitor mix (Roche), PhosphoStop
(Roche)), incubated on ice, and centrifuged (16 000g, 15 min, +4
°C), and the resulting supernatant collected for further analysis. Sample
protein concentrations were measured using Bio-Rad DC protein assay
(Bio-Rad Laboratories, Hercules, CA). Samples (40 μg protein) were
separated with SDS-PAGE under reducing conditions and blotted to a
PVDF (polyvinylidene difluoride) membrane. Membranes were
incubated with the following primary antibodies: anti-p-GSK3βSer9

(#9336, 1:1000, Cell Signaling Technology, (CST)), anti-p-p44/42-
MAPKThr202/Y204 (#9106, 1:1000, CST), anti-p-MAP2Thr1620/1623

(#4544, 1:1000, CST), anti-GSK3β (#9315, 1:1000, CST), anti-p44/
42-MAPK (#9102, 1:1000, CST), and anti-GAPDH (sc-25778,
1:10 000, Santa Cruz Biotechnology). Further, the membranes were
washed with TBS/0.1% Tween (TBST) and incubated with horseradish
peroxidase conjugated secondary antibodies (1:10 000 in nonfat dry
milk, 1 h at room temperature; Bio-Rad). After subsequent washes,
secondary antibodies were visualized using enhanced chemilumines-
cence (ECL Plus, ThermoScientific, Vantaa, Finland) for detection by
Bio-Rad ChemiDoc MP camera (Bio-Rad Laboratories, Helsinki,
Finland).
Statistics. The statistical analyses for the phosphoproteomic data

were done using the R project (http://www.r-project.org) and
Bioconductor (http://www.bioconductor.org). For the EEG data,
one-way ANOVA followed by Dunnett‘s multiple comparison test
was used. For the Western blot data, Student’s t test was used. Statistical
significance was set to <0.05.
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Piepponen, P., Domenici, E., Chao, M. V., Man̈nistö, P. T., and Castreń,
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