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ABSTRACT: There is substantial interest in the N-methyl-p-
aspartate (NMDA) receptor antagonist ketamine in psychiatric
research because it exerts acute psychotomimetic and rapid
antidepressant effects in rodents and humans. Here, we
investigated proteomic changes in brain and serum after acute
treatment of rats with ketamine using two targeted proteomic
profiling methods. Multiplex immunoassay profiling of serum
identified altered levels of interleukin 4, tumor necrosis factor
alpha, and fibroblast growth factor 9, suggesting a link between
ketamine exposure and peripheral inflammation and growth
factor dysregulation. Selected reaction monitoring mass
spectrometry profiling of rat brain tissue found that proteomic
changes occurred in the frontal cortex and to a greater extent
in the hippocampus. This involved changes in signaling kinases
and proteases such as protein kinase C beta, neurochondrin
(NCDN), calcineurin, extracellular signal-regulated kinsase 1
(ERK1), and mammalian target of rapamycin (MTOR).
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Furthermore, altered levels were found for proteins associated with neurotransmitter metabolism (mitochondrial aspartate
aminotransferase, catechol O-methyl transferase, synaptic vesicle endo-/exocytosis (vesicle fusing ATPase (NSF), synapsin 1
(SYN1), syndapin-1 (PACN1)). Consistent with previous global proteomic studies, we confirmed known changes in
mitochondrial complex I, prohibitin (PHB) and neurofilament proteins (neurofilament light chain and a-internexin (AINX)).
Taken together, the proteomic changes parallel those described in human psychiatric pathology. The results will help to elucidate
ketamine’s mechanism of action, which will facilitate development of novel drugs for the treatment of schizophrenia and major

depressive disorder.
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B INTRODUCTION

Recent studies have shown that the psychosis-inducing N-
methyl-p-aspartate (NMDA) receptor (R) antagonist ketamine
also serves as a rapid-acting antidepressant, effective in
treatment-resistant depression patients.l’2 Therefore, research
efforts have been rekindled to elucidate the mechanism of
action of this compound. The relevance of ketamine in relation
to schizophrenia is its NMDAR blocking activity, leading to
hypofunction of this receptor. This is thought to induce
positive symptoms of psychosis, but ketamine also blocks D,
dopamine receptors, thus inducing negative and cognitive
symptoms that have been associated with schizophrenia.”* The
molecular mechanisms linked to the antidepressant effect of
ketamine are still under debate. An improved molecular
understanding of these mechanisms could lead to the

identification of novel antidepressant targets which do not
have the psychotomimetic and addictive side effects of
ketamine. In addition, this could also lead to novel drug targets
for the treatment of the cognitive, positive and negative
symptoms of schizophrenia.

Previous studies have characterized ketamine rodent models
mostly at the behavioral level. These have shown effects of
acute ketamine administration, such as hyperlocomotion,5
stereotypy, impaired information processing with abnormalities
in cognitive function,’ and impaired social interaction,”® which
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have been linked to symptoms of schizophrenia in man. In
addition, behaviorally defined acute antidepressant effects of
ketamine have been observed in wildtype rodents'®!' and
rodent models for major depressive disorder (MDD).}*™13
However, few studies have been performed investigating the
mechanisms of action of ketamine at the physiological or
molecular levels. There have been some studies that have
reported effects on neurotransmitter release,'® increased
acetylcholinesterase activity,” dendritic branching and spine
number,'’ increased neuroplasticity and synaptogenesis via
enhancement of glutamatergic signaling,10 as well as changes in
immune function.'”'® The molecular pathways that have been
implicated in the ketamine response include @-amino-3-
hydroxy-S-methyl-4-isoxazolepropionic acid receptor
(AMPAR) signaling,'> mammalian target of rapamycin
(mTOR)-dependent synapse formation,'®" protein kinase C
(PKC)* and extracellular signal-regulated kinase (ERK)
signaling,” eukaryotic elongation factor 2 phosphorylation
(p-eEF2),* the Wnt-glycogen s_}rnthase kinase (GSK-3)
pathway,”>** oxidative stress,”>">" and the mitochondrial
respiratory chain.”>*%*’

Here, we have investigated the acute effect of ketamine
treatment in rats in the peripheral blood serum and brain tissue
using a combination of targeted proteomic profiling platforms
to identify which signaling molecules are involved in the
mechanism of action. For this, we have used multiplex
immunoassay and selected reaction monitoring mass spectrom-
etry (SRM) platforms, two highly accurate quantitative
proteomic techniques for the measurement of predetermined
sets of proteins from blood serum and the brain. Although
global approaches enable unbiased discovery of altered proteins
via relative quantification at the proteome level, targeted
techniques such as we have used here provide higher sensitivity
and accuracy. Our primary objective was to generate and
validate hypotheses and findings and to evaluate the potential
use of this model and combined biomarker panels for future use
in preclinical drug discovery and development.

B MATERIALS AND METHODS

Animals

Adult R150888 Lister hooded rats (300—400g; Charles River,
Margate, UK) were housed in groups of four under standard
laboratory conditions with food (Harlan UK, Bicester, UK) and
water available ad libitum. All experiments were conducted
during the light cycle (7.00—19:00 h light phase) and were in
full compliance with the Home Office Guidance (UK Animals
Scientific Procedures Act 1986) and ethical policies of the
Home Office. Two hours prior to sacrifice and blood sampling,
rats were given a subcutaneous dose of either vehicle (0.9%
sterile saline) or S(+) ketamine (10 mg/kg). Dose and
pretreatment times were based on previous studies and
exploratory dose/response analyses using locomotor activity
ataxia, brain dialysis/neurotransmitter release and pharmaco-
logical maégnetic resonance as guides to select the experimental
variables.>* ** The minimum dose was selected that gives a
robust readout but low enough to avoid the induction of
anesthesia. Brains were rapidly removed, rinsed in ice-cold
saline and hand-dissected. The frontal cortex was defined as the
anterior fortion of the cortex up to 2.15 mm rostral from
bregma.** Hippocampus was defined as the region ~3.5-5.5
mm posterior to bregma and included dentate gyrus and CAl1—
3 hippocampal regions.
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Serum Profiling

Rat blood samples (10 ketamine treated and 10 vehicle treated
rats) were collected, and trunk blood was collected into S-
Monovette 7.5 mL serum tubes (Sarstedt, Numbrecht,
Germany) and left for 1.5 h at room temperature for clotting.
The blood was then centrifuged at 3000g, 4 °C for 15 min, and
the resulting supernatants (sera) were stored in low binding
Eppendorf tubes (Hamburg, Germany) at —80 °C.**

Serum samples (90 uL) were analyzed using a rodent
multianalyte profiling platform comprising multiplexed immu-
noassays of 89 analytes in a Clinical Laboratory Improved
Amendments (CLIA)-certified laboratory at Myriad-RBM
(Austin, TX, USA) as described previously.® Briefly, anti-
body—microsphere conjugates were incubated with the samples
for binding of the targeted molecules. After washing,
fluorescent reporter antibodies are added, which bind to
different epitopes on the molecules. Unbound detection
reagents were removed by washing prior to reading on a
Luminex machine (Austin TX, USA). Within this instrument,
the excitation beams of a red laser measured the unique
fluorescent signature of each microsphere, and a green laser
determined the amount of fluorescence generated in proportion
to the concentration of the molecule in the sample. Data were
acquired and reported in real time, affording the ability to
repeatedly measure the concentration of a given molecule in
each sample.

Immunoassays were calibrated using duplicate standard
curves for each analyte, and raw intensity measurements were
converted to protein concentrations using proprietary software.
Multiplexed calibrators (eight levels per analyte) and controls
(three levels per analyte) were used to monitor key
performance parameters, such as lower limit of quantification,
precision, cross-reactivity, linearity, spike recovery, dynamic
range, matrix interference, freeze—thaw stability, and short-term
sample stability, and were established for every assay as
described by the manufacturer (http://www.myriadrbm.com/
technology/data-quality/). Quality control samples had a
coefficient of variance below 15%. Data analyses were
performed using the statistical software package R (http://
www.r-project.org), and the levels of analytes were determined.
Analyses were conducted under blinded conditions with respect
to sample identities, and samples were analyzed in random
order to avoid any sequential biases. Analytes with more than
30% missing values (23 analytes) were not considered in
further analysis. All remaining missing values and zero values
were replaced by the half of the minimum positive value,
assuming this to be the detection limit. This accounted for 1.1%
of the data (14 out of 1254 data points). Furthermore,
approximately 10% of the data were filtered on the basis of the
relative standard deviation.”” Row-wise normalization to each
median reading was employed to adjust for differences among
samples, and data were log-transformed and pareto-scaled
(mean-centered and divided by the square root of the standard
deviation of each variable) to make features more comparable.
Principal component analysis (PCA) was performed for outlier
removal and data quality assessment. Significance analysis of
microarray (SAM) was performed using the Siggenes R
package.”® SAM is a well-established statistical method for
identification of differentially expressed genes in microarray
data analysis and is frequently employed for analysis of high-
throughput omics data sets.” It is designed to address the false
discovery rate (FDR) when running multiple tests and high-
dimensional data. SAM assigns a significance score to each
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Figure 1. Representative retention time ranges (A), peak areas (B), and SRM mass spectrum (D) for the endogeneous (red, $76.264++) and
isotopically labeled (blue, 580.2683++) peptide “FAYLYDSDR” of the glutamate receptor 2 (GRIA2_RAT) in a rat brain total lysate. Peak areas (C)
and SRM mass spectrum (E) of the y ions of the endogenous “FAYLYDSDR” peptide. Samples were measured using triplicate injections. K =

ketamine-treated rats, C = control.

variable on the basis of change relative to the standard deviation
of repeated measurements. For a variable with scores greater
than an adjustable threshold, its relative difference is compared
with the distribution estimated by random permutation of the
class labels. For each threshold, a certain proportion of the
variables in the permutation set will be identified as significantly
different by chance. This proportion is used to calculate the
FDR. Analyses were conducted under blinded conditions with
respect to sample identities, and samples were measured in
random order to avoid any sequential biases, as described
above.

Bl BRAIN PROFILING

Sample Preparation

Frontal cortex and hippocampus tissue samples (10 ketamine-
treated and 10 vehicle-treated rats for each region) were added
to fractionation buffer containing 7 M urea, 2 M thiourea, 4% 3-
[ (3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 2% ASB14, 70 mM dithiotreitol (DTT), and
protease inhibitors at a 5:1 (v/w) ratio.”” Samples were
sonicated (10 s, 2 cycles) and vortexed at 4 °C for 30 min.
Samples were then centrifuged at 17 000g at 4 °C. Protein
concentrations of the supernatants were determined in
triplicate using a Bradford assay (Bio-Rad; Hemel Hempstead,
U.K). Proteins (100 pg) were precipitated from each sample
using acetone. After dissolving the precipitates in 100 uL of
ammonium bicarbonate (50 mM) and protein concentration
measurement, 40 ug of proteins was used for the reduction of
the sulthydryl groups with S mM DTT at 60 °C for 30 min, and
alkylation was carried out using 10 mM iodacetamide via
incubation in the dark at 37 °C for 30 min. Finally, the proteins
were digested using trypsin at a 1:50 (w/v) ratio for 17 h at 37
°C, and the reactions were stopped by addition of 8.8 M HCl at
a 1:60 (w/w) ratio.

Label-Based SRM Mass Spectrometry

The levels of 44 candidate proteins implicated in the molecular
mechanisms of ketamine response or NMDAR function were
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measured in frontal cortical and hippocampal brain extracts (10
ketamine-treated and 10 vehicle-treated rats) using targeted
SRM mass spectrometry on a Xevo TQ-S mass spectrometer
(Waters Corporation; Milford, CT, USA) coupled online
through a New Objective nanoESI emitter (7 cm length, 10
mm tip; New Objective) to a nanoAcquity UPLC system
(Waters Corporation). The system consisted of a C18 trapping
column (180 ym X 20 mm, S pm particle size) and a C18 BEH
nanocolumn (75 ym X 200 mm, 1.7 mm particle size). The
buffers used for separation were (A) 0.1% formic acid and (B)
0.1% formic acid in acetonitrile, and the following 48 min
gradient was applied: 97/3% (A/B) to 60/40% in 30 min; 60/
40% to 15/85% in 2 min; S min at 15/85%; returning to the
initial condition in 1 min. The flow rate was 0.3 yL/min, and
the column temperature was 35 °C.

Multiplex SRM assays were developed using a high-
throughput strategy,"’ and the initial process assessed the
suitability of over 200 selected proteins. Up to 12 unique
peptides ranging from 6 to 20 amino acids in length, containing
tryptic ends and no missed cleavages, were chosen for each of
the selected proteins. All peptides containing amino acids prone
to undergo modifications (e.g, Met, Trp, Asn, and Gln),
potential ragged ends, or those with lysine/arginine followed by
proline or bearing NXT/NXS glycosylation motifs were
avoided and selected only when no other options were
available.*” Peptides were also checked by protein basic local
alignment search tool (BLAST) (http: //blast.ncbi.nlm.nih.gov/
Blast.cgi) searches to ensure uniqueness. For method refine-
ment, up to 12 transitions per peptide were tested in scheduled
SRM mode using total rat brain lysates. Transitions were
calculated using Skyline version 1.2.0.3425* and corresponded
to singly charged y ions from doubly or triply charged
precursors in the range of 350—1250 Da. Transitions were
selected on the basis of software internal predictions, discovery
proteomics data, and spectral data available through the Human
NIST spectral libraries.**

For the final SRM assay, 1—3 peptides with at least 3
transitions of maximal intensity and highest spectral library

DOI: 10.1021/pr5009493
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similarity (dotp) were selected by manual inspection. Heavy
labeled forms of the selected peptides (spiketides L) (2—3
peptides per protein) were chemically produced via SPOT
synthesis (JPT Peptide Technologies GmBH, Berlin, Ger-
many). We then analyzed heavy-label spiked rat brain lysate
samples (Figure 1b) in scheduled SRM mode to confirm
peptide identities via coelution, adjusted the amount of each
heavy peptide to the endogenous counterpart, extracted the
optimal fragment ions for SRM analysis, obtained accurate
peptide retention times, and optimized collision energies and
cone voltages for quantification runs using the Skyline software
(MacCoss Lab Software; Seattle, WA, USA).** We intended to
use at least two peptides from the same target proteins for
increased accuracy; however, some peptides had to be excluded
because of factors such as interference of matrix, nondetection,
or mismatch of endogeneous and heavy labeled peptides. The
final transitions, collision energies, and retention time windows
used for each peptide can be found in the Supporting
Information (Table 1a).

Quantitative SRM measurements comparing frontal cortical
and hippocampal brain extracts from acute ketamine treated
rats and controls were performed in scheduled SRM acquisition
mode using the optimized parameters defined during assay
refinement. For each target peptide, a heavy isotope labeled
internal standard (JPT Peptide Technologies GmbH) was
spiked in the peptide mixture for accurate quantification and
identification. All SRM functions had a 2 min window of the
predicted retention time, and scan times were 20 ms. For each
peptide, at least three transitions were monitored for the heavy
and light versions. Samples were run randomized and blocked*
in triplicate, and blanks and quality control peptide injections
(yeast alcohol dehydrogenase; Supporting Information Table
1b) were run alternating after each biological replicate.
Resulting SRM data were analyzed using Skyline, and statistical
analysis was conducted using SRMstats.*® Data were manually
inspected in Skyline, and problematic transitions (interference,
low detection sensitivity, retention time shift) were deleted. A
final list of transitions for relative quantification can be found in
the Supporting Information (Table 1c).

Data preprocessing consisted of a log, transformation to
stabilize the variance. A constant normalization was performed
on the basis of reference transitions to equalize the median
peak intensities of reference transitions from all proteins across
all MS runs and to adjust the bias to both reference and
endogenous signals. As a second step, a median normalization
of the median intensities of all transitions for each run was
performed to correct for differences in protein loadings. PCA
analysis was performed for outlier removal and further quality
assessement. Protein level quantification and testing for
differential abundance among acute ketamine- and vehicle-
treated rats were carried out using the linear mixed-effects
model implemented in SRMstats, which employs a “restricted”
scope of conclusions.*”** In the restricted scope model, the
individual samples being modeled were the population of
interest. This approach also took into account the measurement
error of transitions across runs (technical variation) to enable
accurate quantification of protein abundance changes across the
samples. The p values were adjusted to control for the false
discovery rate at a cutoff of 0.05 according to Benjamini and
Hochberg.*
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B RESULTS

Serum Profiling

Muliplex immunoassay profiling was carried out to determine
ketamine-treatment-induced effects in blood serum. After data
filtering, 66 analytes were measured in serum samples from
ketamine-treated and control rats using a multiplex immuno-
assay platform (Supporting Information Table 2). Following
data quality assessment, normalization and scaling, the analysis
resulted in identification of three significantly changed analytes
(p* < 0.05) (Table 1). These were fibroblast growth factor 9
(FGF-9), interleukin (IL)-4 and tumor necrosis factor alpha
(TNF-a).

Table 1. Significantly Changing Serum Analytes of the Acute
Ketamine Rat Model (n = 9) Compared with Vehicle
Treated Rats (n = 10) Identified by SAM“

Uniprot ratio
analyte name KB number (K/C)” P JeX
fibroblast growth P36364 0.65 823 X 107 0.00345
factor 9 (FGF-9)
IL-4 (interleukin-4) P20093 091 0.00276 0.03852
tumor necrosis factor P16599 0.86 0.00276 0.03852

a (TNF-a)

“p* = FDR-adjusted P; SAM = significance analysis of microarray,
FDR = false discovery rate. ’K = ketamine-treated rats; C = vehicle-
treated rats.

Brain Tissue Profiling

We used SRM for targeted analysis to specifically investigate
the effect of acute ketamine treatment on the abundance of key
signaling proteins in rat frontal cortex and hippocampus.
Tissues were chosen because the NMDAR is highly expressed
in these regions,”® and both regions have been implicated in the
pathology of various psychiatric disorders, including schizo-
phrenia®’ and MDD.>>** Therefore, we established a multiplex-
SRM assay comprising proteins that have been implicated in
the mechanism of action of NMDAR antagonists. This included
signaling proteins involved in glutamatergic, GSK3f, mTOR,
extracellular signal-regulated kinsase 1/2 (ERK1/2), and
synaptic and energy functions as outlined in the introduction.
An example assay for a peptide of the glutamate receptor 2 is
shown in Figure 1. The analysis led to identification of §
significantly changed proteins in the frontal cortex and 19 in the
hippocampus of ketamine compared with vehicle-treated rats
(see Table 2). Abnormalities in calcineurin and protein kinase
Cf (PKCp) levels were detected in both brain regions.
Intermediate filament proteins and the actin branching protein
complex 2/3 were found to be altered in the frontal cortex,
whereas mTOR, components of ERK signaling, PKCa, and
synaptic vesicle endocytotic proteins [(vesicle fusing ATPase
(NSF), synapsin (SYN1), syndapin-1 (PACN1)] were changed
in the hippocampus (see Table 2). In addition, we detected an
increase in the levels of mitochondrial aspartate amino-
transferase (AATM) in the frontal cortex and hippocampus
and a decrease in the levels of catechol-O-methyltransferase
(COMT) in the hippocampus.

B DISCUSSION

This is the first targeted proteomic study of serum and brain
tissue from an acute ketamine rat model. Using a combination
of sensitive proteomic platforms, we identified peripheral and
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central protein abundance changes, which are induced by acute
ketamine treatment. Peripheral blood serum was analyzed as a
potential source of biomarkers that could be used for
monitoring brain effects of the ketamine treatment; however,
multiplex immunoassay analysis identified ketamine-induced
decreases in the serum levels of only three proteins (FGF-9, IL-
4, and TNFa). This suggested that the acute effects of ketamine
on peripheral systems were minor, and further studies targeting
other physiological pathways are warranted to investigate this
further. Nevertheless, the effects on the three proteins identified
here are consistent with previous studies which reported anti-
inflammatory properties of ketamine.'” The findings are also in
line with reports of ketamine-induced attenuations in the
TNFa and cytokine response to an Escherichia coli endotoxin
challenge®* in rats and to an LPS insult in horses.** Nebulized
ketamine treatment in actively sensitized brown Norway rats
also led to decreased IL-4 levels.’® In human studies, both
ketamine and the NMDAR antagonist MK-801 have been
shown to decrease TH cell differentiation along with IFN-y and
IL-4 production of peripheral blood mononuclear cells.””
However, there are some inconsistencies of these findings
with those from human schizophrenia studies. For example,
higher serum levels of TNFa have been found in first-episode
psychosis,”® and a study that investigated a range of cytokines
and hormones in serum reported that patients with an acute
exacerbation of schizophrenia had increased TNFa and
reduced IL-4 levels.*

The finding that ketamine induced changes in FGF-9 has not
been reported previously. FGF-9 is mostly expressed in the
adult and developing central nervous system and serves as a
growth and survival factor for various cell types. It modulates
the expression of myelin-related proteins and multiple
fibroblast growth factor receptors in developing oligodendro-
cytes.” FGF9 also prevents the death of dopaminergic neurons
and is involved in melatonin neuroprotection in vivo and in
vitro.”" Abnormal melatonin metabolism has been associated
with schizophrenia since the early 1920s.°” In addition, the
effects of FGF-9 on glial fibrillary acidic protein (GFAP)-
positive astrocytes have been shown, suggesting a role for this
growth factor in astrocyte differentiation. This is consistent
with our finding of decreased GFAP levels in the hippocampus,
demonstrating potential translation of effects on astrocyte
function between the brain and periphery.

The main effects of the ketamine treatment in the brain
involved changes in protein phosphatases and kinases.
Interestingly, more of these changes were identified in the
hippocampus, a brain region that is prominently involved in
cognition and memory. The altered proteins included Ca*'-
calmodulin dependent protein kinases (CamK2), the mTOR
and ERK kinases, and PKCf. One study showed that acute
PCP treatment, another NMDAR antagonist, induced extensive
and distinct protein phosphorylation in the rat frontal cortex,**
consistent with our findings. In the frontal cortex, we also
substantiated the findings of previous studies that found
abnormal levels of intermediate filaments (neurofilament light
chain (NFL) and a-internexin)® and the actin-related protein
complex 2/3.° These proteins are known to be involved in
active synaptic development and remodeling®” as well as in
antidepressant treatment effects.®>*’

As one of the most striking findings, we identified counter-
regulated changes in the levels of calcineurin in the frontal
cortex and hippocampus. This could be related to the well-
established connection of these two brain regions through both

417

excitatory glutamate neurons and inhibitory GABA receptor
interneurons. Calcineurin is a neuron-enriched Ca*'-calm-
odulin-dependent protein kinase that regulates synaptic
plasticitgf. It has been associated with schizophrenia’®~"* and
MDD,”* and in the mechanism of action of antidepressants.”*
Conditional calcineurin knockout mice exhibit multiple
abnormal behaviors related to schizophrenia,”* and blockade
of protein phosphatase 2B activity in the amy§dala increases
anxiety- and depression-like behaviors in mice.”> Furthermore,
chronic inhibition of calcineurin in the prefrontal cortex
induces depression-like behavior through the mTOR pathway,
which could be reversed by the antidepressant venlafaxine.”
This is consistent with our finding of ketamine-induced
increased calcineurin levels in the frontal cortex.

In line with the known effects of calcineurin in the mTOR
pathway, we identified increased levels of the mTOR kinase.
Activation of mTOR is essential for dendrite formation and
regulation of spine growth,76 which have been shown to be
affected by acute ketamine treatment. Moreover, mTOR is also
crucial for regulating the expression of several proteins involved
in synaptic plasticity.”’ Reduced synaptic proteins in con-
junction with reduced mTOR signaling have been reported in
the prefrontal cortex of depressed patients.”® Studies have
shown that ketamine administration in rats induces a rapid
induction of phosphorylation of mTOR, p70S6 kinase, and 4E-
BP1”’ in PFC synaptoneurosome preparations, accompanied
by an upregulation of synaptic plasticity markers such as
postsynaptic density protein 95 (PSD9S). We found that
PSD9S is increased in the hippocampus. Recent studies have
suggested that ketamine produces antidepressant actions via
stimulation of mTOR, and this leads to increased levels of
synaptic proteins in the prefrontal cortex. Therefore, the
current findings support the targeting of the mTOR signaling
pathway as a promising approach in the development of new
antidepressant or antipsychotic drugs.

Our findings of decreased neurochondrin in the hippo-
campus are interesting because this protein has recently been
shown to modulate the activity of the metabolic glutamate
receptor 5 (mGluRS), which has been implicated in several
neuropsychiatric disorders, including schizophrenia.*>®" Condi-
tional knockout of neurochondrin in transgenic mice reduces
mGIuRS function and associated defects in prepulse inhibition
and psychostimulant-induced locomotor activity, two behav-
ioral phenotypes typically observed in rodent models of
schizophrenia. In the case of MDD, the preclinical and clinical
data indicates that mGluRS-antagonists also have antidepres-
sant-like and anxiolytic-like drug effects, but they also have the
same problem of psychotomimetic activity as found for
NMDA-receptor antagonists in the treatment of depression.**
We also found increased levels of PKCf in the frontal cortex
and the hippocampus. PKC is involved in the phosphorylation
of many proteins and may consequently cause widespread
alterations in many physiological processes. For instance, PKC
overactivity impairs prefrontal cortical regulation of working
memory, which has been identified as a core dysfunction in
schizophrenia.83 In addition, PKC abnormalities have been
implicated in schizophrenia pathology and response to
psychotropic medications.** It should also be noted that
PKCp regulates dopamine D, autoreceptor activated trans-
porter trafficking and dopaminergic signaling, which regulates
the strength and duration of extracellular dopamine concen-
trations.*> Hence, PKC/3 may represent a potential drug target
for correcting abnormal extracellular dopamine levels in
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diseases such as schizophrenia and MDD. Combined SSRI and
antipsychotic treatment has already been associated with
changes in PKCf in patients.*

Investigating alterations of key enzymes of neurotransmitter
metabolism, the current study found decreased levels of COMT
in the hippocampus. This enzyme modulates dopamine,
norepinephrine, and epinephrine levels. COMT has also been
implicated by systematic®” and candidate gene approaches®**’
as a risk gene for schizophrenia. It also has been shown to play
a role in symptom severity in MDD.” Consistent with our
findings, another study found that the dopamine modulating
enzymes 3,4-dihydroxyphenylacetic acid and homovanillic acid
were increased specifically in the hippocampus after acute
ketamine treatment.'® We also detected an increase in AATM
in the frontal cortex and hippocampus. Decreased levels of
AATM in the frontal cortex have been shown in a chronic PCP
rat model for schizophrenia® and alterations in glutamate
metabolism in preclinical”®> and clinical studies of schizo-
phrenia®®* and depression.”®> A recent comprehensive
proteomic study found changes that supported a glutamatergic
hypofunction in schizophrenia prefrontal cortex and hyper-
function in MDD.”’

This study also found changes in the levels of proteins
involved in endo- and exocytosis. These pathways are a
component of the synaptic vesicle cycling, crucial for
presynaptic and postsynaptic functions, such as release and
reuptake of neurotransmitters. Consistent with this, we also
found novel changes in proteins in the hippocampus that may
be relevant in the context of schizophrenia and depression.
These included a decrease in the levels of SYN1 and an increase
in vesicle fusing ATPase (NSF), which is specifically involved in
AMPA receptor trafficking. Effects on both endo- and
exocytosis have been previously linked to schizcgphrenia96 as
well as to PCP-induced psychosis in a rat model.***®

B CONCLUSIONS

The study validates known features and identifies several novel
molecular aspects of acute ketamine treatment. Testing a wide
range of previously described hypotheses, this is the first and
largest targeted study to decipher the effects of ketamine at the
protein level in the brain and periphery. The brain analyses
provided molecular correlates of ketamine effects, which may
be useful as biomarkers for development of novel drugs in the
treatment of schizophrenia and depressive disorders. This
demonstrated the utility of SRM mass spectrometry for analysis
of changes in the levels of proteins comprising key networks
involved in these disorders or in the mechanism of action of the
associated medications. Specifically, this analysis led to
identification of ketamine-induced effects on signaling pathways
involved in synaptic plasticity. Predominately, the levels of
kinases and phosphatases were altered, and the hippocampus
was affected more strongly than the frontal cortex. The
established targeted screen using the SRM mass spectrometry
of brain proteins will help to accelerate preclinical validation
toward clinical translation and offers a feasible pipeline for
candidate drug target identification and drug development.
Serum profiling analysis using the targeted multiplex immuno-
assay platform resulted in identification of only three proteins
altered by acute ketamine treatment. These were associated
with inflammation and growth factor signaling. Further studies
using assays targeting additional pathways could lead to
identification of peripheral biomarkers for use in clinical
studies. The study increases the clinical validity of the ketamine
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model and, through its focus on protein phosphatases and
kinases in the brain, which represent drug targets.
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