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Subanesthetic dose of ketamine decreases prefrontal
theta cordance in healthy volunteers: implications
for antidepressant effect
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Background. Theta cordance is a novel quantitative electroencephalography (QEEG) measure that correlates with
cerebral perfusion. A series of clinical studies has demonstrated that the prefrontal theta cordance value decreases
after 1 week of treatment in responders to antidepressants and that this effect precedes clinical improvement.
Ketamine, a non-competitive antagonist of N-methyl-p-aspartate (NMDA) receptors, has a unique rapid antidepressant
effect but its influence on theta cordance is unknown.

Method. In a double-blind, cross-over, placebo-controlled experiment we studied the acute effect of ketamine
(0.54 mg/kg within 30 min) on theta cordance in a group of 20 healthy volunteers.

Results. Ketamine infusion induced a decrease in prefrontal theta cordance and an increase in the central region
theta cordance after 10 and 30 min. The change in prefrontal theta cordance correlated with ketamine and norketamine
blood levels after 10 min of ketamine infusion.

Conclusions. Our data indicate that ketamine infusion immediately induces changes similar to those that
monoamineric-based antidepressants induce gradually. The reduction in theta cordance could be a marker and a
predictor of the fast-acting antidepressant effect of ketamine, a hypothesis that could be tested in depressive patients
treated with ketamine.
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Introduction by Hunter et al. 2007). This problem was at least par-
tially solved by the introduction of a new QEEG

The traditional quantitative electroencephalography measure, cordance (Leuchter et al. 1994). The invention

(QEEG) measures of absolute and relative power yield
complementary perspectives on regional brain activity.
Absolute power in a given frequency band reflects the

was inspired by the observation that the deafferen-
tation of cortical areas leads to a slow-wave band of
the lowest absolute brain electrical activity and sim-
ultaneously of the greatest relative power. These em-
pirical findings resulted in an algorithm for a linear

intensity of energy at a particular brain region and is
expressed in power units. Relative power reflects brain
electrical activity on a proportional basis, that is as a

. . transformation that combines complementary infor-
percentage of the total power in a given channel con-

. ol mation from absolute and relative power to yield
tained within the frequency band. .. . .

values that have a strong association with metabolism
and white matter lesions (Leuchter et al. 1994). The
cordance of numerical expression indicates to what
extent, if at all, the departure of absolute and relative

power is in the same direction from a selected base

Previous studies evaluating absolute and relative
power in affective disorders and antidepressant treat-
ment have had only low clinical impact because of the
limited specificity and predictive validity (see review

value (e.g. mean values from all electrodes). Specifi-

cally, a categorical value (+/—) of cordance de-
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and minus sign for ‘discordance’). The numerical
cordance value (Z) calculated as the sum of both nor-
malized powers signifies the intensity of brain activity.

The cordance values specifically in the 4-8 Hz theta
frequency band (i.e. theta cordance) are correlated
positively and significantly with cortical perfusion
measured by positron emission tomography (PET).
This correlation is stronger than that for either absol-
ute or relative power and allows theta cordance to be
interpreted in the same physiological framework as
PET (Leuchter ef al. 1999).

The clinical relevance of this measure has been es-
tablished by several studies reporting that theta cor-
dance predicts response or remission with at least 70 %
accuracy for different antidepressants (for reviews, see
Hunter et al. 2007; Leuchter et al. 2009). In particular,
replicated studies on subjects with major depression
treated with various antidepressants have demon-
strated a decrease in prefrontal theta cordance 1 week
after the start of medication. This change preceded the
clinical improvement, which did not emerge until
several weeks later and predicted the response con-
sistently with overall high accuracy (Cook et al. 2002,
2005; Bares et al. 2007, 2008). These findings support
the hypothesis that early metabolic changes in the
prefrontal region mediate (and precede) the response
to antidepressant treatment (Mayberg, 2003). Early
changes in prefrontal theta cordance were recently
identified as a specific marker of antidepressants even
in healthy volunteers (Leuchter ef al. 2008).

Glutamatergic agents have been studied as novel
antidepressants (Krystal et al. 2002; Mathew et al.
2005). In particular, there is substantial evidence that
the N-methyl-pD-aspartate receptor (NMDAR) antag-
onists have antidepressant properties, with the dis-
sociative anesthetic drug ketamine as the model agent.
Two double-blind studies have reported that ketamine
infusion exerts a rapid (within hours) antidepressant
effect in pharmaco-resistant depressive patients last-
ing up to 1 week (Berman et al. 2000; Zarate et al. 2006).
A functional magnetic resonance imaging (fMRI)
study found recently that ketamine decreases activity
in the ventromedial frontal cortex (Deakin ef al. 2008).
Human magnetoencephalographic (MEG) studies
identified this region (specifically the anterior cingu-
late and prefrontal medial superficial cortex) as the
source of midline frontal theta rhythm (Asada et al.
1999; Ishii et al. 1999). The source of the theta fre-
quency oscillatory field potentials was also confirmed
using direct recordings in monkeys in area 32 (monkey
analog of the anterior cingulate) and in the medial part
of area 9 (Tsujimoto et al. 2006).

Based on these observations, it can be expected
that the clinical effect of both ketamine and mono-
aminergic-based antidepressants is mediated by the
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inhibition of the medioprefrontal cortex. Conse-
quently, ketamine would very early after adminis-
tration decrease the prefrontal theta cordance and
this effect could serve as a biomarker of its clinical
antidepressant effect.

Testing the a priori hypothesis that a subanesthetic
dose of ketamine induces a decrease in prefrontal
theta cordance, we measured its effect on theta cor-
dance in healthy volunteers. Ketamine undergoes ex-
tensive liver metabolism by CYP-450 N-demethylation
to norketamine, which is also an NMDAR antagonist
(Ebert et al. 1997). To determine the role and influence
of both compounds on theta cordance, we analyzed
the relationship between ketamine and norketamine
blood levels and theta cordance.

Method
Subjects

Twenty right-handed healthy volunteers (mean age
29.9 years, s.0.=5.69, 13 males, 7 females) were re-
cruited by local advertisement. The main exclusion
criteria were a personal history of any psychiatric or
substance abuse disorder established by the Struc-
tured Clinical Interview for DSM-IV, and psychotic
disorder in first- or second-degree relatives. The study
was carried out in accordance with the rules of ethics
for ketamine studies in volunteers (Tishler & Gordon,
1999), written informed consent was obtained, and the
local ethics committee approved the study.

Experimental design and procedures

In the double-blind, cross-over, controlled study par-
ticipants attended ketamine or placebo sessions in a
randomized order with a minimum separation of
2 weeks. After 5 min, baseline EEG recording racemic
ketamine hydrochloride (Narkamon, Spofa, Czech
Republic) or placebo (0.9% saline solution) was ap-
plied into the right cubital vein using an infusion
pump. Ketamine was applied in a loading dose of
0.27 mg/kg for the first 10 min, followed by a main-
tenance infusion of 0.27 mg/kg within 20 min. These
infusion rates were calculated with respect to the
pharmacokinetics of ketamine (Hetem et al. 2000) to:
(a) produce the stable ketamine blood levels for EEG
recordings between 10 and 30 min, (b) apply a total
dose very close to both clinical studies in depression
(Berman et al. 2000; Zarate et al. 2006), and (c) maxi-
mize safety by using a loading dose over 10 min. To
measure ketamine and norketamine serum levels, 2 ml
of vein blood was sampled from the left arm 5 min
before and 10 and 30 min after the beginning of the
infusion.
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Each participant was interviewed and evaluated
with the Brief Psychiatric Rating Scale (BPRS, total and
five subscales) at the same time points. At the end
of the session, subjects rated their emotional change
during the infusion by two 100-mm visual analog
scales (VAS) for ‘any positive’ or ‘any negative’
emotions, with zero indicating no change and 100 mm
indicating extreme change compared with baseline.
One hour after the end of the experiment, clinical in-
terview and BPRS were used to confirm the cessation
of ketamine-induced symptoms.

EEG recordings

A continuous EEG, 35 min in duration, registered in
the eyes-closed resting state with participants seated
comfortably, was collected with a BrainScope digital
amplifier (Unimedis, Czech Republic) from 21 surface
electrodes placed according to the 10/20 system ref-
erenced to the Cz electrode. Data were digitized at
250 Hz, amplified, and filtered between 0.15 and 70 Hz
after sampling. Three 5-min EEG segments, obtained
at baseline and prior to BPRS examination 10 and
30 min after dosing, were inspected visually to ex-
clude all obvious EEG artifacts or a decrease in alert-
ness. In addition, split-half reliability tests were
conducted on the edited EEG segments (NeuroGuide
software, version 2.4.6) and 30 artifact-free 2-s epochs
with >90% reliability were entered into the spectral
analyses after digital filtering of 0.5 to 30 Hz.

Fast Fourier transform was used to calculate the
absolute and relative power in each of four non-
overlapping frequency bands (Nuwer et al. 1999):
delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz) and
beta (12-20 Hz). QEEG cordance was calculated using
the algorithm described in detail elsewhere (Cook et al.
1999; Bares et al. 2008). In brief, this algorithm nor-
malizes power across both electrodes and frequency
bands in three consecutive steps: first, absolute power
values are reattributed to each individual electrode by
averaging power from all bipolar electrode pairs
sharing that electrode, to yield the reattributed power.
Then the relative power values are calculated as the
percentage of power in each band, relative to the total
spectrum (here, 0.5 to 20 Hz). In the second step, the
absolute and relative power values for each electrode
site (s) in each frequency band (f) are z transformed to
measure deviation from the mean values from all
electrodes, yielding normalized absolute [Anormsp]
and normalized relative [Rnorwms,n] powers respect-
ively. Third, the cordance values [Z,] are computed
by summing the z scores for normalized absolute and
relative power [Z 5 = |Anormis,n| + [Rnvormepll-

With respect to previous studies (Cook et al. 1999,
2002, 2005; Bares et al. 2007, 2008), we further limited
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the number of comparisons by averaging the values
from electrodes overlying four major regions: pre-
frontal (Fpl, Fp2, Fpz), central (C3, C4, Cz), left tem-
poral (T3, T5) and right temporal (T4, T6). Analyses
were limited to the theta band (4-8 Hz) because it
has been shown previously to be sensitive to anti-
depressant treatment (Cook et al. 1999, 2002, 2005;
Leuchter et al. 1997; Knott et al. 2000; Pizzagalli et al.
2001; Bares et al. 2007, 2008).

Gas chromatography—mass spectrometry (GS-MS)
for ketamine and norketamine serum levels

The G28-MS toxicological method was developed
and validated according to international standards
(Penders & Verstraete, 2006). For toxicological analy-
ses the analytical standards norketamine, ketamine
and deuterated ketamine (ketamine-D4) supplied as
hydrochlorides from Cerilliant, USA were used. For
quantitation, the internal standard method was ap-
plied using ketamine-D4. Isolation of analytes from
blood serum samples was performed using SPEC-
DAU discs and analyses were performed with acetyl
derivatives using an HP 6890-5973 instrument
(Agilent, Germany) operating in electron impact single
ion monitoring (SIM) mode. The lower limit of quanti-
fication (LLOQ) for ketamine was 50 ng/ml and for
norketamine 8 ng/ml. The limit of detection (LOD) for
ketamine was 20 ng/ml and for norketamine 1 ng/ml.

Statistical analyses

Data are expressed as means (standard deviation)
and in non-Gaussian distributed measures as me-
dians (interquartile range) as well. Repeated-measures
ANCOVA for a two-period cross-over design with
baseline cordance values as covariate was used to as-
sess the changes in theta cordance values separately
in each region. Bonferroni post-hoc tests were used
to reveal the differences between treatments at the
particular time points. The influence of treatment on
psychopathology (BPRS) was determined by two-way
repeated-measures ANOVA, with time and treatment
as the independent variables, followed by Bonferroni
post-hoc tests (because the EEG data were missing for
one patient for technical reasons at 30 min, this
measurement was not included in the analysis).
Emotional response measured on the VAS was
treated by the Wilcoxon signed-rank test and the
McNemar test. A Pearson correlation coefficient was
used to detect the relationship between theta cordance
change and ketamine and norketamine serum levels.
Differences between groups of reducers (decrease of
theta cordance 10 and 30 min after dosing compared
with baseline) and non-reducers were tested by the
Mann-Whitney test and by Fisher’s exact test for
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Table 1. Changes in theta cordance, theta cordance Z score values, psychopathology and emotions during placebo and ketamine infusion

Placebo Ketamine
Baseline 10 min 30 min Baseline 10 min 30 min
PFC 1.57 (0.20) 1.56 (0.21) 1.74 (0.22) 2.00 (1.15) 1.26 (0.21)2 1.07 (0.25)2
CC 0.24 (0.29) 0.53 (0.32) 0.27 (0.24) 0.42 (0.14) 1.26 (0.27)2 1.53 (0.30)2
LTC —0.57 (0.37) —0.45 (0.32) —0.94 (0.29) —1.41 (0.22) —1.25 (0.20) —1.50 (0.26)
RTC —0.87 (0.26) —0.57 (0.31) —0.84 (0.28) —0.91 (0.41) —1.60 (0.17) —1.63 (0.27)
BPRS total 0.65 (0.98) 0.70 (1.30) 0.65 (1.26) 0.90 (1.16) 32.2 (14.46)%P 38.35 (14.82)%
BPRS subscales
Anxiety-depression 0.40 (0.68) 0.40 (0.82) 0.35 (0.67) 0.22 (0.41) 3.7 (2.36)° 4.50 (2.30)°
Withdrawal 0.00 (0.00) 0.15 (0.48) 0.20 (0.52) 0.10 (0.44) 10.98 (6.02)*° 13.00 (6.69)°
Thought disturbance- 0.05 (0.22) 0.10 (0.44) 0.10 (0.30) 0.05 (0.22) 9.85 (5.39)P 11.65 (4.00)2°
hallucinations
Activation 0.25 (0.44) 0.05 (0.22) 0.00 (0.00) 0.63 (0.83) 5.26 (3.63)%° 6.20 (3.94)20
Hostility-suspicion 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.05 (0.22) 2.55 (2.56)2P 3.00 (2.77)P

VAS positive emotions
VAS negative emotions

6.05 (17.13) [0.00 (0.00-0.00)]
0.00 [0.00 (0.00-0.00)]

62.50 (40.83) [76.50 (21.0-100.0)]*
19.65 (28.49) [0.00 (0.00-43.00)]*

PFC, Prefrontal cordance; CC, central cordance; LTC, left temporal cordance; RTC, right temporal cordance; BPRS,

Brief Psychiatric Rating Scale; VAS, visual analog scale.

Data are presented as mean (standard deviation) and because of the non-normally distributed variables in VAS, as median
(interquartile range). Theta cordance decreased in prefrontal (PFC) and increased in central (CC) region after 10 and 30 min.
We found no significant effect on LTC and RTC. Ketamine administration induced a significant increase of total BPRS and all its
subscales after 10 and 30 min. Ketamine induced both positive and negative emotional changes in the VAS.

2p<0.05 in comparison with corresponding values in the placebo condition.

5 <0.05 in comparison with the baseline (post-hoc test for ANOVA, ANCOVA and the Wilcoxon test).

numbers of subjects reporting positive and negative
emotions in the VAS. All comparisons were two-sided
at a 0.05 level of significance. The statistical analyses
were performed using Statistica 7.1 (StatSoft, Inc.,
Czech Republic, 2005).

Results

Prefrontal theta cordance decreased on ketamine
infusion in comparison with placebo [ANCOVA:
F(2,34)=4.11, p=0.03]. The Bonferroni post-hoc test
confirmed the difference between treatments at 10
(p=0.04) and 30 min (p=0.02, Table 1, Fig. 1a). In the
central region we found the opposite course. Theta
cordance increased on ketamine infusion [F(2,34)=
6.05, p=0.006] and differed from placebo at both time
points (p=0.01 and p=0.001 respectively) (Table 1,
Fig. 1b). We did not detect a significant effect of
ketamine administration on cordance values in the left
[F(2,34)=0.29, p=0.75] and right temporal regions
[F(2,34)=3.09, p=0.06] [Table 1, Fig. 1(c, d)].
Two-way repeated ANOVA confirmed the sig-
nificant effect of both treatment and time in total
BPRS [F(2,72)=80.41, p<0.001] and in all of its
subscales: anxiety-depression [F(2,72)=32.08, p<
0.001], withdrawal [F(2,72) =46.75, p <0.001], thought
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disturbance-hallucinations [F(2,72)=84.31, p<0.001],
activation [F(2,72)=28.99, p<0.001] and hostility-
suspicion [F(2,72)=14.64, p<0.001] (Table 1). These
symptoms disappeared within 1h of post-infusion
observation, and BPRS 1 h min after the infusion did
not detect any residual symptoms (data not dis-
played). Apart from the induced psychopathology, we
did not observe any other side-effects.

In the VAS, the Wilcoxon test revealed an increase
in both positive (U=51.5, p<0.001) and negative
(U=114,0, p<0.001) emotions with ketamine com-
pared with placebo. In the ketamine session 11 sub-
jects reported a change in positive emotions, three in
negative emotions, and five in both (McNemar test,
p=0.06). Only two subjects reported any emotional
change in the placebo session, both of which were
positive (Table 1).

Neither ketamine nor its metabolite norketamine
was detectable in the placebo or in the active ketamine
session at baseline. In the case of ketamine infusion,
the serum levels increased after 10 and 30 min for
ketamine and its metabolite norketamine (Fig. 2). The
decrease in prefrontal theta cordance 10 min after the
infusion correlates with ketamine (= —0.68, p =0.005)
and norketamine (r=—0.49, p=0.47) serum levels
in the corresponding time. The correlation was not
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Fig. 1. Change in theta cordance values after placebo (—M-) and ketamine (-A-) infusion in the four regions of interest:
(a) prefrontal cordance (PFC); (b) central cordance (CC); (c) left temporal cordance (LTC); and (d) right temporal cordance
(RTC). Data are presented as mean change from baseline in theta cordance Z scores (standard error of the mean). * p <0.05 in

comparison with corresponding values in the placebo condition.
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Fig. 2. Changes in (1) ketamine and (b) norketamine serum
levels in the active session. Data are presented as means and
standard error of the mean.
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significant at 30 min for either ketamine (r= —0.1282,
p=N.s.) or norketamine (r= —0.3531, p=nN.s.). We did
not find any significant association between ketamine
or norketamine plasma level and theta cordance
calculated for other regions.

With respect to the predictive role of theta cordance
decrease in the antidepressant action, we compared
the changes in BPRS and VAS in the theta cordance
reducers and non-reducers after 10 and 30 min.
Because of the low number of subjects in the non-
reducers groups (four for the 10-min and five for
30-min time point), the generalization of these findings
is limited. In brief, the groups did not differ in keta-
mine and norketamine serum levels. After 10 min of
the infusion, non-reducers had a higher expression
of total BPRS and the subscales withdrawal, thought
disturbance-hallucinations and activation. On the con-
trary, positive emotional reactions were reported in
the VAS more often in reducers than in non-reducers
at both 10 and 30 min (Fisher’s exact test: p=0.013 and
p=0.037 respectively). Both groups also differed in the
intensity of positive emotional reaction (VAS in mm)
at 10 min (Table 2). We did not find any significant
difference between reducers and non-reducers in the
negative emotional reaction measured by the VAS
(Table 2).
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Table 2. Comparison in BPRS, VAS, ketamine and norketamine serum levels between reducers and non-reducers of theta cordance after

ketamine infusion for 10 and 30 min

10 min 30 min
Reducers Non-reducers Z Reducers Non-reducers Z
No. 16 4 14 5
Ketamine (ng/ml) 82.0 66.0 0.6 163.0 153.0 0.6
(68.5-90.0) (57.0-111.0) (119.5-220.0) (120.0-179.5)
Norketamine (ng/ml) 7.0 7.0 0.0 23.0 17.0 1.1
(4.0-8.0) (5.0-9.5) (15.5-37.5) (1.5-31.5)
BPRS total 27.0 52.02 2.7 345 38.0 0.13
(17.0-35.0) (42.0-57.0) (27.5-48.5) (17.0-57.5)
BPRS subscales
Anxiety-depression 3.5 6.0 —-1.8 4.5 3.0 1.2
(1.0-5.0) (3.0-8.0) (3.0-6.5) (3.0-4.5)
Withdrawal 7.5 17.02 —-22 11.5 16.0 —-0.2
(5.5-14.5) (13.0-22.0) (6.5-18.0) (5.0-19.5)
Thought disturbance-hallucinations 9.0 17.02 —2.6 11.0 12.0 -0.0
(6.0-11.0) (12.0-18.0) (9.0-16.0) (6.0-13.5)
Activation 49 9.0° —-21 5.0 5.0 —-0.5
(3.0-6.0) (4.0-16.0) (2.5-7.5) (2.5-15.5)
Hostility-suspicion 2.0 2.5 —-03 2.5 2.0 —0.6
(0.0-3.0) (1.0-3.0) (0.5-4.5) (0.0-5.0)
VAS positive emotions 92.5 [15] 0.0 [1]2® 24 86.5 [13] 0.0 [2]° 0.1
(50.5-100.0) (0.0-34.5) (39.5-100.0) (0.0-100.0)
VAS negative emotions 0.0 [5] 40.0 [3] —15 0.0 [6] 0.0 [2] 0.09
(0.0-26.5) (7.5-72.5) (0.0-57.5) (0.047.5)

BPRS, Brief Psychiatric Rating Scale; VAS, visual analog scale.

Data are presented as medians (interquartile range) for 10 and 30 min of infusion, VAS indicates emotional change

during all 30 min of the infusion. The numbers of subjects who reported a positive or negative emotional reaction is shown

in square brackets.
2p<0.05 (Mann-Whitney test).
> <0.05 (Fisher’s exact test).

Discussion

The main finding of our study is the decrease in pre-
frontal theta cordance and the increase in central
theta cordance during ketamine infusion. With respect
to the correlation of theta cordance with perfusion
(Leuchter et al. 1999), the ketamine-induced theta cor-
dance decrease in the prefrontal regions and the in-
crease in the central regions, as found in our study,
could reflect the opposite reaction of neuronal activity
in the anterior and central midline regions. This in-
terpretation is congruent with a recent fMRI study
that documented ketamine-induced inhibition of the
ventromedial frontal cortex (including the subgenual
part of the anterior cingulate) and increased activity in
the mid-posterior cingulate (Deakin ef al. 2008).

The clinical studies documenting a reduction in
prefrontal theta cordance are in accordance with
data demonstrating a decrease in medioprefrontal
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perfusion and metabolism in antidepressant treatment
(Mayberg et al. 1999 ; Kennedy et al. 2007). The decrease
of theta cordance precedes the response to standard
antidepressant treatment (Leuchter et al. 1997; Cook
et al. 2002, 2005; Bares et al. 2007, 2008) but not to
placebo (Leuchter ef al. 2002). Our findings support the
hypothesis that a decrease in activity in the prefrontal
cortex (detected by theta cordance) would also mediate
the antidepressant effect of ketamine.

Consistent with our observation of central theta
cordance increase, elevated centrotemporal theta cor-
dance (Cook et al. 1998) and increased metabolism in
the dorsal anterior and posterior cingulate coupled,
with a reduction in the subgenual cingulate (Mayberg
et al. 1999), were detected previously during de-
pression recovery.

Our study is the first to report that ketamine im-
mediately induces the same changes in theta cordance
as standard antidepressants do after 1 week in patients
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with depression. Ketamine reduced prefrontal theta
cordance at 30 min by 41.3 % (s.p. = 65.8). In connection
with our study confirming cordance reduction as a
predictor of response to antidepressant treatment, it is
of interest that venlafaxine responders reduced cor-
dance after 1 week by only 29.6% (s.0.=19.9) (Bares
et al. 2008).

The clinical effect of ketamine is thought to be
mediated by the blocking of NMDAR followed by
extracellular release of glutamate, which preferentially
activates glutamatergic a-aminopropionic acid recep-
tors (AMPARs) and induces their phosphorylation
(Du et al. 2006). Changes in phosphorylation of
AMPAR have been confirmed after acute ketamine
administration in the hippocampus (Maeng ef al. 2008)
and in subchronic treatment by imipramine in the
prefrontal cortex (Szabo et al. 2009). Taking together,
the effect of both ketamine and monoaminergic-based
antidepressants may be mediated by the facilitation of
AMPAR but in antidepressants this effect occurs
gradually after a series of downstream signaling steps
(Du et al. 2006).

An increase in glutamate turnover with ketamine
administration was demonstrated by magnetic reson-
ance spectroscopy in the anterior cingulate (Rowland
et al. 2005), which is, along with other ventromedial
regions, the generator of frontal theta rhythm (Asada
et al. 1999; Ishii et al. 1999; Tsujimoto et al. 2006).

Not only ketamine but also its first metabolite nor-
ketamine may contribute to the effect on theta cor-
dance because of its substantial binding to NMDARs
(Ebert ef al. 1997). The fact that the serum levels of
both ketamine and norketamine correlate with a de-
crease in prefrontal theta cordance at 10 min but not
at 30 min supports the hypothesis that the early
ketamine dose-dependent effect initiates subsequent
downstream signaling steps that are not directly re-
lated to ketamine and norketamine blood levels.

Our observation that ketamine induces a wide
range of psychotic symptoms detected by BPRS is
consistent with previous studies of ketamine in schizo-
phrenia modeling (reviewed by Bubenikova-Valesova
et al. 2008). However, the unexpected finding is that
psychotic symptoms were expressed more widely in
prefrontal theta cordance non-reducers than in re-
ducers. On the contrary, positive emotions measured
by the VAS were more pronounced in the group of
reducers. These data support the hypothesis that the
opposite reaction of prefrontal theta cordance would
discriminate between psychotogenic and euphoric
emotional reaction.

The duration of the theta cordance decrease after a
single ketamine application has not yet been studied.
With respect to the antidepressant effect, the hypoth-
esis that the AMPA-mediated effect of ketamine on
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synaptic potentiation lasts for up to 1 week should be
tested. The predictive role of prefrontal theta cordance
reduction is supported by recent findings that con-
firmed that the pretreatment activity of the anterior
cingulate correlates negatively with the clinical anti-
depressant response to ketamine infusion (Salvadore
et al. 2009). However, the predictive role of prefrontal
theta cordance needs to be tested in depressive
patients treated with ketamine.

Taken together, our data suggest that the decrease
in prefrontal theta cordance could serve as an indi-
cator of the fast antidepressant effect of ketamine,
mediated by changes in the glutamatergic system in
the medial prefrontal cortex. This assumption is par-
tially supported by the finding that prefrontal theta
cordance non-reducers did not detect a positive
emotional reaction to ketamine as the majority of
reducers did.
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