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Preclinical and clinical evidence has demonstrated that ketamine has rapid antidepressant effects. Studies using
pre-treatment with an AMPA inhibitor suggest that enhancing AMPA throughput is crucial to ketamine's effects,
including increases in both basal and evoked gamma power. This study sought to replicate previous findings of
increased gamma response to a somatosensory stimulus at 230 min and Day 1 in ketamine responders versus

non-responders in 31 depressed subjects and 25 healthy controls. A significant difference in peak gamma power
was seen in the depressed ketamine responders versus non-responders. These results implicate AMPA throughput
in ketamine's mechanism of antidepressant action.

1. Introduction

Preclinical and clinical studies indicate that enhanced plasticity and
synaptic potentiation are key to ketamine's rapid (within hours) anti-
depressant effects. A preclinical study (Zanos et al., 2016) demonstrated
that the metabolism of (R,S)-ketamine to (2S,6S;2R,6R)-hydro-
xynorketamine (HNK) is crucial to ketamine's antidepressant effects,
and that the (2R,6R)-HNK enantiomer produces behavioral, neuro-
physiological (gamma power increases), and cellular antidepressant-
related actions in mice. Gamma oscillations can be enhanced either
through N-methyl-D-aspartate (NMDA)-mediated disinhibition through
gamma aminobutyric acid (GABA)ergic interneurons, or AMPA
throughput on pyramidal neurons. While other NMDA antagonists in-
crease gamma power, behavioral and cellular antidepressant-related
effects are not induced by other NMDA antagonists, and thus ketamine's
effects are likely to be at least partly NMDA-independent. Pre-treatment
with an AMPA inhibitor abolishes ketamine and HNK's antidepressant
effects in animal models (Zanos et al., 2016), thus implicating AMPA
receptor (AMPAR)-mediated maintenance of synaptic potentiation as
crucial to ketamine's antidepressant mechanism. Clinically, subjects
who responded to ketamine at 230 min had significantly greater in-
creases in stimulus-evoked somatosensory cortical gamma-band re-
sponses (cortical excitability) than non-responders; results were ob-
tained six to seven hours post-infusion, far beyond the half-life of
ketamine (Cornwell et al., 2012).

This study sought to replicate our finding of increased gamma re-
sponse at 230 min and also at Day 1 in ketamine responders versus non-
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responders in a sample of 31 subjects with major depressive disorder
(MDD) and 25 healthy controls (HCs).

2. Methods

Subjects were enrolled in a double-blind, crossover trial of 0.5 mg/
kg IV ketamine versus normal saline placebo; efficacy results were
previously published (Nugent et al., 2018). Montgomery—-Asberg De-
pression Rating Scale (MADRS) (Montgomery and Asberg, 1979) scores
were obtained at both 230 min and Day 1 post-ketamine infusion, and
response to ketamine was calculated as percent change in MADRS score
from baseline (60 min pre-infusion). Six to nine hours post-infusion,
data were acquired on a CTF 275 channel system at 1200Hz using
synthetic third order gradient balancing for active noise cancellation.
During the recording, subjects received tactile stimulation on the index
finger of the left and right hands using a pneumatic stimulating device
(500 stimuli, 25 ms bursts of air at 30 psi, 2 Hz average rate of sti-
mulation), as previously described (Cornwell et al., 2012). Subjects
completed two runs of the somatosensory task, with recordings per-
formed during right- and left-hand stimulation, respectively; order was
counterbalanced. Recordings were visually inspected and trials occur-
ring during artifacts were removed. Note that not all subjects had
usable data for both right- and left-hand stimulation or for each session
(baseline, placebo, and ketamine), generally due to artifacts, technical
issues, or study withdrawal. Subjects also had a T1-weighted anato-
mical MRI, which was used to construct a multisphere headmodel. The
gamma power response (30-50 Hz) averaged over all stimuli was
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Fig. 1. A) Evoked gamma power response to a somatosensory stimulus delivered to the hand at t = 0 s. Evoked responses are shown separately for healthy control
subjects (HCs), subjects with major depressive disorder (MDD) who did not respond to ketamine infusion (MDD-NR), and subjects with MDD who showed an at least
50% reduction in their Montgomery-Asberg Depression Rating Scale (MADRS) scores at Day 1 post-ketamine infusion (MDD-R). B) The left sensorimotor cortex
region of interest (ROI) defined at the time point where the evoked response averaged over all subjects and sessions was maximal (image in radiologic orientation). C)
Scatter plot showing the difference in peak gamma power between the ketamine and placebo sessions, plotted versus percent change in MADRS score, parametrized

such that a negative percentage indicates a reduction in depressive symptoms.

projected into anatomical source space using synthetic aperture mag-
netometry (Robinson and Vrba, 1999), as implemented in the SAM
routine, to produce 3D+time datasets containing the time-locked
gamma band response to the stimulus at every voxel. Regions of interest
(ROIs) of the left and right sensorimotor cortex were created as a
thresholded mask of gamma power response to contralateral stimula-
tion at the timepoint where the average evoked gamma power response
peaked (Fig. 1A). For each subject, gamma response was averaged over
all voxels in the ROI, and the peak and latency of the peak were ex-
tracted. As a quality control measure, datasets where the latency of the
gamma response was greater than 100 ms were excluded from further
analysis.

Statistical analyses first tested whether or not MDD subjects differed
from HCs at baseline (up to several days pre-infusion). A mixed model
examining baseline differences between MDD and HC participants was
performed first, then repeated with the MDD group subdivided as re-
sponders (MDD-R, MADRS response = 50%) and non-responders
(MDD-NR) to ketamine at both 230 min and Day 1. Although prior
results (Cornwell et al., 2012) dichotomized responders using the 230-
min time point only, we analyzed subjects dichotomized by those who
responded by Day 1, as we had fewer responders at the 230-min time
point. We included the hand stimulated as a repeated factor, as it was
reasonable to expect that differences in somatosensory response might
exist between dominant and non-dominant hand stimulation.

Second, we tested the hypothesis that synaptic potentiation is cru-
cial to ketamine's antidepressant effects. A mixed model was used to
determine whether somatosensory response differed between the pla-
cebo and ketamine sessions in MDD-R versus MDD-NR subjects, using a
dichotomous variable for these groups (for both Day 1 and 230 min).
Session and hand stimulated were included as repeated measures. This
response-dichotomized analysis was performed to facilitate comparison
to prior results. To isolate drug effect and overcome the weakness of the
dichotomized analysis, the final analysis used a mixed model to
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determine whether change in power between the ketamine and placebo
sessions was related to magnitude of response to ketamine, modeled as
a continuous variable, with hand stimulated as a repeated measure.

3. Results

No significant differences in mean age or sex were observed be-
tween the MDD and HC groups (35.5 * 9.8 vs. 34.2 *+ 10.5 years;
58% vs. 64% females, respectively).

At baseline, no differences between the MDD and HC groups in peak
gamma response to the stimulus were observed, nor were differences
between MDD-R, MDD-NR, and HC responses. One subject underwent
baseline and placebo procedures but did not receive a ketamine infu-
sion, and thus could not be classified as a responder/non-responder.

Ketamine versus placebo effects were examined next. In the mixed
model examining differences between HC (N = 22) and MDD subjects
divided by response at 230 min (MDD-R, N = 6 and MDD-NR, N=24),
a significant effect was noted for session (F; 124 = 5.04, p = 0.027). In
post-hoc tests, MDD-R subjects showed significant increases in gamma
power in the ketamine session compared to the placebo session when
the right hand was stimulated (F; 121 = 4.79, p = 0.031). MDD-NR
subjects showed such increases when the left, but not the right, hand
was stimulated (F;100 = 4.68, p = 0.033). This result may have been
driven primarily by MDD-NR subjects who went on to respond at the
Day 1 time point; indeed, three of the four subjects who were non-
responders at 230 min but responders at Day 1 showed increased
gamma power in the ketamine session as compared to placebo for left
hand stimulation.

In the mixed model examining differences between healthy
(N = 22) and MDD subjects divided by response at Day 1 (MDD-R,
N = 10; MDD-NR, N = 20), a significant effect for session was similarly
observed (Fy117 = 7.53, p = 0.007). In post-hoc effect tests, the dif-
ference between ketamine and placebo sessions was significant only in
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the MDD-R group (Fi120 = 7.38, p = 0.008). Further subdividing by
hand stimulated within the MDD-R group, a significant difference in
peak gamma power was noted between sessions for right-handed sti-
mulation (Fi116 = 5.08, p = 0.026), and a trend towards a difference
was seen for left-handed stimulation (Fy;14 = 3.11, p = 0.081).

The final mixed model using response to ketamine as a continuous
variable and difference in peak response between the ketamine and
placebo sessions as the outcome measure included only subjects with
data for both ketamine and placebo sessions (17 subjects for left hand
stimulation and 20 for right). A significant interaction between hand
stimulated and antidepressant response was observed at 230 min
(F115 = 5.17, p = 0.038). Post-hoc tests showed a significant re-
lationship between gamma power response and antidepressant response
when the right hand was stimulated (t = —2.15, p = 0.041). The same
interaction using response at Day 1 was not significant (p > 0.05),
although the post-hoc test examining the relationship between gamma
power and antidepressant response when the right hand was stimulated
was significant (t = —2.17, p = 0.038). Finally, when the right hand
was stimulated, the difference in peak gamma power between the ke-
tamine and placebo sessions significantly correlated with response at
230 min (R = —0.556, p = 0.011) and at Day 1 (R = —0.571,
p = 0.009).

4. Discussion

This short report replicated prior findings that ketamine's anti-
depressant effects are related to successfully inducing synaptic po-
tentiation in the human cortex. These results add to the increasing
behavioral, neurophysiological, cellular, and molecular evidence im-
plicating AMPA throughput in ketamine's mechanism of antidepressant
action. Studies have consistently shown that altered AMPA trafficking
underlies synaptic plasticity (Kessels and Malinow, 2009) and, clini-
cally, the AMPAR antagonist perampanel was found to reduce evoked
gamma responses to visual stimuli (Muthukumaraswamy et al., 2016).
Our finding of increased synaptic response post-ketamine as compared
to post-placebo thus implicates altered AMPA signaling. Interestingly,
recent preclinical work demonstrated that while ketamine is a potent
NMDA antagonist, its mechanism of action may rely instead on the HNK
metabolite. Although the exact mechanism of action of HNK is un-
known, its behavioral effects can be abolished by pre-treatment with
the AMPAR antagonist NBQX (Zanos et al., 2016). Together, these re-
sults point to AMPAR-mediated synaptic potentiation as crucial to ke-
tamine's mechanism of action.

Limitations of the study include the small sample size and the lower
response rate to ketamine compared to the previous study. The lower
response rate, however, was likely due to the fact that this study was
placebo-controlled, unlike the prior study that used open-label keta-
mine. In addition, multiple data points were missing, which further
exacerbated issues related to the relatively small sample size. Because
of the uncertainties in spatial localization inherent to MEG, our ROI was
necessarily larger than the actual brain area activated by the task, likely
adding noise to our results. Despite these limitations, we consider this a
successful replication of the prior finding that synaptic potentiation is
crucial to ketamine's antidepressant effects. This replication study fur-
ther suggests that stimulus evoked gamma power might be a useful
cross-species biomarker for developing novel therapeutics.
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