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Abstract

The discovery of ketamine as a rapid and robust antidepressant marks the beginning of a

new era in the treatment of psychiatric disorders. Ketamine is thought to produce rapid and
sustained antidepressant effects through restoration of lost synaptic connections. We investigated
this hypothesis in humans for the first time using positron emission tomography (PET) and
[*1C]UCB-J - a radioligand that binds to the synaptic vesicle protein 2A (SV2A) and provides an
index of axon terminal density. Overall, we did not find evidence of a measurable effect on SV2A
density 24 hours after a single administration of ketamine in non-human primates, healthy controls
(HCs), or individuals with major depressive disorder (MDD) and/or posttraumatic stress disorder
(PTSD), despite a robust reduction in symptoms. A post-hoc, exploratory analysis suggests that
patients with lower SV2A density at baseline may exhibit increased SV2A density 24 hours after
ketamine and that this increase in SV2A was associated with a reduction in depression severity, as
well as an increase in dissociative symptoms. These initial findings suggest that a restoration of
synaptic connections in patients with lower SV2A at baseline may underlie ketamine’s therapeutic
effects, however this needs replication in a larger sample. Further work is needed to build on these
initial findings and further establish the nuanced pre- and post-synaptic mechanisms underpinning
ketamine’s therapeutic effects.
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Introduction

The discovery that ketamine has rapid and robust antidepressant effects is arguably the
biggest breakthrough in Psychiatry in recent decades®. Given the pervasive suffering and
burden associated with major depressive disorder (MDD) and post-traumatic stress disorder
(PTSD)?, along with the limitations of traditional monoaminergic-based treatments in terms
of efficacy and speed of action3, the importance of this breakthrough cannot be overstated.
It paves the way for a new age of rapidly acting pharmacological treatments for psychiatric
disorders. Crucial to this endeavor is understanding the mechanisms underlying the rapid
and sustained antidepressant effects of ketamine.

Ketamine is a non-competitive A-methyl-D-aspartate (NMDA) glutamate receptor
antagonist. Its discovery as an antidepressant was born out of a shift in focus from the
monoamine to the glutamate system, as well as a shift away from simple neurochemical
explanations to an emphasis on changes in intrinsic circuitry and plasticity*®. In a seminal
study, the robust, rapid (within 4 hours) and sustained (up to 1 week) antidepressant effects
of an intravenous infusion of ketamine were observed for the first timeS. Since then,

this finding has been replicated multiple times in placebo-controlled studies’ 8 and the
S-enantiomer of ketamine, in the form of a nasal spray, was FDA approved for treatment-
resistant depression in March 20199 and for depression associated with increased suicide
risk in August, 2020. Ketamine has also shown promise in treating PTSD1%.11 and bipolar
disorder12:13,

A decade of research has substantially advanced our understanding of the mechanisms
underlying ketamine’s therapeutic effects. A wealth of preclinical research now points to
the fundamental process underlying ketamine’s antidepressant effects being an increase in
synaptic connections4. This discovery fits with convergent evidence implicating a loss

of synaptic connections in mood-related circuitry as a central pathophysiological process
underlying depression and other stress-related disorders, such as PTSD1%16. For example,
magnetic resonance imaging (MRI) studies demonstrate lower grey matter volume and
disrupted functional connectivity in prefrontal cortical (PFC) and limbic regions in both
MDD17:18 and PTSD19 20, and post-mortem work indicates a lower number of synapses

in the dorsolateral PFC (dIPFC) of depressed individuals, as well as lower density of
synaptic signaling proteins2L. Further, in the first study of its kind, we used positron
emission tomography (PET) to provide the first direct /7 vivo evidence that lower synaptic
density is associated with depression?? (detailed below). Finally, a vast preclinical literature
demonstrates that chronic stress leads to synaptic loss in PFC regions and depressive-like
behaviorl423-28,

Administration of ketamine is thought to restore these lost synaptic connections. Pioneering
preclinical work carried out by Duman et al. indicates that administration of ketamine
reverses the synaptic loss and depressive-like behavior induced by chronic stress5:29:30,
Specifically, ketamine induces a rapid antidepressant behavioral response that correlates
with the number and function of layer V pyramidal dendritic spine synapses in the PFC23.28,
Subsequent mechanistic research has shown that ketamine initiates a cascade of events that
result in synaptic plasticity3!. Specifically, blockade of NMDA receptors and a subsequent
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disinhibition of glutamatergic neurons triggers a surge in glutamate release32-34, followed
by increased activation of the AMPA receptor3. A series of post-synaptic signaling events
then occur, including release of brain derived neurotrophic factor (BDNF) and activation

of mammalian target of rapamycin complex 1 (mTORC1) signaling, both of which are
associated with upregulation of synaptic proteins and, ultimately, synaptogenesis23:28:36.37,
Convergent evidence indicates that synaptic deficits observed in stress-related disorders may
be precipitated by reduced neurotrophic and mTORC1 signaling38:39. Ketamine therefore
appears to be restoring the very mechanisms which underlie synaptic deficits in models of
stress, including depression. Indeed, recent /in vivo work indicates that ketamine regrows the
dendritic spines lost to stress in a targeted manner. Specifically, using two-photon imaging,
Moda-Sava et al. showed that stress-induced depressive-like behavior was associated with
targeted elimination of postsynaptic dendritic spines on PFC projection neurons and,
importantly, that ketamine reversed these effects by selectively rescuing these ‘lost’ spines®C.
The preclinical evidence that ketamine can restore lost synaptic connections and reverse
depressive-like behavior in chronic stress models now appears beyond doubt. The effects of
ketamine on synaptic plasticity in humans, however, is less clear, and translating this work
into humans is crucial.

In vivoimaging of synaptic density is now possible using PET and [11C]JUCB-J - a
radioligand that binds to the synaptic vesicle protein 2A (SV2A)4L. SV2A is ubiquitously
located in synapses throughout the brain?2, and can therefore serve as a proxy for the
quantification of synaptic density, specifically the density of presynaptic nerve terminals. We
previously showed that lower SV2A density is associated with depression severity across
individuals with MDD and PTSD, providing the first /n vivo confirmation of lower SV2A
density in relation to depression in humans?2. Importantly, we showed that only those MDD/
PTSD individuals with more severe depression exhibited lower SV2A density. Given that
ketamine appears to restore eliminated dendritic spines in a homeostatic fashion®?, it is
possible that the same is true for the presynaptic terminals. Whether ketamine is able to
restore ‘lost’ presynaptic terminals, and whether this is associated with an antidepressant
response, is unknown. To address this gap, we used [1CJUCB-J PET to determine the
effects of ketamine on SV2A density across healthy comparison control (HC), MDD

and PTSD individuals. The peak antidepressant effect of ketamine is seen 24 hours post
administration, with sustained effects lasting 1-2 weeks*3. We therefore imaged participants
at baseline and 24 hours post ketamine infusion (0.5mg/kg over 40mins) to determine
whether an increase in SV2A density is observable at the time of the peak clinical response.
In a parallel [21CJUCB-J PET study in rhesus macaques, we examined the effects of both
ketamine and hydroxynorketamine (HNK - a metabolite of ketamine which rapidly induces
synaptogenesis and antidepressant-like effects without psychotomimetic effects in animal
models)**, on synaptic density at 24 hours, 1 week and 4-6 weeks post-administration. This
is the first study to investigate whether ketamine induces an increase in presynaptic nerve
terminals (specifically, SV2A) in both healthy and psychiatric human populations, as well as
in non-human primates. The findings of this study provide crucial novel provide informative
data that are useful in designing future studies attempting to examine ketamine’s effects on
synaptogenesis and the potential relationship this may have to clinical measures.
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Materials and Methods

Participants

Our primary aim was to explore the effect of a single dose of ketamine on SV2A density 24
hours after administration. A total of n=9 HC HCs (mean age + SD=35.1 + 12.7; 6 men, 3
women) and n=12 clinical participants (mean age=39.9 + 11.2; 8 men, 4 women; 3 MDD, 5
MDD/PTSD, 4 PTSD) were imaged at baseline and 24 hours after ketamine administration.
Diagnosis was confirmed at screening (1 week or less prior to PET scanning) using the
Structured Interview for DSM-5. Participants with MDD or MDD and comorbid PTSD were
in a major depressive episode at screening. Depressive symptoms were also assessed using
the Montgomery-Asberg Depression Rating Scale (MADRS), Hamilton Depression Rating
Scale (HAMD-17) and the Beck Depression Inventory (BDI) at screening and scan days.
PTSD symptoms were assessed using the PTSD checklist for DSM-5 (PCL-5; n=11) or
PCL-S (DSM-1V version; n=3). Exclusion criteria were lifetime history of bipolar disorder
or schizophrenia, substance use disorder except for tobacco use disorder in the past 12
months, positive urine toxicology or pregnancy test before any scan, significant medical
condition, loss of consciousness for more than 5 minutes over lifetime, and contraindications
to MRI or PET scanning. Exclusion criteria were the same for the HC group except for

the addition of current, history of, or first-degree family history of any DSM-5 disorder,

not including tobacco use disorder. The study was approved by Yale University Human
Investigation and Radioactive Drug Research Committees. All participants provided written
informed consent before inclusion.

Ketamine administration

Racemic ketamine was obtained from the Yale—-New Haven Hospital Pharmacy and
administered intravenously by constant infusion over 40 minutes at a dose of 0.5mg/kg,
which has consistently been shown to have robust and rapid antidepressant effects’ 8, and

is typically used clinically. The amount of ketamine administered was similar across groups
(Table 1). Vital signs (blood pressure and heart rate) were obtained before, during and after
ketamine infusion. The effects of ketamine on participants’ mental state were subjectively
assessed using the Clinician Administered Dissociative State Scale (CADSS)* before, 30
minutes after the start of ketamine infusion, and 2 hours after ketamine administration.

The HAMD-1746, MADRS#’, and BDI48 were used to assess participants’ mood at
screening, at baseline scan, immediately after ketamine infusion and 24 hours after ketamine
administration (as well as 1 week and 1 month post-ketamine for clinical participants).

Magnetic Resonance Imaging

T1-weighted MRI scans were acquired on 3-Tesla Siemens Prisma scanner. A high
resolution, three-dimensional magnetization prepared rapid acquisition gradient echo
(MPRAGE) T1-weighted sequence was used to exclude structural abnormality and for co-
registration with PET images (TR=1500ms, TE=2.83ms, FOV=256 x 256mm?, matrix=256
x 256mm?, slice thickness=1.0mm without gap, 160 slices, voxel size 1.0 x 1.0 x 1.0mm3).
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Positron Emission Tomography

[11C]JUCB-J was synthesized onsite and administered intravenously as a bolus over 1 min
using an automated infusion pump (Harvard PHD 22/2000, Harvard Apparatus). Details

of radiotracer synthesis are outlined in Supplementary Methods. Participants were scanned
on a high-resolution human brain PET camera, the High Resolution Research Tomograph
(HRRT). All PET imaging and measurement of the metabolite-corrected arterial input
function was performed according to previously described procedures?149, and outlined in
Supplementary Methods. Participants received a baseline [11C]JUCB-J scan, after which they
were administered ketamine. Participants then returned 24 hours later for their post-ketamine
scan.

Image analysis

The primary outcome measure was total volume of distribution (V4), computed
parametrically based on 60 minutes of data using the 1 tissue (1T) compartment model and
a metabolite-corrected arterial input function, as validated previously#°. Distribution volume
(V4) is the tissue-to-plasma concentration ratio at equilibrium and reflects total uptake
(specific plus nonspecific binding) of the radioligand. The 0-10 minute parametric V4 image
was registered to each participant’s T1-weighted MRI using a rigid mutual information
algorithm, then registered to a template MRI in MNI space using Bioimagesuite (http://
bioimagesuite.yale.edu; version 2.5) and nonlinear transformations. Regions of interest were
derived from the Automated Anatomical Labeling (AAL) atlas and applied to the parametric
images using the combined transformations from template to PET space. A priori ROIs were
dIPFC, ACC and hippocampus. PET images were grey matter masked using segmentations
derived from the computational anatomy toolbox for SPM12 (Wellcome Department of
Cognitive Neurology).

Non-human primate imaging
Four female rhesus monkeys (Macaca mulatta; mean = SD age=10.8 + 2.50 yrs;
weight=8.50 + 1.54 kg) were given two sets of [L1CJUCB-J PET scans; a) after
administration of ketamine and b) after administration of hydroxynorketamine (HNK).
Animals were imaged at baseline, then after a 2-week period were given an intramuscular
(IM) bolus injection of ketamine at a 0.75mg/kg dose. They were then imaged 24-hours
and 1-week after ketamine administration. After a 1-2 month washout period, animals
were given a second baseline scan. After a further 2 weeks’ period, they were given an
IM injection of HNK at either a 1.5mg/kg dose (first 2 monkeys), or a 3mg/kg dose
(second 2 monkeys). The animals were then imaged 24-hours, 1-week and 1-month after
HNK administration. Due to a change in sedation regimen after the first baseline scan (to
the regimen described above), the second baseline scan was used as comparison data for
assessing SV2A density after both ketamine and HNK administration in all animals.

The animals were fasted overnight prior to each PET scan. They were sedated using IM
injections of alfaxone (2mg/kg), dexmedetomidine (0.01mg/kg) and midazolam (0.3mg/kg)
approximately 2 hours before each PET scan, and anesthesia was subsequently maintained
with isoflurane (1.5%-2.5%). A water-jacket heating pad was used to maintain body
temperature. Vital signs (heart rate, blood pressure, respirations, EKG, ETCO2 and body
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temperature) were continuously monitored. Radiotracer synthesis was the same as for the
human study, outlined in Supplementary Methods. Dynamic PET scans were performed over
120 mins on a Focus-220 PET scanner (Siemens Preclinical Solutions) and arterial blood
samples were collected for generation of the metabolite-corrected arterial input function, as
described previously®0. Outcome measure was V1 calculated regionally using the 1-tissue
compartment model. Regions of interest were derived from a) manual delineation on a
single representative anatomic rhesus monkey MR image registered to a template image and
b) the INIA19 primate brain template®l. Registration parameters were used to apply the
ROIs to individual PET scans, as described previously®2. The primary ROIs were middle
frontal gyrus (INIA19 template), cingulate cortex and hippocampus (manually delineated),
corresponding to the primary ROIs in the human study (dIPFC, ACC and hippocampus).

Statistical analysis was performed in SPSS v22 (IBM). Shapiro-Wilk tests indicated that the
data were normally distributed. Linear mixed-effects models were conducted to examine
the effect of ketamine on SV2A density between- and within-groups for the primary

ROIs (dIPFC, ACC and hippocampus) in the human study; and the effect of ketamine
across scans in the non-human primate study (across middle frontal gyrus, cingulate cortex
and hippocampus). In the human study, Group (HC, clinical group), Time (baseline, 24
hours post-ketamine), and Group x Time were entered as fixed factors and subject as a
random effect. Correlations between change in symptoms and change in SV2A density
were assessed using Pearson’s r. In the non-human primate study, Time (baseline, 24 hours,
1week post-ketamine/HNK) was entered as a fixed factor and subject as a random effect.
Findings were considered significant at p<0.05.

Dissociative and antidepressant effects of ketamine

Ketamine administration induced dissociative symptoms, as indicated by significant
increases on the depersonalization, derealization and amnesia subscales of the Clinician-
Administered Dissociative State Scale (CADSS) in both HC and clinical groups, consistent
with the known subjective psychotomimetic effects of ketamine>3 (Figure 1A), (HC group
- depersonalization: p=0.036, Cohen’s d=0.84; derealization: p=0.006, d=1.25; amnesia:
p=0.022, d=0.94; clinical group - depersonalization: p=0.003, d=1.12; derealization:
p<0.001, d=1.33; amnesia: p=0.054, d=0.70). These psychotomimetic effects resolved 30
mins after the infusion.

Ketamine administration also increased heart rate and blood pressure in both HC and clinical
groups (£<0.05 at multiple timepoints during infusion), as reported previously®#:55, Finally,
ketamine produced a robust antidepressant effect in the clinical group (Figure 1B; Table

1), with large reductions in depressive symptoms immediately after ketamine administration
(—-80£19%, p<0.001, d=-1.74), 24 hours (-66+24%, p<0.001, d=—2.07) and 1-week post-
ketamine (-58+28%, p<0.001, d=-2.29).
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Effect of ketamine on SV2A density 24 hours after administration

Overall, we did not find evidence of a measurable change in SV2A density ([11C]JUCB-J V%)
24 hours after ketamine administration in HC (n=9; mean change 0.5%) or clinical (n=12;
mean change 2.4%) groups across primary ROIs [HC group — dIPFC: F1 g=0.09, p=0.78;
ACC: F1 g=0.22, p=0.65; hippocampus: F1 g=0.02, £=0.89 (figure 2A); Clinical group —
dIPFC: F1 11=0.88, p=0.37; ACC: Fy 11=1.72, p=0.22; hippocampus: F1 11=2.70, p=0.13;
(Figure 2B)]. Additional regions are shown in Table S1. Further, the effect of ketamine on
SV2A density did not differ by group across dIPFC (F1 19=0.65, p=0.43), ACC (F1 19=1.38,
=0.26) or hippocampus (F1 19=0.87, p=0.34). There were no significant correlations found
between change in CADSS, depression or PTSD symptoms and change in SV2A density

in this small sample. The delivery rate of radiotracer (K;) was significantly increased after
ketamine administration across ROIs in clinical participants (all £’s<0.02) but not HCs
(Table S2).

Post-hoc analysis based on baseline SV2A stratification

As a post-hoc, exploratory analysis, the clinical group was stratified into subgroups
according to their baseline SV2A density, using a median split (n=6 in each group; Table 2).
Those with the lowest baseline SV2A density exhibited significantly lower baseline SV2A
density compared to a larger cohort of age and sex-matched HCs (n=25; 12 women, 13
men; mean age = 42.0 £ 16.4 yrs) that were imaged with identical methods as part of our
previously published work22. In this ‘SV2A deficit’ group, SV2A density was lower across
dIPFC (p=0.005), ACC (p=0.001) and hippocampus (p<0.001) (Figure 3A).

Linear mixed models showed a significant Group x Time interaction across dIPFC
(F2,18=5.85, p=0.01), ACC (F,,18=7.79, p=0.004) and hippocampus (F 1g=11.54, £=0.001).
Specifically, there was no difference in SV2A density between baseline and 24hr post-
ketamine scans in dIPFC (=1.9%, p=0.20, d=-0.22), ACC (-1.2%, p=0.73, d=-0.15) or
hippocampus (1.5%, £=0.29, d=0.18) in the ‘no SV2A deficit’ clinical group. However, in
the ‘SV2A deficit’ group, SV2A density was significantly higher 24 hours after ketamine
administration in dIPFC (8.7% higher, p=0.046, d=1.1) and ACC (10.4% higher, p=0.035,
d=1.2), and was just outside significance in the hippocampus (7.0% higher, £=0.054, d=1.0;
Figure 3B).

Further, a greater increase in SV2A density was associated with a significantly greater
reduction in depressive symptoms in the ‘SV2A deficit’ group, but not in the ‘no SV2A
deficit’ group in ACC (SV2A deficit: ~=-0.91, p=0.011; no SV2A deficit: /=-0.426,
p=0.475; Figure 3C) and dIPFC (SV2A deficit: /=—0.818, p=0.047; no SV2A deficit:
r=—0.354, p=0.554). Correlations in the hippocampus were not significant (SV2A deficit:
r=—0.678, p=0.139; no SV2A deficit: /=-0.329, p=0.589). Finally, we observed a significant
correlation between SV2A density and the derealization scores on the subscale of the
CADSS in the ACC (r=0.817, p=0.047; figure S1A), as well as between an increase in
derealization symptoms and reduction in depressive symptoms (/=—.882, p=0.020; Figure
S1B) in the “‘SV2A deficit’ but not ‘no SV2A deficit” group. It must be noted that there was
a correlation between change in 1, (the free fraction of [*1CJUCB-J in plasma) and change
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in Vg across primary ROIs in the ‘SV2A deficit” (dIPFC: r=0.91, p=0.01; ACC: r=0.88,
p=0.02; hippocampus: r=0.91, p=0.01) but not ‘no SV2A deficit’ group (all p’s >0.45).

Effect of ketamine and hydroxynorketamine (HNK) on SV2A density in non-human

primates

We examined the effect of both ketamine and HNK on [11CJUCB-J V4 in healthy rhesus
monkeys (n=4) 24 hours, 1 week and 4-6 weeks post administration (Figure 4, Table

S3). There were no significant differences in SV2A density between baseline, 24 hour
post-ketamine or 1 week post-ketamine scans in middle frontal gyrus (F; 9=0.44, p=0.66),
cingulate cortex (F29=0.17, p=0.85) or hippocampus (F; ¢=0.62, p=0.56). Further, there
were no differences in SV2A density 24 hours, 1 week or 4-6 weeks after administration

of HNK in middle frontal gyrus (F3 9=0.89, p=0.486), cingulate cortex (F3 9=1.20, p=0.364)
or hippocampus (F3 9=0.002, £=1.00). There were no significant differences in injected
radioactivity dose, mass, plasma free fraction (Table S4), or in delivery rate of [11CJUCB-J
from arterial plasma to brain tissue (Table S5), across timepoints.

Discussion

This is the first study to investigate the effect of ketamine on synaptic density (SV2A) in
humans. We did not find evidence to suggest ketamine had a detectible effect on SV2A
density 24 hours after ketamine administration, as measured with PET, in a sample of
n=12 individuals with MDD and/or PTSD or n=9 HCs. Further, we found no evidence of
a measurable effect of ketamine or its metabolite HNK in non-human primates 24 hours, 1
week or 4-6 weeks after administration of either drug.

One explanation for our findings is that in stress-related disorders such as MDD and PTSD,
synapses are lost predominantly in the postsynaptic compartment. Indeed, ketamine has been
shown to restore pruned dendritic spines®C. [11C]JUCB-J binds solely to SV2A, localized

to pre-synaptic nerve terminals, such that we cannot detect changes in the post-synaptic
compartment. Our previous data suggest that reductions in the presynaptic compartment are
limited to a subgroup of the most severely depressed individuals with MDD/PTSD?2. Here,
most of the participants were less severely depressed and the extent of presynaptic deficits
were variable.

As a post-hoc, exploratory analysis we investigated whether the extent of SV2A deficit at
baseline affected the synaptic response to ketamine. Specifically, we stratified the clinical
group according to baseline SV2A density and, in this small sample, found that ketamine
induced a significant increase in SV2A density in those with the lowest SV2A density

at baseline. Further, a greater increase in SV2A density was associated with a greater
reduction in depressive symptoms in this group with low baseline SV2A. The increase in
SV2A density was also associated with an increase in derealization symptoms (feelings of
detachment from oneself and the environment), and the increase in derealization symptoms
was in turn associated with a reduction in depression. These associations could reflect
target engagement (ketamine-induced glutamate release), leading to dissociative effects, a
subsequent elicitation of synaptogenesis and resultant antidepressant response28:56.57, The
association between symptoms of derealization and antidepressant response is in line with
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the evidence base demonstrating a link between the dissociative and therapeutic effects

of ketamine®®. While one line of thought is that ketamine’s dissociative effects mediate

the therapeutic response®?, the observation that increasing the dose beyond 0.5mg/kg
produces more dissociation but not superior clinical response, suggests that dissociation

is more closely associated with adequate dosing and target engagement than therapeutic
benefit’9. Mechanisms underlying ketamine’s dissociative effects are thought to include
distorted sensory information secondary to an imbalance in NMDA and AMPA receptor
activation and a surge in glutamate release®?. Given the dose-response relationship between
the glutamate surge, synaptogenesis and antidepressant response following ketamine
administration28:56:57 it is possible that the relationship between derealization and increased
SV2A density observed here is mediated by glutamate release. It must be noted that
although the observed associations between the antidepressant response, change in SV2A
density and symptoms of derealization follow directions as expected based on the literature
cited above, the sample size is small and replication of these findings in further studies in
humans is crucial. These findings are by no means conclusive, but we report them in order
to guide and inform future studies. The association between change in SV2A density (V1)
and change in free fraction (%) of [FCJUCB-J must also be taken into consideration and
explored in follow-up studies.

SV2A is ubiquitously and homogenously expressed in synaptic vesicles throughout the
brain#2. However, using [*1C]JUCB-J PET, we cannot delineate whether a change in SV2A
density reflects a change in synaptic density itself, or a change in either the number of
synaptic vesicles or the expression of SV2A. Indeed, one study showed that ketamine
induces changes in presynaptic machinery in rats, possibly reflecting a change in the
number of synaptic vesicles in the nerve terminals2. Further work is needed to understand
ketamine’s effects on pre-synaptic release machinery, and to unravel its effects on pre- vs.
post-synaptic mechanisms in association with its antidepressant response.

The formation and elimination of dendritic spines is a highly dynamic process, underscoring
the remarkable plasticity of the human brain83. Capturing such a dynamic process at discrete
timepoints is therefore a challenging endeavor, made even more so by the likely differential
rates of change across individuals. We imaged non-human primates 24-hours, 1-week and
4-6 weeks after administration of ketamine, as well as after administration of HNK, to

help elucidate whether an increase in SVV2A density was observable beyond the 24-hour
timepoint. The lack of change in SV2A density in healthy non-human primates imaged at
multiple timepoints post-ketamine/HNK suggests that ketamine may not be inducing a more
delayed change in the density of nerve terminals. However, this needs to be examined in
humans. It would also be informative to extend our work to examine the synaptic effects of
ketamine in models of stress and/or induced synaptic deficits in non-human primates.

Another open question is whether the timing of ketamine’s effects differs between

pre- and post-synaptic compartments. Evidence suggests that the pre- and post-synaptic
compartments do not respond to ketamine in synchrony®2. For example, the increase in
glutamate-glutamine cycling, which may reflect changes in presynaptic release machinery,
is time-limited, and may even be decreased at the 24-hour timepoint®4, such that the
major sustained change could be occurring post-synaptically. The effects of ketamine on
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glutamate release and presynaptic release machinery appears to be much more nuanced

than previously thought, with recent evidence showing that ketamine reduces glutamate
release and synaptic vesicle recycling in rodents®, in line with earlier work suggesting

that ketamine administration reduces the number of vesicles82. If ketamine reduces synaptic
vesicle recycling, we might expect to observe lower SV2A density following ketamine
administration. However, synaptic vesicle recycling is a highly homeostatic process®6, such
that the pool of synaptic vesicles may be restored 24 hours later. An important limitation

of [11CJUCB-J PET in this context is that we cannot delineate whether a change in

SV2A density reflects a change in synaptic density itself, a change in either the number

of synaptic vesicles or the expression of SV2A. Further work is needed to understand
ketamine’s effects on pre-synaptic release machinery and to unravel its effects on pre- vs.
post-synaptic mechanisms in association with its antidepressant response. Another important
consideration is sensitivity. While animal studies show that ketamine-induced increases in
synaptic proteins and density4 6740 PET is generally not as sensitive as techniques such as
Western blot analysis and two-photon microscopy®’, such that human PET imaging may not
be capable of capturing the changes detected in animal studies.

Additional limitations include; 1. The clinical subjects in this study had mild to moderate
symptom severity. Our previous data suggest that reductions in the presynaptic compartment
are limited to a subgroup of the most severely ill individuals with depression/PTSD?2,

It is possible that we would have observed a detectible signal change in more severely
depressed individuals. 2. A single dose may not be enough to induce a signal change in
humans and a full treatment course might be needed in order to detect a large enough

signal change using PET. 3. Our data indicate that the effect of ketamine on SV2A density
was highly variable. Baseline brain measures including glucose metabolism®® and gamma
power®, have been associated with differential responses to ketamine raising the possibility
of biological subtypes with differential responses to ketamine. Research building on this
work should further examine the role of a baseline functional state (e.g., including synaptic
density, metabolism, functional network organization) as predictors of the clinical response
to ketamine.

In conclusion, we did not find evidence to suggest ketamine has a detectable impact

on SV2A density in a sample of MDD and/or PTSD individuals or HCs, 24 hours

after administration, as measured by [11C]JUCB-J PET. We also observed no change

in SV2A density 24 hours, 1-week or 4-6 weeks after a single dose of ketamine in
non-human primates. However, an exploratory post-hoc analysis suggests that ketamine
may increase SV2A density in those with lower SV2A density at baseline and that the
increase in SV2A density was associated with an antidepressant response and symptoms of
derealization. This could suggest that a restoration of presynaptic terminals may contribute
to ketamine’s antidepressant effects, however this needs to explored in follow-up studies.
We add to recent evidence indicating that the mechanisms underlying ketamine’s rapid and
sustained antidepressant effects are nuanced and variable. However, we are confident that
with continued translational research, these mechanistic underpinnings will become more
completely understood and will drive forward the discovery of additional groundbreaking
psychiatric treatments.
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Figure 1. Dissociative and antidepressant effects of ketamine
A. Change in CADSS scores during ketamine administration in HCs (blue) and clinical

subjects (orange). B. MADRS scores at baseline, immediately, 24 hours and 1 week after
ketamine administration in clinical subjects.

Error bars represent standard deviation. CADSS: Clinician administered dissociative scale;
MADRS: Montgomery-Asberg Depression Rating Scale.
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Figure 2. Effect of ketamine administration on SV2A density 24 hours after administration in

HC and clinical groups

[*1C]UCB-J V4 (SV2A density) at baseline and 24-hours after ketamine administration in
HC subjects across ROIs. B. Mean parametric images of [11C]JUCB-J V4 overlaid onto MRI
for HC group’s baseline (left) and 24-hour post-ketamine scans (right) (in MNI space).

C. [*1C]UCB-J V4 (SV2A density) for HC subjects across ROIs. D. Mean parametric
images of [11CJUCB-J V4 overlaid onto MRI for clinical group’s baseline (left) and 24-hour
post-ketamine scans (right). dIPFC: dorsolateral prefrontal cortex; ACC: anterior cingulate

cortex.
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Figure 3. Ketamine-induced increase in SV2A density following ketamine in ‘SV2A deficit’ group
(post-hoc analysis)

A. Baseline SV2A density for HC (green), ‘SV2A deficit’ (red) and ‘no SV2A deficit’
(blue) groups, indicating significantly lower baseline SV2A density in ‘SV2A deficit’ vs.
HC groups. Additional comparison baseline HC data (age-and sex-matched) is included
from a separate study. B. Higher % change in SV2A density following ketamine
administration in synaptic deficit vs. HC and no synaptic deficit groups. C. Significant
negative correlation between reduction in depression severity (MADRS score) and increase
in ACC SV2A density following ketamine administration in clinical participants with (red)
vs. without (blue) a baseline SV2A deficit. Correlations were also significant in dIPFC and
hippocampus. D. Parametric V4 images for baseline and 24hr post-ketamine scans for a
representative ‘SV2A deficit’ participant with MDD/PTSD. Error bars represent standard
deviation. dIPFC: dorsolateral prefrontal cortex; ACC: anterior cingulate cortex.

* significant at p<0.05.
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Figure 4. No effect of ketamine or HNK administration on SV2A density in non-human primates
A. [1C]UCB-J V4 across primary ROIs from baseline, 24 hour and 1 week post-ketamine

scans in non-human primates (n=4) B. [11C]JUCB-J V4 across primary ROIs from baseline
and post-HNK scans (24hr, 1 week and 4-6 weeks) in non-human primates (n=4). C.
Representative SUV images overlaid onto MRI (in template space) of baseline, 24hr post-
ketamine and 1-week post-ketamine scans from a representative non-human primate.
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Demographic, clinical and radiotracer characteristics for HC and clinical groups imaged before and 24 hours

after receiving ketamine

HC (n=9) Clinical group (n=12)

Age (yrs) 35.11 (12.68) 39.91 (11.23)
Sex (m:f) 6:3 8:4
Diagnosis HC 3 MDD, 4 PTSD, 5 MDD/PTSD
No. smokers 2 5
Age at onset (yrs) - 22.4 (16.6)
Antidepressant use (n) ¢ - 3
Ketamine administered (ml) 19.23 (2.24) 21.56 (3.69)

Baseline 24hr post-ketamine Baseline 24hr post-ketamine
HAMD-17 0.88 (0.93) 0.78 (1.6) 14.08 (4.42) 5.92 (4.50) *
MADRS 0.67 (0.87) 0.78 (L.71) 18.25 (8.00) 6.67 (5.07)
BDI 0.78 (1.30) 0.89 (1.36) 21.92 (7.94) 13.75 (9.40) *
peLs? 38.39 (20.33) 32.71 (17.29)
pCL-s¢ 30.50 (7.78) 21.50 (6.36) *
Injected dose (MBq) 661.60 (69.83) 628.75 (89.00) 49050 (159.44)  533.76 (184.64)
Injected mass (ng/kg) 21.83(9.78) 16.75 (9.40) * 14.10 (11.50) 13.39 (10.42)
Free fraction (#;) 0.28 (0.03) 0.28 (0.03) 0.27 (0.02) 0.28 (0.02)
Parent fraction 30mins (%)  27.35 (5.98) 26.09 (7.49) 25.95 (8.19) 24.33 (6.16)
Parent fraction 60mins (%) 24.19 (3.36) 24.17 (6.42) 22.21 (4.95) 21.39 (4.71)
Clearance rate (L/h) 69.54 (11.00) 76.82 (16.71) 81.14 (9.73) 85.47 (19.74)

*
significantly different from baseline at p<0.05, as determined by paired-samples #tests

HAMD-17: Hamilton depression rating scale (17-item); MADRS: Montgomery-Asberg depression rating scale; BDI: Beck depression inventory

anzl subject was taking paxil, n=2 subjects were taking wellbutrin

bn:G individuals with PTSD were administered the PCL-5 (DSM-5 version)

cn:2 individuals with PTSD were administered the PCL-S (DSM-IV version).
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Demographic and clinical characteristics of patient subgroups stratified by baseline SV2A (post-hoc analysis)

‘No SV2A deficit’ ‘SV2A deficit’

clinical group (n=6) clinical group (n=6)
Age (yrs) 34.83 (7.49) 45.00 (12.62)
Sex (m:f) 5:1 3:3
Diagnosis 3 MDD/PTSD, 3 PTSD 4 MDD, 2 MDD/PTSD
No. smokers 4 2
Antidepressant use (n)a 3 0
Ketamine administered (ml) 22.02 (3.25) 21.42 (4.92)

Baseline 24hr post-ketamine Baseline 24hr post-ketamine

HAMD-17 14.00 (4.73) 6.00 (3.10)* 14.17 (4.54) 5.83 (5.91)*
MADRS 17.00 (10.04) 6.17 (4.36)* 19.50 (6.02) 7.17 (6.08)*
BDI 22.33 (8.07) 13.00 (12.60)* 21.50 (8.55) 13.00 (12.60)*
pcL.5? 43.83 (15.41) 38.00 (11.14) - -
peLos’ - - 30.5 (7.78) 21.50 (6.36)
Injected dose (MBa) 49599 (183.63)  626.97 (116.71) 48501 (148.79)  440.55 (201.31)

Injected mass (ng/kg)

Free fraction (7,

Parent fraction 30mins (%)
Parent fraction 60mins (%)

Clearance rate (L/h)

17.34 (12.97) 16.59 (8.95)
0.27 (0.02) 0.27 (0.02)
24.43 (4.08) 23.23 (4.22)
21.65 (3.94) 22.24 (4.71)
84.60 (6.60) 82.80 (17.40)

10.85 (9.88) 10.18 (11.58)
0.26 (0.02) 0.28 (0.03)
27.47 (11.19) 25.44 (7.92)
22.78 (6.14) 20.56 (5.57)
80.40 (13.20) 88.20 (23.40)

HAMD-17: Hamilton depression rating scale (17-item); MADRS: Montgomery-Asberg depression rating scale; BDI: Beck depression inventory

a . . . . . .
n=1 subject was taking paxil, n=2 subjects were taking wellbutrin

bn:6 individuals with PTSD were administered the PCL-5 (DSM-5 version)

cn=2 individuals with PTSD were administered the PCL-S (DSM-IV version).
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