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An open-label study evaluating the safety, behavioral,
and electrophysiological outcomes of low-dose
ketamine in children with ADNP syndrome
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Summary

Activity-dependent neuroprotective protein (ADNP) syndrome is a rare genetic condition associated with intellectual disability and
autism spectrum disorder. Preclinical evidence suggests that low-dose ketamine may induce expression of ADNP and that neuroprotec-
tive effects of ketamine may be mediated by ADNP. The goal of the proposed research was to evaluate the safety, tolerability, and behav-
ioral outcomes of low-dose ketamine in children with ADNP syndrome. We also sought to explore the feasibility of using electrophys-
iological markers of auditory steady-state response and computerized eye tracking to assess biomarker sensitivity to treatment. This study
utilized a single-dose (0.5 mg/kg), open-label design, with ketamine infused intravenously over 40 min. Ten children with ADNP syn-
drome ages 6 to 12 years were enrolled. Ketamine was generally well tolerated, and there were no serious adverse events. The most com-
mon adverse events were elation/silliness (50%), fatigue (40%), and increased aggression (40%). Using parent-report instruments to
assess treatment effects, ketamine was associated with nominally significant improvement in a wide array of domains, including social
behavior, attention deficit and hyperactivity, restricted and repetitive behaviors, and sensory sensitivities, a week after administration.
Results derived from clinician-rated assessments aligned with findings from the parent reports. Overall, nominal improvement was
evident based on the Clinical Global Impressions - Improvement scale, in addition to clinician-based scales reflecting key domains of
social communication, attention deficit and hyperactivity, restricted and repetitive behaviors, speech, thinking, and learning, activities
of daily living, and sensory sensitivities. Results also highlight the potential utility of electrophysiological measurement of auditory
steady-state response and eye-tracking to index change with ketamine treatment. Findings are intended to be hypothesis generating
and provide preliminary support for the safety and efficacy of ketamine in ADNP syndrome in addition to identifying useful endpoints
for a ketamine clinical development program. However, results must be interpreted with caution given limitations of this study, most
importantly the small sample size and absence of a placebo-control group.

Introduction reduced dendritic spine density, spatial learning deficits,

memory impairment, muscle weakness, and communica-
10,11

Activity-dependent neuroprotective protein (ADNP) syn-
drome (MIM: 615873) is a rare condition but a leading ge-
netic cause of intellectual disability (ID) and autism spec-
trum disorder (ASD).!® Common features include
aberrant behavior, language delays, attention deficit and
hyperactivity, sensory seeking behavior, anxiety, and sleep
disturbance.”*° Other phenotypic features are varied and
may include gastrointestinal problems, endocrine and
growth problems, hypotonia, gait abnormalities, and vi-
sual abnormalities.”> ADNP syndrome is caused by de
novo pathogenic variants in the ADNP gene, leading to
haploinsufficiency.” Over 400 genes are regulated by
ADNP, which play critical roles in brain formation and
other organ development.”” ADNP haploinsufficiency al-
ters neurodevelopment and ADNP-deficient mice show

tion problems.

Advances in understanding the pathophysiological mech-
anisms of ADNP syndrome have created important opportu-
nities for developing novel and potentially disease modi-
tying therapeutics. Using the artificial intelligence software
mediKanren,'” preclinical evidence demonstrating ADNP
induction by ketamine was uncovered and provided an op-
portunity to examine the therapeutic effect of low-dose keta-
mine in children with ADNP syndrome."*'*

Ketamine is an N-methyl-D-aspartate (NMDA) receptor
antagonist that disrupts calcium homeostasis in neu-
rons'>'® and is widely used for anesthesia. Recently, low-
dose ketamine was demonstrated to be efficacious as an
adjunctive therapy in adults with treatment-resistant
depression'’ "’ indicating therapeutic potential beyond
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Table 1. Demographic characteristics of the study population

Demographic categories Proportion or mean (SD) Range
Total N 10
Sex
Female 3/10
Male 7/10
Age: years 9.50 (2.30) 6.35-12.85
Developmental quotient
VvDQ 26.71 (15.33) 5.65-52.48
NVDQ 31.28 (16.13) 8.87-58.42
FSDQ 28.81 (15.42) 7.26-54.5
ASD 4/10
ADHD 7/10

Genetic mutation

Frameshift 6/10

Nonsense 4/10

Race and ethnicity

Hispanic/Latino 2/10
White 8/10

ASD: autism spectrum disorder; ADHD: attention deficit/hyperactivity disorder; FSDQ: full scale developmental quotient; NVDQ: nonverbal developmental quo-

tient; VDQ: verbal developmental quotient.

conventional use. In pediatric populations, ketamine is
reported to have both neuroprotective and neurotoxic
effects.”’ High-dose ketamine is believed to cause neuro-
toxicity by induction of neuronal apoptosis. However,
low-dose ketamine is extensively used for sedation and
analgesia in pediatric patients with an acceptable safety
profile.”! Studies in juvenile rats demonstrated that neuro-
toxic effects of high-dose ketamine can be prevented by
pretreatment with the ADNP fragment neuroprotective ac-
tivity peptide (NAP) in a dose-dependent manner as well as
by pretreatment with low-dose ketamine.*” Furthermore,
in vitro and in vivo treatment with low-dose ketamine
showed dose-dependent induction of ADNP in rat neurons
suggesting that neuroprotective effects of low-dose keta-
mine may be, at least in part, mediated by ADNP.'? Inter-
estingly, this mechanism also appears to be at play in colon
cancer models where ketamine-induced overexpression of
ADNP acted as a repressor of WNT signaling, inhibited tu-
mor growth, and prolonged survival.'"* This result was
further corroborated by an association between higher
expression levels of ADNP in tumor biopsies from individ-
uals with colon cancer and favorable prognosis. Based on
the potential of low-dose ketamine to induce ADNP over-
expression, we hypothesized that treatment with low-
dose ketamine would have a beneficial effect in individuals
with ADNP syndrome by compensating for ADNP
haploinsufficiency.

The goal of this study was to evaluate the safety, tolera-
bility, and behavioral outcomes of low-dose ketamine in

children with ADNP syndrome. In addition, we sought to
explore the feasibility of objective biological markers using
electrophysiological measurement of auditory steady-state
response (ASSR) and computerized eye-tracking in order to
assess sensitivity to change with treatment. ASSR has been
shown to index the balance of excitatory and inhibitory
neural systems modulated by GABAergic and glutamater-
gic activity,”>?° and it is an especially compelling poten-
tial biomarker given the mechanism of action of ketamine
and findings that ADNP haploinsufficiency may affect glu-
tamatergic neurotransmission.”®

Subjects and methods

Participants

This study was approved by the Mount Sinai Program for the Pro-
tection of Human Subjects, and all caregivers signed informed
consent. The informed consent procedure included extensive dis-
cussion of potential risks of ketamine, including sedation, head-
ache, nausea, elevated blood pressure and heart rate, and percep-
tual disturbances.”” While this study involved only a single
dose, caregivers were also informed that repeated ketamine use
has been associated with structural and functional brain
changes,”® cognitive problems, and increased inflammatory cyto-
kines.?’ Ten participants were screened, and all met criteria for in-
clusion and were enrolled between August 2020 and May 2021.
For inclusion, participants had to be 5-12 years old at the time
of informed consent and have a diagnosis of ADNP syndrome
confirmed by molecular genetic testing. All participants were
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required to have a Clinical Global Impression-Severity score of
four (moderately ill) or greater at screening. Concomitant medica-
tion, including anti-epileptic and/or behavioral medications, and
supplements were at a stable dose for at least 4 weeks before
enrollment.

Medical history and physical health were assessed through
physical examination and laboratory-based assessments,
including electrocardiography (ECG), urinalysis, and blood sam-
pling for hematology and chemistry. All participants were assessed
for ASD using gold-standard instruments, including the Diag-
nostic and Statistical Manual for Mental Disorders, Fifth Edition
(DSM-5),°° the Autism Diagnostic Observation Schedule, Second
Edition (ADOS-2),>' and the Autism Diagnostic Interview-
Revised (ADI-R).*” In addition, all participants were evaluated for
psychiatric disorders using DSM-5 diagnostic criteria and the Anx-
iety, Depression, and Mood Scale (ADAMS).** Intellectual func-
tioning was assessed using age- and developmental level-appro-
priate standardized measures; developmental quotients were
calculated as previously described in the literature.** Adaptive
functioning was measured with the Vineland Adaptive Behavior
Scales, Third Edition (Vineland-3)®° (Table 1).

Study design

This study utilized a single-dose (0.5 mg/kg), open-label design to
investigate the safety, tolerability, and behavioral outcomes of
treatment with low-dose ketamine in ten children with ADNP syn-
drome. The study was comprised of the following: (1) screening
period within the 4 weeks preceding a baseline visit; (2) baseline
visit for assessments followed by administration of study drug;
(3) clinic visits for safety, clinical outcome, and biomarker assess-
ments at day 1, week 1, 2, and 4 (Figure 1). Results were intended
to inform ketamine clinical development, endpoints, and the
design of future and larger studies in ADNP syndrome.

Study visits

Assessment of safety

All participants were evaluated for drug safety and tolerability us-
ing physical examination, laboratory assessments, and vital signs
that were monitored throughout the infusion and at all clinic
visits. Monitoring for adverse events (AEs) was conducted during
all clinic visits using the Systematic Longitudinal Adverse Events
Scale (SLAES).*®

Assessment of efficacy

Clinical outcome assessments and exploratory measures were
collected at baseline, day 1, and weeks 1, 2, and 4. Outcome assess-
ments were selected to measure ADNP core symptom domains and
included (1) parent-rated instruments, (2) clinician-rated instru-
ments, and (3) objective assessments.

a. Parent-rated questionnaires: (1) Aberrant Behavior Checklist
(ABC),*” (2) Repetitive Behavior Scale-Revised (RBS-R),*® (3)
Sensory Profile,*” (4) ADAMS,*? (5) Children’s Sleep Habits

Questionnaire (CSHQ),*’ (6) Caregiver Strain Questionnaire
(CGSQ),*! (7) Conners 3rd Edition (Conners)*?.

b. Clinician-rated measures: (1) Clinical Global Impression
Scale for ADNP syndrome (severity and improvement;
CGI-S and CGI-I),** (2) ADNP Syndrome Specific Concerns
Visual Analog Scale (Figure S1), (3) Vineland-3,*° (4) Sensory
Assessment for Neurodevelopmental Disorders (SAND),** (5)
the Beery Visual-Motor Integration, Sixth Edition (VMI-6)**;
(6) Expressive Vocabulary Test, Third Edition (EVT-3),*° (7)
Peabody Picture Vocabulary Test, Fifth Edition (PPVT-5),*’
and (8) SLAES.

c. Objective measures: (1) computerized eye tracking and (2)
ASSR.

Electroencephalogram (EEG)

EEG data were recorded at 128 electrode sites using Hydrocel
Geodesic Sensor Nets and EGI Magstim NetStation Software
version 5.4.2. Participants were seated in a dark, quiet room and
watched a silent video of their choice during data acquisition.
Auditory steady-state stimuli were presented through Presentation
software and delivered through a speaker or through Etymotic
headphones, depending on participant tolerance. In separate
blocks, participants heard a 500-ms click at either a stimulation
rate of 40 or 20 Hz. Click trains were presented 150 times each,
with an intertrial interval of 50 ms, at approximately 60 db. All
data cleaning was conducted using NetStation tools. Data were
filtered using 0.50 high-pass and 60 Hz notch filters. Data were
then referenced to the average of all electrodes, and segments
were created extending 250 ms before and 750 ms after the stim-
ulus. Data were cleaned using artifact detection; segments were
marked as bad if they contained more than 10% bad channels
(>200 pv), if they contained an eyeblink (>140 uv), or if they con-
tained eye movement (>55 pv). Channels were marked as bad if
greater than 20% of segments were marked as bad. Channels
were marked as bad for all segments if bad for greater than 20%
of segments, and they were replaced using bad channel replace-
ment tools. Wavelets were created for frequencies between 10
and 50 Hz, and time-frequency analysis was conducted in
MATLAB to extract intertrial phase coherence (ITC) at 20 and
40 Hz. ITC is a value between 0 and 1, where O reflects a random
distribution of phase angles, and 1 reflects absolute neural
synchrony.

Computerized eye tracking

Eye tracking data were captured via EyeLink 1000 plus eye tracker
in a dark, quiet room using head-free mode. Participants were
seated approximately 50 cm from the monitor and eye tracker,
and each participant completed a 13-point calibration prior to
the start of the task. A Joint Attention task was utilized to measure
attention.

Joint Attention. A series of 12 pseudo-randomized trials were
presented during which a video displays a woman seated at the
center of the frame, first looking down for 5 s, and then looking
up and turning her head to direct attention using eye gaze at either
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Table 2. Adverse events

Adverse event type N (%)
Elated/silly 5 (50)
Aggression 4 (40)
Fatigue 4 (40)
Decreased appetite 3 (30)
Anxiety 3 (30)
Increased appetite 2 (20)
Restless 2 (20)
Increased fluid intake 2 (20)
Nausea/vomiting 2 (20)
Moody/irritable 2 (20)
Dry mouth 2 (20)
Gagging/reflux 1 (10)
Self-injury 1 (10)
Loose stool 1 (10)
Difficulty falling asleep 1 (10)
Early morning wakening 1 (10)
Limping with possible pain 1(10)
Decreased fluid intake 1 (10)
Distractibility 1 (10)
Constipation 1 (10)
Increased frustration 1 (10)
Oppositional 1 (10)
Upper respiratory tract infection 1 (10)
Agitation 1 (10)

an object on the lower right or lower left of the screen for 10 s.
Average latency to saccade to the target object, proportion of trials
where the target item is looked at before the distractor, and average
proportion of time spent dwelling on the target (versus distractor)
were calculated.*®

Study drug administration

Racemic ketamine hydrochloride was administered intravenously
(IV) with an infusion pump at 0.5 mg/kg over 40 min. Dosing was
based on clinical guidelines in children,*” adults with major
depressive disorder®® and posttraumatic stress disorder,”* and re-
view of the safety literature.””>* Dosing followed a pre-fixed para-
digm according to participants’ weight. The drug substance is
commercially available and approved by the Food and Drug
Administration (FDA) as an anesthetic for children in the pro-
posed age range; an investigational new drug (IND) application
was approved by the FDA for this study (IND 147201). All prepara-
tion and packaging were performed in the Mount Sinai Research
Pharmacy. An indwelling catheter was placed, and pulse, blood
pressure, pulse-oximetry, and an ECG strip were used for contin-
uous monitoring. A pediatric anesthesiologist (RL) was present
throughout the administration of ketamine and during the recov-
ery period so that potential AEs could be evaluated and treated
promptly. Following the infusion protocol, the participant was

monitored for at least 1 hour. After a physical examination and
check of vital signs, the participant was discharged.

Data analysis
Demographic data and baseline characteristics are presented using
descriptive statistics (Table 1). Treatment emergent AE data are
summarized as frequencies and percentages (Table 2). To examine
treatment effects, Wilcoxon signed-rank tests assessed the differ-
ences in data distributions (change over time) from baseline to
week 1, week 2, and to week 4. However, our primary analysis
was to test differences between baseline and week 1. The Wilcoxon
signed-rank test is a non-parametric test and does not require the
data to follow a particular distribution; it is robust to single gross
outliers and has higher power than a t test, unless the data follow
exactly a Gaussian distribution, and then the power is very close.>*
All tests of statistical hypotheses were on the two-sided 5% level
of significance and presented together with the associated point
estimate and two-sided 95% confidence interval. Since this was
an initial proof-of-concept study to evaluate safety and identify
potential endpoints for larger controlled trials, we did not adjust
for multiple comparisons. If we were to apply methods to address
multiplicity (e.g., using Bonferroni-Holm),* none of the results
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Table 3. Caregiver-rated assessments

Mean (SD)
Assessment tool Domain Baseline Week 1 p
ABC Irritability 20.5 (13.33) 10.9 (10.6) 0.015*
Social withdrawal 9.9 (8.96) 4.2 (4.96) 0.007*
Motor stereotypies 7.8 (5.31) 4.5 (3.66) 0.007*
Hyperactivity 24.5 (14.66) 16.2 (13.35) 0.041*
Inappropriate speech 3.6 (2.88) 3.3 (2.21) 0.61
ADAMS Hyperactivity 10.1 (4.23) 6.7 (3.5) 0.05*
Depressed 2.6 (3.31) 2.1 (2.69) 0.35
Social avoidance 6.1 (4.23) 3.5(3.47) 0.018*
General anxiety 6.3 (5.96) 4.3 (4.74) 0.06
Obsessive/compulsive 2.5 (2.01) 1.6 (1.51) 0.041*
RBS-R Stereotyped 6.6 (3.31) 5.1 (4.93) 0.14
Self-injury 5.9 (4.79) 4.2 (3.49) 0.17
Compulsive 3.7 (2.75) 2.2 (1.87) 0.041*
Ritualistic 2.9 (3.63) 2.9 (2.38) 0.78
Sameness 5.6 (6.33) 4.3 (5.46) 0.27
Restricted 3.9 (3.14) 3.6 (2.37) 0.67
Overall 28.6 (17.56) 22.3 (14.28) 0.21
CSHQ Total 2.83 (0.75) 2.93 (0.82) 0.48
SSP Tactile sensitivity 26.7 (5.96) 29.7 (4.14) 0.02*
Taste smell 13.9 (5.57) 13.5 (6.7) 0.89
Movement 11 (3.4) 11.2 (4.37) 0.72
Under-responsive 18.4 (4.95) 21.1 (5.26) 0.06
Auditory filtering 18.7 (5.7) 20.9 4.2) 0.091
Low energy/weak 17.5 (5.66) 19 (6.06) 0.33
Visual/auditory 18.6 (3.2) 19.5 (3.81) 0.23
SSP total 124.8 (22.64) 134.9 (24.15) 0.022*
CGSQ Obijective strain 2.79 (1.11) 2.45 (0.99) 0.10
Subjective externalized strain 2.18 (1.11) 1.62 (0.69) 0.046*
Subjective internalized strain 3.3 (1.15) 2.7 (0.97) 0.10
Global score 8.27 (3.08) 6.77 (2.32) 0.06

(Continued on next page)
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Table 3. Continued
Mean (SD)

Assessment tool Domain Baseline Week 1 p

Conners Inattention 22.9 (3.96) 16.1 (5.65) 0.022*
Hyperactivity/impulsivity 24.6 (10.29) 16.6 (9.52) 0.028*
Learning problems 17.1 (5.99) 16.7 (6.52) 0.951
Executive functioning 13.7 (4.27) 10.6 (5.36) 0.082
Defiance/aggression 7.5 (4.74) 4.4 (3.06) 0.123
Peer relations 10.5 (5.13) 8.8 (4.49) 0.341
Conners 3 Global Index 19.2 (7.55) 13.2 (7.27) 0.038*
DSM-IV-TR ADHD Inattentive 18.9 (5) 12.4 (6.17) 0.012*
DSM-IV-TR ADHD Hyperactive-Impulsive 16.5 (8.58) 11.7 (7.24) 0.065
DSM-IV-TR Conduct Disorder 4.2 (3.39) 2.8 (2.1) 0.436
DSM-IV-TR Oppositional Defiant Disorder 6.9 (4.89) 4.2 (3.65) 0.074
Positive impression 3.8 (1.14) 3.8 (1.48) 0.739
Negative impression 1.9 (1.97) 1.2 (1.4) 0.34

Abbreviations: ABC: Aberrant Behavior Checklist; ADAMS: Anxiety, Depression and Mood Scales; ADHD: attention deficit/hyperactivity disorder; DSM-IV-TR:
Diagnostic and Statistical Manual for Mental Disorder Fourth Edition, Text Revision; CSHQ: Children’s Sleep Habits Questionnaire; CGSQ: Caregiver Strain Ques-
tionnaire; RBS-R: Repetitive Behavior Scale-Revised; SSP: Short Sensory Profile; *p < 0.05.

would reach statistical significance. SPSS was used to perform sta-
tistical analyses.

Sample size and statistical power

The sample size was not based on statistical criteria but deter-
mined by what was pragmatic and achievable for this pilot study
given that ADNP syndrome is a rare disease. However, power esti-
mates were based on a sample size of 10 individuals using baseline
to week 1 change scores. Our type I error rate («) was set at .05 and
with adequate power to detect large effects in the within-subject
analysis based on the key outcome measure of efficacy, the Clinical
Global Impressions — Improvement Scale. A large effect size was
deemed feasible based on the potentially disease modifying effects
of ketamine in ADNP syndrome. However, our primary aim was to
evaluate safety and then to detect signal of improvement.

Results

Participants ranged in age from 6 to 12 years old (mean =
9.50; SD = 2.30) and were predominantly male (7:3) (Ta-
ble 1). Ketamine was generally well tolerated, and treat-
ment emergent AEs were all mild to moderate, and no
participant required any interventions. During infusions,
no AEs were observed except for nausea and vomiting in
one participant with a history of vomiting. The most com-
mon AEs were elation/silliness in five participants (50%),
all of whom had a history of similar symptoms. Drowsiness
and fatigue were present in four participants (40%), and
two of the four had a history of drowsiness. Aggression
was likewise relatively commonly reported (40%) but pre-
sent in all affected participants at baseline. Decreased appe-
tite emerged as a new AE for three participants (30%),
increased anxiety occurred in three (30%), and irritability,

nausea/vomiting, and restlessness each occurred in two
participants (20%) (Table 2). There were no clinically sig-
nificant abnormalities in laboratory or cardiac monitoring,
and there were no serious AEs.

Ketamine was associated with nominally significant
improvement on several important measures. Here we
use “nominally” because we are not accounting for multi-
ple statistical testing. In our primary analysis examining
treatment effects at week 1, the main caregiver-rated in-
struments (Table 3) showed that ketamine was associated
with nominally significant improvement in a wide array
of domains and across multiple measures, including social
(ABC, ADAMYS) (Figure 2), ADHD symptoms (ABC,
ADAMS, Conners) (Figure 3), restricted and repetitive be-
haviors (ADAMS, RBS-R) (Figure 4), and sensory reactivity
(SSP) (Figure 5).

In secondary analyses, we examined the persistence of
treatment effects beyond week 1 and observed sustained,
nominally significant improvement at week 2 and week
4 in most domains and across caregiver (Table S1) and
clinician-based (Table S2) tools, including social (ABC,
ADAMS, VAS, Vineland-3) (Figure 2), ADHD symptoms
(ABC, ADAMS, Conners, VAS) (Figure 3), restricted and re-
petitive behaviors (ADAMS, RBS-R, VAS) (Figure 4), and
sensory reactivity (SSP, SAND) (Figure 5).

Results derived from clinician-rated assessments repli-
cated findings from the caregiver reports (Table 4). Overall,
nominally significant global improvement was evident
based on the CGI-I, in addition to clinician-based visual
analog scales reflecting key domains of social communica-
tion (Figure 2), ADHD symptoms (Figure 3), restricted and
repetitive behaviors (Figure 4), speech, thinking, and
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learning, and activities of daily living. Nominally signifi-
cant improvement was seen in sensory reactivity symp-
toms reflected by the SAND total score and the caregiver-
rated SSP (Figure 5), but not on the clinician-rated VAS.
No significant improvement was seen in sleep in either
caregiver-report or clinician-rated measures.

EEG data were collected from 10 participants at all study
time points. After data cleaning and excluding participants
with fewer than five wavelets at any time point, 7 partici-
pants were included in 40-Hz analyses, and eight partici-
pants were included in 20-Hz analyses. Average ITC at
each time point was calculated from central electrode Cz.
Results from EEG measures show that 40-Hz (gamma)
ITC significantly increased from baseline to week 1 (p =
0.05) and 20-Hz (beta) ITC significantly decreased from
baseline to week 1 (p = 0.05) (Figure 6; Table S3). No signif-
icant differences were found in gamma or beta ITC be-
tween baseline and any other time point (p > 0.1).

Eye tracking data were successfully collected from nine
participants for the Joint Attention task, but only four par-
ticipants (three male, M,ge = 9.38 = 2.32) had >25% valid
trials at all three time points and were included in analysis.
The proportion of trials in which participants made sac-
cades to the target before the distractor increased at both
day 1 (r = 0.91, p = 0.068) and week 1 (r = 0.80; p =

0.109). The proportion of time participants spent looking
at the target also increased at day 1 (r = 0.91, p = 0.068)
and week 1 (r = 0.913; p = 0.068). However, there was
no significant change in saccade latency to target from
baseline to either day 1 (r = 0.18, p = 0.72) or week 1
(r=0.37, p=0.47) (Table 5 and Table S4).

Discussion

The results of this small, but unique study are intended to
be hypothesis generating and suggest that ketamine was
generally safe and well tolerated in children with ADNP
syndrome. The most common treatment emergent AEs
were fatigue, increased aggression, elated/silly behavior,
decreased appetite, and worsening anxiety. Only one
participant experienced an adverse event (vomiting) dur-
ing the infusion; other AEs were mild to moderate in
severity, and none required intervention or changes to
the study protocol.

Nominally significant treatment effects were evident
across several domains using a wide variety of measure-
ment tools. Ketamine was associated with global improve-
ment in addition to significant improvement in specific
domains of social behavior, attention deficit and
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Top (left to right): Change from baseline to week 4 on the ABC Hyperactivity subscale, ADAMS Hyperactivity subscale, Conners Inatten-
tion domain, and Conners Hyperactivity/Impulsivity domain. Bottom (left to right): Change from baseline to week 1 on the Conners
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of Mental Disorders, Fourth Edition; ADHD: attention deficit/hyperactivity disorder; Avg: average.

hyperactivity, restricted and repetitive behaviors, and sen-
sory reactivity. No significant improvement was seen in
sleep in either caregiver-report or clinician-rated measures.
Importantly, results across clinician-rated and caregiver-
rated assessments were largely consistent.

Using ASSR, the increase in evoked gamma band oscilla-
tions at week 1 suggests an effect of ketamine related to
enhancing glutamatergic functioning, likely caused by
NMDA receptor modulation. Conversely, the decrease in
beta ITC at week 1 may be indicative of ketamine inhibit-
ing GABAergic interneurons and causing decreased GABA
concentrations.’®>® These findings may be important in
the treatment of ADNP syndrome; gamma and beta neural
oscillations are implicated in several cognitive processes,
such as working memory,””~°' in addition to sensory pro-
cessing,®” and suggest the potential of ASSR as a biomarker
of ketamine treatment response.

ADAMS Obsessive/Compulsive

RBS-R Compulsive

Findings from eye-tracking technology using the Joint
Attention task suggest a trend toward improved Joint Atten-
tion at day 1 and week 1 demonstrated by both an increase
in Joint Attention accuracy and in time spent looking at the
target. Saccade latency to the target did not change, suggest-
ing that accuracy and attention, but not speed, were sensi-
tive to treatment. Further, eye-tracking improvements
were seen within 1 day after treatment, providing prelimi-
nary evidence that this tool may be a useful biomarker to in-
dex early change in social attention with ketamine.

In ASD broadly, only one study has previously examined
the effect of ketamine. Using a placebo-controlled cross-
over design in a heterogeneous sample of affected adults,
investigators applied two fixed doses of ketamine delivered
through intranasal administration. Results suggested that
ketamine was safe, but no significant improvement in so-
cial withdrawal or other clinical outcome assessments

VAS Restricted/Repetitive Behaviors
* * *

100+
.\ 'y Y
. I & 8 75 1 6
* * * T 2 7
@ o 7 o | T 0 TTO 0 3 8
3 4 S . __ g 50+
@ Dy ;><\ Te—o @ 4 @ 9
o
2] N 5 ;\\V/ By o * 5 10
— : """" S T e e X =8 e -0 Avg.
0- — ——

Baseline Week1 Week2 Week4 Baseline Week 1 Week 2

Figure 4. Restricted and repetitive behaviors
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(Left to right) Change from baseline to week 4 on the ADAMS Obsessive Compulsive subscale, RBS-R Compulsive subscale, and the VAS
Restricted/Repetitive Behavior domain. Colored lines represent different individuals; black dotted line represents the cohort average.
Lower scores indicate improvement in each domain. ADAMS: Anxiety, Depression, and Mood Scale; RBS-R: Repetitive Behavior Domain

- Revised; VAS: Visual Analog Scale; Avg: average.
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were detected.”” However, single gene causes of ASD, such
as ADNP syndrome, represent important opportunities to
constrain ASD heterogeneity and identify a subset of indi-
viduals for targeted treatment and perhaps enhanced
response. With the exception of a single case report sup-
porting the use of risperidone (0.2 mg twice daily) for irri-
tability in a 2.5-year-old child with ADNP syndrome,®*
there have been no published treatment studies in the con-
dition to date, and there remains a large unmet need. In
addition, developing new treatments in ADNP syndrome

may eventually inform treatment development in ASD
more broadly based on common underlying molecular
pathways or shared electrophysiological profiles.

Results must also be interpreted with caution given
the small number of participants, the absence of a
placebo-control group, and the use of clinical outcome
measures that have not been well validated in ADNP syn-
drome. Furthermore, we did not adjust for multiple com-
parisons that may increase the risk of type I error. In
addition, while the potential for increased ADNP gene

Table 4. Clinician-rated assessments

Mean (SD)
Assessment tool Domain Baseline Week 1 p
CGI Severity 4.6 (0.7) 4.4 (1.07) 0.32
Improvement” 0 (0) 1.3 (0.82) 0.009*
Clinician VAS Speech 71 (21.32) 59.5 (21.66) 0.011*
Thinking and learning 78.6 (9.29) 65 (12.91) 0.007*
Attention, impulsivity, Hyperactivity 71.5 (27.69) 57.6 (26.18) 0.028*
Gross motor 36 (28.36) 34.5 (27.33) 0.32
Restricted and repetitive behaviors 65 (29.25) 58.4 (29.5) 0.027*
Social communication 57.5 (28.7) 47.4 (26.73) 0.027*
Sensory sensitivities 69.5 (15.17) 65.5 (18.63) 0.20
Activities of daily living 62.1 (27.62) 50.4 (27.09) 0.011*
Sleep 43 (40.84) 36 (33.81) 0.08
SAND Hyperreactivity 5.9 (4.93) 4.9 (4.12) 0.49
Hyporeactivity 11 (7.20) 8.9 (6.94) 0.08
Sensory seeking 20.1 (8.05) 17.7 (8.84) 0.08
Total score 37 (12.73) 31.5 (14.16) 0.025*
PPVT-5 Standard score 49 (10.96) 52.8 (17.38) 0.416
Raw score 51.1 (41.97) 56.6 (52.26) 0.859
EVT-3 (n = 6) Standard score 61.83 (13.78) 62.33 (15.29) 0.715
Raw score 51.33 (29.42) 53 (30.64) 0.463
VMI-6 (n =7) Standard score 43.57 (4.16) 44.57 (6.8) 0.317
Raw score 6.57 (4.47) 7.29 (3.99) 0.096

CGil, Clinical Global Impression Scale; SAND, Sensory Assessment for Neurodevelopmental Disorders; VAS, Visual Analog Scale; PPVT-5, Peabody Picture Vocab-
ulary Test, Fifth Edition; EVT-3, Expressive Vocabulary Test, Third Edition, VMI-6: Visual Motor Integration, Sixth Edition, *p < 0.05.
?CGl-Improvement scale change was measured from a baseline of 0 where 1 = minimally improved, 2 = much improved, and 3 = very much improved.
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Figure 6. Time-frequency maps for 20- and 40-Hz intertrial phase coherence
Grand average of time-frequency maps for 20- and 40-Hz intertrial phase coherence at Cz electrode in ADNP group at baseline, day 1,

week 1, week 2, and week 4.

expression served as the rationale for this clinical trial,
preliminary analysis revealed that the variance in expres-
sion was too high in this small sample to draw any defin-
itive conclusions. Despite these limitations, findings
from this initial pilot study clearly provide support for
continuing the ketamine clinical development program
in ADNP syndrome and identify useful endpoints for
such a program.

Future studies will employ a randomized, placebo-
controlled design and study the effects of repeated keta-
mine dosing over a longer duration of time and in a larger
cohort of participants. Future studies will also use RNA
sequencing to measure change in ADNP expression and
other genes, as well as DNA methylation analysis, which
has been previously described as relevant in ADNP
syndrome.®>°°

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.xhgg.2022.100138.
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