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Serotonin type-3 receptor (5-HT3R) antagonists show potential as a treatment for cognitive deficits in schizophrenia. CVN058, a
brain-penetrant, potent and selective 5-HT3R antagonist, shows efficacy in rodent models of cognition and was well-tolerated in
Phase-1 studies. We evaluated the target engagement of CVN058 using mismatch negativity (MMN) in a randomized, double-blind,
placebo-controlled, cross-over study. Subjects were stable outpatients with schizophrenia or schizoaffective disorder treated with
antipsychotics. Subjects were not permitted to use other 5-HT3R modulators or serotonin reuptake inhibitors. Each subject received
a high (150 mg) and low (15mg or 75 mg) oral dose of CVN058 and placebo in a randomized order across 3 single-day treatment
visits separated by at least 1 week. The primary pre-registered outcome was amplitude of duration MMN. Amplitude of other MMN
deviants (frequency, intensity, frequency modulation, and location), P50, P300 and auditory steady-state response (ASSR) were
exploratory endpoints. 19 of 22 randomized subjects (86.4%) completed the study. Baseline PANSS scores indicated moderate
impairment. CVN058 150 mg led to significant improvement vs. placebo on the primary outcome of duration MMN (p= 0.02,
Cohen’s d= 0.48). A significant treatment effect was also seen in a combined analysis across all MMN deviants (p < 0.001, d= 0.57).
Effects on location MMN were independently significant (p < 0.007, d= 0.46). No other significant effects were seen for other
deviants, doses or EEG measures. There were no clinically significant treatment related adverse effects. These results show MMN to
be a sensitive target engagement biomarker for 5-HT3R, and support the potential utility of CVN058 in correcting the excitatory/
inhibitory imbalance in schizophrenia.
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INTRODUCTION
Schizophrenia is a major public health problem that affects ~1% of
the population worldwide, and is associated with both positive
and negative symptoms and neurocognitive deficits [1–5].
Antipsychotics are the primary treatment for schizophrenia, but
in addition to significant side effects [6, 7], marketed antipsycho-
tics have limited efficacy for neurocognitive deficits [8], indicating
the need for alternative approaches. A key challenge in the
development of novel treatments for schizophrenia is the need for
target engagement biomarkers, which facilitate dose selection
and initial proof-of-mechanism assessment [9–15]. Here, we
evaluate the utility of auditory mismatch negativity (MMN) as a
target engagement biomarker for development of serotonin type-
3 receptor (5-HT3R) antagonists in the treatment of persistent
neurocognitive impairments in schizophrenia.
Neurocognitive impairments in schizophrenia are increasingly

conceptualized as reflecting impairments of excitatory/inhibitory

balance [16]. Excitation is mediated primarily by pyramidal
(glutamatergic) neurons acting through N-methyl-D-aspartate-type
glutamate receptor (NMDAR) and non-NMDAR glutamate recep-
tors. Inhibitory activity is modulated by several classes of
GABAergic interneurons. The most widely studied GABAergic inter-
neuron classes in schizophrenia are parvalbumin (PV) and
somatostatin (SOM) interneurons, that target primarily axons
and dendrites of pyramidal neurons, respectively.
A third class of GABAergic interneurons is distinguished by

expression of 5-HT3R. Unlike other 5-HTR [17], 5-HT3R are
ionotropic and thus mediate fast neuronal excitation [18].
5-HT3R GABAergic interneurons are further subdivided by their
expression of vasoactive intestinal peptide (VIP) and cholecysto-
kinin (CCK) [19–21]. 5-HT3R activate VIP/CCK interneurons leading
to GABA release [22, 23] and inhibition of glutamatergic pyramidal
neurons [24, 25] and SOM- and PV-expressing GABAergic
interneurons [26]. VIP/CCK interneurons are modulated by
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excitatory thalamic glutamatergic and subcortical noradrenergic,
serotonergic and cholinergic efferents [19]. Thus, inhibition of VIP/
CCK interneurons by 5-HT3R antagonists may help reverse
impairments caused by deficits in pyramidal glutamatergic and
SOM/PV interneurons [27, 28].
5-HT3R are relatively concentrated in areas important for

cognition, including the auditory cortex, hippocampus, and
amygdala [29–31]. Preclinically, 5-HT3R antagonists attenuate
neurocognitive effects induced by NMDAR antagonists such as
PCP [32] or MK-801 [33] and may also modulate glutamatergic
neurotransmission via 5-HT3R expressed on GABAergic VIP/CCK
interneurons [22, 34–36]. Moreover, olanzapine and clozapine, two
of the most efficacious antipsychotics [7], are potent antagonists
at the 5-HT3R [37, 38].
Selective 5-HT3R antagonists, most commonly ondansetron,

have also been evaluated as potential adjunctive agents to
antipsychotics with encouraging results for both total and
negative symptoms [39–42]. Several studies have also assessed
effects of 5-HT3R antagonists on cognition [43–45], finding
significant improvements in visual memory and cognitive
symptoms [46]. In general, however, 5-HT3R antagonists used to
date have been primarily tool compounds with poor non-
brainstem CNS penetrance [47], off target effects at the nicotinic
α7 receptor (nα7R) [48] and unclear in vivo target engagement.
Here, we investigate the target engagement of CVN058, a novel

brain-penetrant, highly potent and selective 5-HT3R antagonist [49].
Unlike most other 5-HT3R antagonists, CVN058 is virtually without
activity at the nα7R. CVN058 has shown efficacy in rodent models of
cognition and was safe and well-tolerated in Phase-1 studies [49].
Because several antipsychotics, especially clozapine and olanzapine,
are functional antagonists at the 5-HT3R [38, 50], we limited
enrollment to patients on antipsychotics and other psychotropics
with minimal 5-HT3R engagement (see Supplemental Table 1).
We utilized MMN as our predesignated, primary target

engagement biomarker. MMN is elicited most commonly in an
auditory oddball paradigm in which a sequence of repetitive
standard stimuli is interrupted infrequently by physically or
conceptually distinct “oddball” stimuli. In schizophrenia, deficits
in MMN are highly related to impaired early auditory processing
(EAP) and poor functional outcome [51, 52]. MMN activity maps
primarily within the theta frequency range and thus serves as a
putative index of interactions between pyramidal interneurons
and SOM-type GABA interneurons [16, 53, 54]. MMN generation is
reliably inhibited by NMDAR antagonists across human [12, 55–59],
monkey [54, 60, 61] and rodent [62, 63] models. MMN has
previously been used as a sensitive and reliable [64] measure of
target engagement for NMDAR [65–69], and to a lesser extent,
nα7R [70, 71] based compounds.
In addition, 5-HT3R antagonists are reported to improve P50

gating in schizophrenia [48, 72], which was included as an
additional exploratory target engagement measure in the present
study. Finally, we included other potential measures, including
auditory P300 and auditory steady-state response (ASSR). As
opposed to MMN, P300 reflects attention-dependent processing
primarily within higher-order brain regions, and is sensitive to
multiple neurochemical influences [73]. By contrast, ASSR is
generated within primary auditory cortex, but reflects primarily
high-frequency pyramidal to PV interneuron interactions [74].
MMN can be elicited by a range of deviant types. Deficits in

response to duration deviant stimuli are most widely replicated in
schizophrenia [75]. Duration MMN was therefore pre-registered as
the primary target engagement measure. Nevertheless, responses
to other deviant types such as location [76, 77], frequency [65–67],
and intensity [78] are also well established. These were therefore
designated as exploratory endpoints, with anticipated analysis
across deviant types.
CVN058 was tested across at low- and high-doses to evaluate

dose dependence. Doses were selected based on pharmacokinetic

scaling. A low dose of 15 mg was initially selected, but raised to
75mg after a pre-specified interim evaluation suggested lack of
engagement. The high dose remained at 150 mg throughout
the study.

MATERIALS AND METHODS
Subjects
This was a Phase 1b, randomized, placebo-controlled, double-blind, cross-
over investigation conducted at Columbia University Medical Center/New
York State Psychiatric Institute (CUMC/NYSPI). The study was approved by
the New York State Psychiatric Institute Institutional Review Board, and
conducted between November 2018 and February 2020. Written informed
consent was obtained from all participants prior to participation. The trial
protocol can be found in the Supplement.
Enrollment criteria included medically healthy male and female subjects

diagnosed with schizophrenia or schizoaffective disorder, aged 18–50,
medically stable, PANSS total score of <95 with no recent (within 4 weeks)
exposure to other investigational medications or devices.
To minimize potential pharmacological confounds, subjects were

required to be on a stable dose of risperidone, haloperidol, quetiapine,
aripiprazole, paliperidone, lurasidone or ziprasidone (all of which have a
low risk of impacting 5-HT3R) and were not permitted to be on other
5-HT3R modulators nor primarily serotonergic antidepressants (Supple-
mental Table 1).

Design
After providing informed consent, and medical/psychiatric screening to
confirm eligibility, subjects underwent a tone matching task (TMT) to
assess baseline EAP [79].
Each subject completed three treatment visits in a double-blind,

randomized order, each visit separated by a washout period of 7–10 days.
Each treatment visit included a single dose of study medication, serial PK
samples, EEG assessments and end of day ratings. We initially tested two
dose levels (15 and 150mg); after 13 subjects, the 15mg dose level
showed a lack of effect in a preplanned blinded interim analysis and was
replaced by a 75mg dose. A randomization list was produced by the study
biostatistician.
The study was conducted in accordance with Good Clinical Practice. All

ERP analyses were conducted on blinded data and all extracted values
were entered into the study database and locked prior to breaking of the
study blind. No adjustments were made to extracted values subsequent to
database lock.

Electrophysiology
The primary outcome measure was amplitude of MMN elicited by duration
deviants, with other deviants (pitch, intensity, frequency modulation,
location) and EEG measures (P50 inhibition, ASSR, and P300) exploratory
using previously described methods [70, 80, 81]. EEG collection began
~1.5 h post dose, during the expected peak serum levels.
As previously [81], for MMN, auditory stimuli consisted of a sequence of

tones presented in random order with a stimulus onset asynchrony (SOA)
of 500ms. Standard stimuli (45% sequential probability) were harmonic
tones composed of three superimposed sinusoids (500, 1000 and 1500 Hz)
100ms in duration with 5ms rise/fall time presented at ~85 dB.
Six deviants were used i.e., pitch, duration, and intensity (10%

probability each). The deviants were 10% higher in pitch, 50ms longer
in duration, 45% lower in intensity, respectively, and frequency modulated
(FM; at 2 Hz with modulation index of 300) deviant (10% probability). All
the above tones were presented binaurally with apparent location in the
center midline. Two location deviants were included (7.5% probability
each) that gave the percept of stimulus movement to the left vs. right
hemifield (named respectively as RL and LR) based on an interaural delay
time of 700 microseconds between ears in the appropriate direction. Seven
runs of 5 mins each (600 stimuli/run) were presented as the subjects
listened to the tones while watching a silent movie as a distractor. Full
details on data analysis can be found in [81].

Behavioral assessments
Symptoms were assessed with the PANSS at baseline and after each
treatment visit. The TMT was assessed at baseline. Safety was assessed with
the Columbia-Suicide Severity Rating Scale [82] at each visit.
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Pharmacokinetics
On each treatment day, plasma CVN058 level was assessed pre-dose
(within 15min prior to dosing), 1 h post-dose (pre-EEG), and 5 h post-dose
(post-EEG).

Statistical analysis
Demographics and baseline characteristics were summarized for the
overall sample using means and SDs for continuous variables, and
proportions and frequencies for categorical variables.
The predesignated primary outcome was amplitude of MMN to duration

deviants, with the predesignated primary comparison between high dose
(150mg) and placebo. Exploratory analysis was conducted across all MMN
deviants, doses and secondary EEG outcomes. The MMN for duration
deviant was measured as mean amplitude over 120–260ms interval at
electrode Fz. For frequency, intensity and FM, deviants were measured as
mean amplitude over 100–200ms interval at electrode Fz, and for location
deviants the mean amplitudes were measured for 80–130ms interval at
left hemisphere electrode FC3 and right hemisphere electrode FC4. The
predesignated primary analysis was designed to support internal
decision making by the study sponsor, and is fully described in the
supplemental statistical methods. The results of the predesignated primary
analysis are presented in Supplemental Table 2.
For the present report, additional analyses were conducted. Linear,

mixed effects models were used to accommodate correlated responses of
the five MMN deviants. This model was fit for outcomes from each of the
MMN deviants (i.e., duration, pitch, intensity, frequency modulation,
location and across deviants). Exploratory EEG (P50, ASSR, and P300) was
analyzed with repeated measure ANOVA.
Fixed factors for treatment (high dose, low dose, and placebo), sequence

order (e.g., counterbalanced order of treatment of placebo, low-dose and
high-dose CVN058), deviant-type and low dose type (15 or 75mg) were
used as appropriate. Intercept was included as a random factor in the
mixed effects model. For these analyses, the 15 and 75mg doses were
combined as low dose unless otherwise specified.
Descriptive statistics were produced for adverse events and for

plasma drug concentrations. Effect sizes for comparisons of CVN058 to
placebo use Cohen’s d. Values in text are mean ± SD. All analyses
presented in this manuscript, including Supplemental Table 2a, are two-
tailed and interpreted based on an a priori cut-off α value for significance
of p < 0.05 (two-tailed).

Power analysis
The study was powered based on previous MMN target engagement
studies [66, 67], with the planned sample size of 20 completers estimated
to provide ~80% power to detect a mean effect size of Cohen’s d= 0.5
with an error rate of alpha= 0.10.

RESULTS
Sample
Twenty-two subjects (Supplemental Fig. 1, Table 1) were
randomized and had at least one treatment visit. 19 subjects
completed all three visits, including 19 for both the placebo and
150mg doses, 13 for the 15 mg dose and 6 for the 75 mg dose.
The study was stopped after 19 completers during the COVID-19
pandemic.
Baseline PANSS (65.4 ± 12.8) scores were consistent with mild to

moderate baseline impairment. Baseline TMT scores were avail-
able for 20 subjects, with 40% exhibiting impairments [79].

MMN
In the prespecified primary analysis, high dose CVN058 (150 mg)
treatment led to a significant improvement vs. placebo for the
primary outcome of duration MMN (p= 0.02). Full results
conducted with the predesignated plan are presented in
Supplemental Table 2a.
In the mixed model analysis, high dose CVN058 (150 mg)

treatment led to a significant improvement vs. placebo for the
primary outcome of duration MMN (F1,26= 4.47, p= 0.044, d=
0.48, Fig. 1). Because this was a within subject design, the

sequence order for testing placebo, low-dose and high-dose
CVN058 was counterbalanced across individuals. There was no
significant effect of sequence order (F5,26= 1.6, p= 0.19). The
treatment by sequence order effect (F5,26= 0.9, p= 0.47) was also
not significant. Waveforms and voltage headmaps for duration
MMN are presented in Fig. 2 and for the other deviants in
Supplemental Fig. 2.
In an exploratory mixed model analysis, a highly significant

treatment effect was also seen across all MMN deviants (F1,195=
12.09, p < 0.001, d= 0.57, Fig. 3 left). When separate analyses were
performed for individual deviant types, there was also a significant
treatment effect for MMN to location (F1,91= 7.5, p= 0.007, d=
0.46, Fig. 3 right). There were no significant effects for other
deviants individually (Fig. 3 right).
When low doses were included in the model, the overall

treatment effect remained significant for duration MMN (F2,16=
9.3, p= 0.002), location MMN (F2,184= 8.6, p < 0.001) and across all
deviants (F2,408= 11.5, p < 0.001). There was no significant effect of
lower doses vs. placebo, but a trend toward significance was seen
for MMN to intensity (F1,8= 4.2, p= 0.07, d= 0.68).
No significant effects were observed on ERP responses to

standard stimuli (Supplemental Table 2b and Supplemental Fig. 3).

Other exploratory outcome measures
No significant effects were seen in the other exploratory outcome
measures (P50 gating, P300, ASSR). Full results conducted with the
predesignated plan are presented in Supplemental Table 2a.

Pharmacokinetics
CVN058 levels were assessed per schedule (Table 2), and showed
the expected dose dependent linear kinetics and compliance with
study procedures, with no detectable carry-over between treat-
ment visits.

Fig. 1 Bar graph of model estimated mean ± standard error for
Duration MMN. *p < 0.05, High dose vs. placebo in both predesig-
nated model and confirmatory mixed model analysis.
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Safety measures
No clinically significant side effects attributable to study drug were
observed, and in general, the study drug was well-tolerated. All
non-serious adverse events were mild with the exception of
abnormal blood glucose and sodium in one subject, which were
considered not related to treatment. Somnolence, dizziness,
headache, diarrhea and throat irritation were the only other side
effects reported in more than 5% in the active groups (Supple-
mental Table 3). There were no clinically significant changes in the
PANSS or vital signs (Supplemental Tables 4 and 5), nor were there
significant correlations of MMN with symptom change.
Three subjects did not complete. Two subjects withdrew

consent after treatment visit 1. One subject was removed after
treatment visit 1 after the study team’s discovery of a suicide
attempt that occurred after consent but prior to randomization
and any study treatment. The subject was hospitalized, and the
suicide attempt was noted as a serious adverse event not
considered related to study treatment.

DISCUSSION
Despite the availability of numerous FDA approved antipsychotics,
the majority of schizophrenia patients remain permanently
disabled. The principal findings of the present report are that
the novel 5-HT3R antagonist CVN058 shows both dose dependent
target engagement using MMN as a physiological readout and
improvement of MMN deficits in schizophrenia. The study thus
supports both the utility of MMN as a target engagement
biomarker and of 5-HT3R antagonists as potential novel treat-
ments for cognitive impairment in schizophrenia.
Deficits in MMN generation were first demonstrated in

schizophrenia almost 30 years ago [83]. MMN was subsequently
shown to be sensitive to effects of NMDAR antagonists both
during intracortical infusion in non-human primates and IV
infusion in healthy human volunteers. Both sets of findings have
been extensively replicated [59, 75]. In schizophrenia, MMN
deficits are strongly associated with functionally relevant EAP
deficits, characterized by elevated thresholds for detecting
physical differences in auditory stimuli. In turn, EAP deficits are
associated with cognitive deficits in more complex information
processing [79], such as reading [84, 85] or auditory emotion
recognition [86–88]. Similarly, a large cross-sectional study [89]
supports a direct link between MMN, EAP and cognition. In
previous schizophrenia studies [66, 67], improvement in MMN
have been predictive of symptomatic and cognitive improve-
ments, further supporting the clinical relevance of MMN. Thus,
agents that reverse MMN deficits in schizophrenia may be of
potential benefit in treatment both of cognitive impairments and
persistent negative symptoms, and might improve long-term
outcome.

The potential relevance of 5-HT3R for modulation of MMN is
supported by the following lines of evidence: First, 5-HT3R are
expressed prominently in areas known to generate MMN [90],
including the auditory cortex [30] and the medial geniculate
nucleus [91], and are integral for the regulation of basal, non-
potentiated transmission [30]. Second, 5-HT3R antagonists can
attenuate NMDAR antagonist-induced cognitive impairment pre-
clinically [32, 33] and may also modulate glutamatergic neuro-
transmission via 5-HT3R expressed on GABAergic VIP/CCK
interneurons [22, 34–36]. As recently reviewed [53], MMN is
dependent on VIP/CCK interneuron modulation of both SOM
interneurons and pyramidal neurons. As schizophrenia has
localized deficits in both SOM interneurons and pyramidal
neurons, 5-HT3R antagonists may help restore excitatory-
inhibitory balance and improve MMN [92, 93].
In this study, the effects were broadest and most robust with

the 150 mg dose, which was the highest tested dose. No
significant effect was seen at the lower doses, suggesting dose
dependent target engagement. The present results are thus
encouraging of future phase II parallel group studies with CVN058
at the 150 mg dose incorporating both clinical measures and
MMN. Further dose escalation studies may also be desirable as no
significant safety concerns emerged even at the highest dose
tested. In the FAST-FAIL approach [9–15], demonstration of target
engagement, as in the present study, validates the compound,
although it remains to be determined whether or not treatment
through this mechanism (5-HT3R antagonism) will ultimately lead
to clinical benefit.
Finally, the study provides some technical guidance in

application of MMN as a biomarker for early stage clinical trials.
Because MMN responses are based on individual stimulus
features, rather than their conjunction, adding additional deviants
to an MMN sequence does not lead to interference among
deviants. Thus, relative to 1000 Hz, 100 ms standard stimuli, a
1000 Hz, 150 ms stimulus serves as frequency “standard” even
though it serves as a duration deviant.
In general, even in “optimal” paradigms such as the one applied

here, MMN analyses are usually performed on each deviant type
individually, both by ourselves [66, 67] and others [94–96]. Our
secondary analysis suggests that a multivariate approach across
deviant types may increase sensitivity to treatment effects and
thus increase statistical power. In addition, location MMN has been
studied less extensively in schizophrenia than other MMN types,
although it has been found to be consistently reduced both in
schizophrenia [75, 76] and a clinical high risk group [81]. The
finding of its significant sensitivity to CVN058 argues for location
MMN’s greater inclusion in multivariate paradigms.
In addition, speech-related stimuli also elicit MMN that are

sensitive to ketamine administration [95]. Our FM deviant
stimulus, which showed a numeric but not statistically significant

Fig. 2 Waveforms and voltage headmaps for duration mismatch negativity (MMN). Left: Duration MMN waveforms by treatment group,
with line showing the analyzed latency window. Right: Scalp topographies by treatment group, over the analyzed latency window.
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effect, may capture information related to both speech- and
emotion-related stimuli [86, 87]. In prior studies using optimal [95]
or speech-related [93] paradigms, nα7 agonists did not induce a
significant overall change in MMN amplitude, but did revert low
and high MMN amplitudes toward the mean.
Similarly, in a prior study using the same paradigm, we did not

observe any significant effect of the nα7 agonist AVL-3288 on
MMN to either individual deviants or across MMN types [70].
Similarly, a study of the nα7 agonist EVP-6124 produced
nonsignificant MMN changes in a single deviant paradigm [71].
Thus, our findings with a 5-HT3R targeted treatment are novel
relative to prior studies with nα7 agonists, and parallel prior results
with NMDAR-glycine site modulators [65–68].
Some limitations of the present report should be acknowl-

edged. Our design of three single-dose treatments on a narrow
range of concomitant medications (Supplemental Table 1)
restricted our assessments of both tolerability and efficacy to
acute effects. This design may have also limited our ability to
assess relationships between clinical changes and MMN. In prior
studies using NMDAR-glycine site modulators for 4–6 weeks, MMN
has significantly correlated with clinical improvements [65, 67].
In addition, we did not replicate previous positive P50 findings

with 5-HT3R antagonists [48, 72]. We attempted to replicate the
features of the specific device that was used in those prior studies
[48, 72], but did not use the device itself. Similarly, in a recent
study of the novel nα7R agonist AVL-3288 [70], we also did not
observe target engagement with the P50 paradigm. These
negative results thus may reflect limitations of our implementa-
tion of the P50 paradigm, rather than a more general failure of the
approach.
Enhancement of NMDAR mediated neurotransmission remains

a priority in schizophrenia drug development. The present
approach suggests that this may be accomplished in part through
restoration of excitatory-inhibitory balance among different
interneuron classes, and that 5-HT3R-expressing interneurons
may be an effective target. Overall, the present findings
encourage further studies with both CVN058 as a potential
cognition-enhancing agent and multivariate MMN as a target-
engagement biomarker. While the results were clearest for the
150mg dose, future work is required to delineate the dose

dependent target engagement and clinical effects of multiple
doses across a wider range of concomitant medications.
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