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Abstract

Background: Posttraumatic stress disorder (PTSD) is associated with hyperarousal and stress 

reactivity, features consistent with behavioral sensitization. In this Phase 1b, parallel-arm, 

randomized, double-blind, placebo-controlled trial, we tested whether the selective low-trapping 

N-methyl-D-aspartate receptor (NMDAR) antagonist [Lanicemine (BHV-5500)] blocks expression 

of behavioral sensitization.

Methods: Twenty-four participants with elevated anxiety potentiated startle (APS) and moderate­

to-severe PTSD symptoms received 3 infusions of lanicemine 1.0 mg/ml (100 mg) or matching 

placebo (0.9% saline) (1:1 ratio), over a 5-day period. The primary outcome was change in APS 

from baseline to end of third infusion. We also examined changes in EEG gamma-band oscillatory 
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activity as measures of NMDAR target engagement and explored Clinician-Administered PTSD 

Scale (CAPS-5) hyperarousal scores.

Results: Lanicemine was safe and well-tolerated with no serious adverse events. Using Bayesian 

statistical inference, the posterior probability that lanicemine outperformed placebo on APS T­

score after three infusions was 38%. However, after the first infusion, there was a 90% chance that 

lanicemine outperformed placebo in attenuating APS T-score by a standardized effect size > 0.4.

Conclusion: We demonstrated successful occupancy of lanicemine on NMDAR using gamma­

band EEG and effects on hyperarousal symptoms (Cohen’s d=0.75). While lanicemine strongly 

attenuated APS following a single infusion, differential changes from placebo after three infusions 

was likely obscured by habituation effects. To our knowledge, this is the first use of APS in 

the context of an experimental medicine trial of a NMDAR antagonist in PTSD. These findings 

support selective NMDAR antagonism as a viable pharmacological strategy for salient aspects of 

PTSD.

INTRODUCTION

Exposure to traumatic stressors in vulnerable individuals can lead to chronic, debilitating, 

and life-threatening conditions, including suicidality, functional impairment, and increased 

susceptibility to posttraumatic stress disorder (PTSD) 1. PTSD is characterized by the 

emergence of several symptom clusters following a traumatic event, including intrusive 

memories and re-experiencing of trauma; avoidance of trauma reminders; negative 

cognitions and mood; and hyperarousal (i.e., anger outbursts, hypervigilance, exaggerated 

startle).2 Despite an estimated 8.7% prevalence of PTSD in the U.S,2 only two drugs have 

received Food and Drug Administration approval (the selective serotonin reuptake inhibitors 

paroxetine and sertraline). These drugs have small effect sizes and low remission rates.3–5. 

Thus, there is a need to develop new candidate drugs that demonstrate efficacy in the 

treatment of PTSD. The experimental therapeutics approach to early phase clinical trials 

advocated by NIMH focuses on rigorous testing of target engagement and functional activity 

prior to engaging in larger studies with traditional clinical endpoints. 6,7

Behavioral sensitization refers to a process whereby trauma-associated stressors sensitize 

behavioral, motivational, and stress systems, increasing reactivity to subsequent stressors 

even after prolonged delay. Individuals with clinically significant PTSD symptoms and 

dysregulation in the National Institute of Mental Health (NIMH) Research Domain 

Criteria (RDoC) domains of Arousal and Negative Valence Systems may have behavioral 

sensitization to repeated stressors, rendering them susceptible to recurrent depressive 

episodes and addictions.8 Preclinical studies have found that N-methyl-D-aspartate 

receptor (NMDAR) antagonists block mechanisms underlying expression of behavioral 

sensitization,9 while clinical studies with the NMDAR antagonist ketamine have reported 

rapid benefit for varied conditions associated with elevated arousal and anxious reactivity, 

including PTSD,10–12 depression,13,14 and suicidal ideation.15 While specific mechanisms 

underlying the therapeutic effects in PTSD are unclear, evidence from ketamine studies 

suggest that a transient surge in post-synaptic glutamate activation can lead to persistent 

upregulation of neurotrophic factors and increased synapse formation, reversing neuronal 

effects of stress.10,16–18
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Here, we investigated the selective NMDAR antagonist lanicemine (BHV-5500, formerly 

AZD6765) in individuals with PTSD symptoms and human laboratory evidence of 

hyperarousal. Lanicemine infusion was extensively studied in preclinical and early-phase 

clinical studies in patients with stroke, sleep apnea, and more recently, in treatment-resistant 

depression (TRD).19–21 A pharmacological fMRI study found that lanicemine impacts 

neural circuits integral to stress- and fear-related psychiatric disorders.22 While the largest 

trial to date in TRD did not significantly reduce depressive symptoms on the primary 

endpoint, in a post-hoc analyses, the 100 mg dose demonstrated efficacy in patients with 

greater depression severity and suicidal ideation.21 In contrast to other NMDAR channel 

blockers such as ketamine and MK801, lanicemine is rapidly reversible (fast off-rate) and 

“low-trapping”, properties associated with a favorable safety and tolerability profile.20

The primary hypothesis of this Phase 1b, parallel-arm, randomized, double-blind, placebo­

controlled study was that three infusions of lanicemine (100 mg delivered over 60 min) 

would block the expression of behavioral sensitization, operationalized as a pronounced 

startle response to an unpredictable aversive stimulus, in individuals with PTSD symptoms 

and exaggerated psychophysiological responses to a laboratory probe of anxiety. Anxiety­

potentiated startle (APS) was measured using the NPU (Neutral, Predictable, and 

Unpredictable) threat task, a validated probe of behavioral sensitization to contextual threat 

previously used in the context of experimental interventional studies.23–27 To measure APS, 

the change in magnitude of the eyeblink startle reflex measured during the unpredictable 

threat condition was compared to a safe no-threat condition. A previous report by Grillon 

et al.26 found that an elevated APS amplitude derived from the NPU-threat test reliably 

discriminated individuals with PTSD from healthy controls. Furthermore, pharmacological 

dissociation of responses to cued fear and contextual anxiety was observed using the NPU­

test in a repeated measures study in healthy controls.28 We thus hypothesized that relative 

to placebo, lanicemine would show normalization of the APS response following three 

treatments.

As secondary outcomes, we measured resting-state spontaneous gamma band EEG 

(resting-gamma), building on dose-related NMDAR target engagement by lanicemine in 

healthy volunteers.20 We also evaluated 40-Hz auditory steady state response (ASSR), 

a robust measure of the integrity of inhibitory interneuron synchronization implicating 

cortical NMDA receptor function.29 We hypothesized that gamma band power (resting 

and ASSR) would increase with lanicemine compared to placebo. Finally, we used the 

Clinician-Administered PTSD Scale (CAPS-5), to explore the impact of lanicemine on the 

hyperarousal symptom cluster as well as overall PTSD symptoms.

MATERIALS AND METHODS

Trial Oversight

This Phase 1b, parallel-arm, randomized, double-blind, placebo-controlled single center 

study was conducted between September 2018 and November 2019. Participants provided 

written informed consent prior to study entry. The trial protocol was approved by the 

Baylor College of Medicine (BCM) Institutional Review Board with additional local 

oversight by the Michael E. Debakey VA Medical Center (MEDVAMC) Research and 
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Development Committee. A Data Safety and Monitoring Board organized by the NIMH 

provided trial oversight, and NIMH personnel conducted on-site monitoring. Biohaven 

Pharmaceuticals provided the investigational drug (BHV-5500) and supporting data for an 

investigator-initiated IND from the FDA (IND#134304). A description of the trial protocol 

has been previously reported.30 The trial was registered at clinicaltrials.gov, NCT03166501.

Participants

Patients were recruited by advertisement or clinician referral from the greater Houston 

region. Male and female outpatients (21 to 65 years of age) were eligible for inclusion if 

they had experienced an index traumatic event, endorsed significant PTSD symptoms (as 

defined below), and had an APS T-score greater than or equal to 2.8 at screening and at 

baseline on the day of first infusion. The a priori minimum required APS T-score ensured 

that patients enrolled would have at least two standard deviations above the mean APS T­

score of healthy controls.26 No dose adjustments or modifications to existing medications or 

study drug were permitted. Complete inclusion and exclusion criteria are in Supplementary 

Materials - Section I.

Randomization, Masking, and Treatment Sessions

Following APS-T score assessment (see Primary Outcome Measure below) and CAPS-5 

(last week version), eligible patients who fasted overnight received either lanicemine or 

placebo at approximately 11:00 a.m. three times (Mon, Wed, Fri) over a 5-day period. 

The randomization list used a computer-generated random number list with a permuted 

block procedure. Only the research pharmacist and study statistician had access to the 

randomization code; clinicians, raters, and data analysts were masked to treatment group.

Twenty-four patients were randomized (1:1 ratio) to either a lanicemine solution 1.0 mg/ml 

(100 mg) or matching placebo (0.9% saline) by intravenous (IV) infusion (Supplementary 

Materials - Section II, Figure S1: CONSORT flowchart). The infusion was administered via 

an infusion pump in a volume of 100 mL at 1.67 mL/min (1.667 mg/min) over 60 min. After 

the first and third infusion, patients remained on site for at least 4.5 hours after the end of 

the infusion for APS and EEG. At each visit, a study psychiatrist assessed suicidal ideation 

and behavior using the Columbia Suicide Severity Rating Scale (C-SSRS),31 adverse events 

(AEs), and changes in concomitant medications. On Day 8, the CAPS-5 (last week version) 

was administered by telephone by the same rater who conducted the baseline CAPS-5. 

Laboratory measurements and clinical assessments were repeated 14 days following the last 

dosing day. (See Figure 1: Study Schematic).

Primary Outcome Measure

The NPU threat test follows descriptions by Schmitz and Grillon,23 and consists of neutral 

(N), predictable (P), and unpredictable (U) threat conditions (See Supplementary Materials­

Section III). Trials within these blocks are marked by the presentation of a colored shape. 

During the neutral blocks (N), subjects are not at risk. During the predictable blocks 

(P), subjects are at risk of receiving presentations of an aversive stimulus, but only when 

cued by the shape. During the unpredictable blocks (U), subjects are at risk of receiving 

presentations of the aversive stimulus throughout. Throughout the task, text at the top of 
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the screen informed subjects of the current threat contingencies. Periodic presentation of 

mild air puffs to the forehead were administered during the cues and intertrial intervals 

(ITIs) throughout the task to elicit an eyeblink startle reflex, which was recorded using 

electromyography (EMG) signals from just below the left eye. Methods of processing EMG 

signals and computing APS-T score are described in Supplementary Materials - Section III.

Secondary Outcome Measures

EEG was recorded at 4 time points (−1.5 hrs (pre-infusion), +0.5 hrs, +1.5hrs and +3.5 

hrs) on the first and third infusion days using Curry 7.0.10 software in combination with 

a SynAmps-RT 64-channel amplifier (Compumedics Neuroscan, Charlotte, NC, USA) and 

a 64-channel actiCAP (Brain Vision, Morrisville, NC, USA). Data was sampled at 1000 

Hz and filtered online between 0.1 Hz and 400 Hz. Resting state EEG was recorded as 

two 1-minute blocks with the patient’s eyes closed and open, respectively. Gamma power 

(resting-gamma) was extracted using the Welch’s power spectral density method (PSD) 32. 

Resting-gamma was computed on the relative PSD after combining eyes closed and open 

blocks. The 40Hz ASSR consisted of 100 1-second trains of 1ms duration, 80dB 1kHz 

carrier frequency clicks. Interstimulus interval was 500ms. ASSR-gamma was computed 

in the steady state period of 300 ms to 900 ms post stimulus onset and between 38Hz 

and 42Hz. Full details of preprocessing and feature extraction procedures are described in 

Supplementary Materials - Section IV.

Exploratory Outcomes

Clinical measures are considered exploratory because of the small sample size, brevity of 

the trial (3 infusions over 5 days) and the primary focus on target engagement. The clinical 

endpoint was PTSD symptom severity, using the past week CAPS-5 score, at Day 8 (3 

days after infusion #3). Three days after infusion #3 was selected as an endpoint based on 

Sanacora et al.20 who found that the trend for antidepressant effect of lanicemine peaked 

at 72 hours. We also examined individual PTSD symptom clusters, primarily focusing on 

changes in Criterion E (alterations in arousal and reactivity). In addition, we administered 

the Posttraumatic Stress Disorder Checklist (PCL-5) at baseline, Day 8 and Day 19, 14 days 

following the last dosing day.

Statistical Analysis

We performed Bayesian analyses using generalized linear modeling to provide an estimate 

of treatment effect using the formulation of the posterior probability, the probability that 

an effect exists. For the primary endpoint of change in APS from baseline to end of third 

infusion, K = 500 Monte Carlo simulations indicated a 96% chance of identifying benefit 

(i.e. a posterior probability of > 0.80 of a Cohen’s d < 0) for the 100 mg dose of lanicemine. 

Cohen’s d was calculated as d = (M1 -M2)/ S.D. where M is the mean of each condition and 

S.D is the pooled standard deviation. If we found a large probability of an effect, to provide 

sufficient evidence to inform the go-no go decision for a larger proof-of-concept clinical trial 

in the same population, we aimed to use a higher threshold (i.e., a posterior probability of 

> 0.75 of a Cohen’s d < −0.4). EEG and clinical outcomes did not use standardized effect 

sizes. The sample size justification is reported in Supplementary Materials - Section V.

Ramakrishnan et al. Page 5

Depress Anxiety. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The sample appeared comparable across baseline covariates except for baseline APS 

T-Scores, CAPS-5 Total and CAPS-5 Criterion E. Evaluation of these measures at 

later time-points as a function of treatment included the baseline index as a covariate 

such that treatment predicted the residual change score. Bayesian parameter estimates 

are taken from the posterior distribution that captures the uncertainty surrounding the 

magnitude of an effect.33 Models used weakly informative priors (b = ~Normal [µ = 0, 

σ2 = 1e3], sd and sigma = ~Student-t [µ = 0, σ2 = 1e3] to maximize the influence of the 

present data on posterior probabilities. Gaussian-distributed, dichotomous, and count 

outcomes were modeled using the Student-t distribution, the binomial distribution, and 

the negative binomial distribution. Analyses were performed in the R statistical computing 

environment34 using the packages, brms v. 2.6–035 and rstan v. 2.18.1.36

RESULTS

Subject Demographics

Table 1 summarizes the demographic and clinical characteristics of patients randomly 

assigned to receive lanicemine or placebo. The groups were generally comparable; the 

posterior probability that there was a non-zero difference between baseline CAPS-5 total 

severity scores was 0.97.

Safety and Tolerability

Supplementary Materials – Section VI, Table ST1 summarizes the adverse events. No severe 

or unexpected adverse events occurred. No patients discontinued infusions prematurely due 

to intolerability. One patient in the placebo group reported mild dissociation. Lanicemine 

was associated with modest and transient increases in systolic and diastolic blood pressure 

(See Supplementary Materials - Section VI, Table ST2). No patient experienced an increase 

in suicidal ideation or behavior, as documented by the C-SSRS.

Primary Outcome: APS

Posterior probabilities are presented for each outcome, and for each simple effect, magnitude 

and direction is described by a point estimate and 95% credible interval. Figure 2 shows the 

results from infusion #1 and #3. Controlling for pre-infusion #1 baseline levels, the posterior 

probability that the effect for APS T-score was < 0 is 0.38 (b=0.70, 95% Crl = [−4.33–

5.44], Figure 2B) after Infusion #3; lanicemine compared to placebo had a 38% chance 

of decreasing APS after Infusion #3, our primary endpoint. Following infusion #1, there 

was a 90% chance that lanicemine outperformed placebo in attenuating APS T-score by a 

standardized effect size < −0.4 (b=−0.98; 95% Crl = [−1.86 −0.08], Figure 2D). Therefore, 

APS attenuation by lanicemine at infusion #1 was no longer evident at infusion #3.

EEG results

The resting-gamma and ASSR-gamma results are shown in Figures 3 and 4, respectively. 

Analyses used pre-infusion values at infusion #1 as baseline control for all measures. There 

was an 80% chance that lanicemine increased resting-gamma at the 1.5-hour assessment (30 

min following the infusion) after infusion #3 (b=1.19; 95% Crl =[0.78–1.83], Figure 3D). 

The most robust effects of lanicemine on higher resting-gamma compared to placebo (96% 
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posterior probability) were found at the 0.5-hour assessment during infusion #1 (b=0.79; 

95% Crl =[0.40–1.19], Figure 3C), similar to the case with APS. ASSR-gamma results had a 

lower probability of a drug effect, with a 78% chance of higher ASSR-gamma in lanicemine 

than placebo at the 1.5-hour assessment at infusion #1 (b=0.90; 95% Crl = [−1.55–3.40], 

Figure 4C). See Supplementary Materials - Section X for additional exploratory EEG 

analyses, including phase locking factor (PLF) analyses.

Impact on PTSD Symptoms

At Day 8 (3 days following infusion #3, the final administration of lanicemine/placebo), 

there was a 93% chance that lanicemine reduced CAPS-5 Criterion E (hyperarousal) 

scores compared to placebo, and a 77% chance that lanicemine outperformed placebo by 

a standardized effect size > 0.4. The Cohen’s d effect size was −0.75 (Supplementary 

Materials-Section VII, Table ST3). Lanicemine was more effective than placebo in 5 of the 

6 individual items comprising the hyperarousal cluster. The clinical effect of lanicemine 

therefore persisted after the first infusion, consistent with the mechanism described 

above where a relatively transient increase in glutamatergic activity could have persistent 

behavioral effects 9 involving sensitization 37.

For CAPS-5 total score at Day 8, there was a 53% chance that lanicemine [30.8 (95% Crl = 

23.2–37.7) was more effective than placebo [31.1 (95%Crl 23.6–38)]. When controlled for 

screening CAPS-5 score, which included symptoms over the past month instead of just the 

past week, there was a 67% chance that lanicemine [30.1 (95%Crl 22.7–36.8)] reduced 

CAPS-5 total score compared to placebo [32.2 (95%Crl 24.7–38.7)]. Lanicemine was 

associated with small effect sizes for Criterion C (Avoidance) and D (Negative Alterations 

in Cognition and Mood) (Supplementary Materials - Section VII, Table ST3). Individual 

CAPS-5 total scores and Criterion E (hyperarousal) scores for Baseline, Day 8 and Day 19 

(end of study visit) are available in Supplementary Materials - Section VIII. PCL-5 scores 

are available in Supplementary Materials - Section IX. Pharmacokinetic results and methods 

are available in Supplementary Materials Section XI.

DISCUSSION

This Phase 1b study investigated whether the selective NMDAR channel blocker lanicemine 

impacted the expression of behavioral sensitization in individuals with PTSD and 

physiological evidence of hyperarousal, manifested by exaggerated APS. Three infusions 

of lanicemine (100 mg) were well-tolerated, with no serious or severe adverse events and 

no dropouts. Our primary outcome measure was negative, in that there was only a 38% 

chance that lanicemine outperformed placebo in reducing APS T-score after three infusions. 

However, we found that following a single infusion of lanicemine, relative to placebo, there 

was a strong probability of a reduction in APS. We also found a high probability of an 

increase in resting-gamma due to lanicemine during the first infusion and a high probability 

that lanicemine reduced CAPS-5 hyperarousal symptom cluster scores compared to placebo.

To our knowledge, this is the first investigation of NMDAR engagement using APS in 

human subjects. APS assesses tonic negative emotional states via activation of the bed 

nucleus of the stria terminalis (BNST), in response to a context that signals threat of 
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an uncontrollable and unpredictable aversive stimulus.38,39 The startle reflex is known to 

be modulated by hyperexcitability of the corticotropin-releasing hormone (CRH) system 

of the BNST, a component of the extended amygdala, to uncontrollable stressors.40,41 

Preclinical work has shown that behavioral sensitization, and specifically BNST reactivity 

may be mediated by NMDARs.42 NMDAR antagonists infused directly into the amygdala 

of rats demonstrated blocking of acquisition of startle in a fear potentiated acoustic startle 

protocol.43 Further, blockade of sensitization-related arousal by NMDAR antagonists is 

consistent with results in animal models44,45 on expression of the sensitized locomotor 

response. Long-lasting reduction in sensitized response to stimulants with single (8a) or 

repeated administration of NMDAR antagonist MK-801 has also been observed.37 In our 

patient sample 83.3% presented with co-morbid major depressive disorder. Depression 

can be mixed with symptoms of mania or symptoms of anxiety and are both related to 

activation and behavioral sensitization 46,47Our results demonstrated that after a single dose 

of lanicemine there was a 90% chance that APS T-score would be normalized relative to 

placebo which suggests that our outcomes could generalize to patients with activated or 

mixed depression.

Consistent with this work and our hypothesis, we observed an effect on reduction of APS 

following a single infusion of lanicemine. However, contrary to expectations, the acute 

effect on APS was not sustained following three infusions of lanicemine, possibly owing 

to habituation effects across multiple sessions. In addition to receiving the NPU task at 

screening and baseline (pre-infusion), participants underwent the task an additional three 

times over 5 days. It is known that repeated exposure to an aversive stimulus can lead to 

a reduction in the unconditioned response elicited by the stimulus, which ultimately limits 

the level of anxiety that the stimulus can maintain.48 Although the aversive auditory stimuli 

were chosen based on previous work showing sensitivity to auditory stimuli in PTSD, other 

work in different populations has shown that painful tactile stimuli, like mild shocks or 

heat pain may be less susceptible to habituation.49–51 Another possible explanation for the 

lack of lanicemine effect in the later session could be habituation to the startle stimulus 

(air puff) itself. Although the potentiated startle during the NPU task has previously been 

shown to have adequate temporal stability across sessions 52,53, it is currently unclear how 

the temporal stability in this task is affected by the modality of the noxious stimuli used 

to evoke anxiety. While studies have demonstrated that APS with low intensity air puff 

probes can sufficiently elicit startle response with less disruption of ongoing emotional and 

attentional processes,54–56 it is possible that the intensity (40 psi) was insufficient to elicit 

a reflex in all trials. Evidence from fear conditioning studies suggests that a wide variety of 

stimulus types can be used to potentiate defensive responses, but that shocks may potentiate 

startle to a greater degree when compared to auditory stimuli, and may be more resistant 

to habituation processes57,58. Future pharmacotherapy studies assessing functional target 

engagement could employ more noxious stimuli such as shocks in a repeated measures 

design28, and should explore the impact of noxious stimulus modality on the temporal 

stability of the startle responses in the NPU task.

As a secondary outcome measure, we measured EEG gamma band oscillations, which 

provide a marker of the relationship between fast-spiking parvalbumin (PV) interneurons 

and glutamatergic pyramidal neurons.59,60 Inhibition of the NMDAR channel at the 
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interneuron level alters the dynamic E/I balance within the circuit causing an extended 

state of disinhibition of excitatory pyramidal neurons.61 The increase of glutamate and 

subsequent activation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPAR)62,63 reflects a net increase in excitatory drive recorded as increased power in 

the EEG gamma band.60 In our study, we found a high probability of an increase in 

resting-gamma in the lanicemine group compared to the placebo group during the first 

infusion, controlling for baseline (pre-infusion) values. This result is consistent with a prior 

study of lanicemine in healthy volunteers20 and provides evidence of target engagement. 

Interestingly, shortly following the first infusion, there was a smaller probability of an 

increase in resting-gamma due to lanicemine, suggesting a fast normalization in synaptic 

glutamate at this dose.29 There was also a reduced probability of effect of lanicemine during 

and following the third infusion. By accounting for pre-infusion baseline prior to the first 

infusion, the results suggest a lack of sustained effect over time. While little is known on 

the longitudinal effects of NMDAR antagonists on gamma oscillatory function, one study 

using prolonged ketamine exposure demonstrated acute but not sustained enhancement of 

gamma.64

In both human and animal models, ASSR amplitude and PLF has been used to assess 

the functional integrity of neural circuits that support the synchronization during sensory 

processing.65–67 The utility of studying gamma oscillations as an indicator of clinical 

engagement is their ability to index the rapid coordination of E/I balance at both the general 

cortical level (resting) and within a specific functional context (e.g., ASSR). Whereas 

the former is useful for studying macro-level properties of the cortical system, the latter 

approach can provide insight into functional specificity that is useful as a pharmacodynamic 

biomarker for cortical NMDA function. While we would expect similar results, we found 

a smaller probability that lanicemine increased ASSR-gamma compared to resting-gamma 

following the first and third infusions. We speculate this to reflect a reduction in S/N ratio 

and evoked gamma activity due to increased baseline gamma levels.68

Hyperarousal and reactivity belong to a core symptom cluster of PTSD. In an exploratory 

analysis, we found a high probability (93%) that lanicemine reduced CAPS-5 hyperarousal 

symptom cluster scores compared to placebo, with a moderate-large effect size (Cohen’s 

d=0.75) at the rating conducted 3 days after the third infusion. There was some specificity 

for lanicemine’s impact on this cluster (Table 3), as its effects on other PTSD symptom 

clusters were either small (e.g., reexperiencing, negative alterations in cognition/mood) 

or failed to distinguish from placebo (e.g., reexperiencing). In humans, intraoperative 

administration of NMDAR antagonist ketamine may reduce PTSD risk69,70 and a single 

and repeated infusions of ketamine, compared to midazolam in patients with PTSD, resulted 

in rapid and sustained and improvement in PTSD.10–12 Our results are also consistent with 

evidence of improvement in hyperarousal symptoms in individuals with PTSD following 

treatment with low-affinity NMDAR antagonists such as memantine.71

Changes in cortical excitability72 may provide a unifying link between the EEG and startle 

findings. The reduction in probability of higher resting-gamma with lanicemine after the 

first infusion corresponded with a high chance of attenuation of APS. Recent data-driven 

approaches have shown that elevation in cortical excitability occurs during elevated state 
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anxiety, measured by APS.72 One study in healthy volunteers using inhibitory low frequency 

repetitive transcranial magnetic stimulation (rTMS) demonstrated reduction in APS.24 It is 

possible that for several hours after infusion there is a shift in cortical E/I balance towards 

increased inhibitory tone, as reflected by reduced gamma oscillatory activity, demonstrating 

a normalizing effect on hyperexcitability in PTSD patients.73 While speculative, this 

“normalization” could contribute to beneficial effects in clinical symptoms.

A limitation of the study is the lack of inclusion of stress hormonal measurements (e.g., 

cortisol) in the study design. Recent studies have found that individual differences in startle 

response could be attributed to cortisol and the sulfate ester of dehydroepiandrosterone 

(DHEA-S) levels.74 Another limitation was that the confounding effects of specific classes 

of psychotropic medications was not analyzed. While there was approximately the same 

proportion of patients in each group receiving psychotropic medications (Lanicemine = 

33.3%, Placebo = 41.7%) and no modifications were permitted to existing medications for 

the duration of the study, there is some evidence of a potential effect of psychotropics 

such as sertraline on habituation of startle response.75 Our study highlights that habituation 

effects might be occurring at the central level, however, the etiology of this is unclear. To 

establish whether changes are occurring at the central level as a result of our treatment 

regimen, future investigations should manipulate the time between infusions over a short 

period akin to what has been studied in ketamine infusion trials (e.g. 2 weeks 12,76). This 

would help to determine the optimum strategy to elicit and maintain a clinically relevant 

behavioral effect, as well as understanding the physiological state of the system during APS 

at each time point. A final limitation of our study is the lack of scope to control for the 

details of trauma exposure, or trauma-dosage. Future studies should be mindful of this to 

improve our understanding of lanicemine’s effects across different dimensions of PTSD 

experience.

In conclusion, we demonstrated preliminary evidence of novel effects of lanicemine on 

behavioral sensitization, expressed as an exaggerated startle response, a phasic autonomic 

response to sudden intense stimuli. Using changes in gamma band oscillation, we showed 

successful occupancy of NMDAR by lanicemine, and subsequent facilitation of acute 

reductions in interneuron and/or increased AMPA receptor activity. These preliminary 

findings, coupled with a robust drug effect on hyperarousal symptoms, support further study 

of selective NMDAR modulators in subgroups of PTSD and related disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Study Schematic

Ramakrishnan et al. Page 16

Depress Anxiety. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
A) APS T-score at Infusion #3 as a function of condition controlling for baseline (Infusion 

#1). Red indicates Lanicemine group and Blue indicates Placebo group. B) Bayesian results 

for APS T-score at Infusion #3 (Lanicemine vs Placebo), including the median and Credible 

Interval (Crl) of the posterior distribution as well as the posterior probability that an effect of 

treatment exists. C) APS T score as a function of Time and Group. D) Bayesian results for 

APS T-score (Lanicemine vs Placebo) at Infusion #1.
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Figure 3: 
A) resting-gamma at Infusion #1 at 0.5- and 1.5-hour measurements. Bar plots are relative 

to pre-infusion (before infusion #1 values using subtraction). Red indicates Lanicemine 

group and Blue indicates Placebo group. B) resting-gamma at Infusion #3. Bar plots are 

relative to pre-infusion values (before Infusion #1 using subtraction). C) Bayesian results for 

resting-gamma at Infusion #1 (Lanicemine vs Placebo) at 0.5- and 1.5-hour measurements, 

including the median and Credible Interval (Crl) of the posterior distribution as well as the 

posterior probability that an effect of treatment exists. Analysis controlled for pre-infusion 

values before infusion #1. D) Bayesian results for resting-gamma at Infusion #3 at 0.5- and 

1.5-hour measurements. Analysis controlled for pre-infusion values before infusion #1.

Ramakrishnan et al. Page 18

Depress Anxiety. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
A) ASSR Time Frequency plots at Infusion #1 at 0.5- and 1.5-hour measurements. Red 

indicates Lanicemine group and Blue indicates Placebo group. B) ASSR Time Frequency 

plots at Infusion #3 at 0.5- and 1.5-hour measurements. C) Bayesian results for ASSR at 

Infusion #1 (Lanicemine vs Placebo), including the median and Credible Interval (Crl) of 

the posterior distribution as well as the posterior probability that an effect of treatment 

exists. Analysis controlled for pre-infusion values before 1st infusion. D) Bayesian results 

for ASSR at Infusion #3. Analysis controlled for pre-infusion values before infusion #1.
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Table 1
Subject Demographics:

Demographic and clinical characteristics of patients randomly assigned to receive lanicemine (100mg) or 

placebo. CAPS-5, Clinician-Administered PTSD Scale, PCL-5, Posttraumatic Stress Disorder Checklist; 

MDD, Major Depressive disorder; SD, standard deviation

Characteristic Lanicemine
(n=12)

Placebo
(n=12)

Age in Years, mean (SD) 41.0 (10.8) 40.7 (7.0)

Female, n (%) 6 (50.0) 8 (66.7)

Race, Caucasian, n (%) 7 (58.3) 6 (50.0)

Veteran Status, n (%) 4 (33.0) 7 (58.3)

Criterion A Trauma, n (%)

    Combat-related 3 (25.0) 3 (25.0)

    Adult physical assault 2 (16.7) 2 (16.7)

    Adult sexual assault 3 (25.0) 3 (25.0)

    Childhood sexual assault 2 (16.7) 3 (25.0)

    Other 2 (16.7) 1 (8.3)

Mean Time since Trauma, yr. (SD) 14.5 (9.7) 17.8 (12.2)

Co-morbid MDD, n (%) 9 (75.0) 11 (91.7)

Psychotropic Medications, n (%) 4 (33.3) 5 (41.7)

Baseline CAPS-5 (past week), mean (SD) 44.8 (10.1) 52.4 (8.2)

Baseline CAPS-5: Sub-Scale E – Arousal and Reactivity Symptom Severity, mean (SD) 11.4 (2.4) 14.7 (3.0)

Baseline PCL-5, mean (SD) 53.8 (14.1) 59.4 (9.9)
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