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Abstract

Post-traumatic stress disorder (PTSD) is a chronic and debilitating condition that is often 

refractory to standard frontline antidepressant therapy. A promising new approach to PTSD 

therapy is administration of a single sub-anesthetic dose of (R,S)-ketamine (Ket). The treatment 

produces rapid and significant therapeutic response, which lasts for only 4–7 days. In one of our 

studies, the mean duration of response was increased to 33 days when Ket administration was 

combined with a mindfulness-based cognitive therapy, Trauma Interventions using Mindfulness 
Based Extinction and Reconsolidation (TIMBER). We now report the results from a 20-patient 

study, which examined the duration of sustained response with combined TIMBER-Ket therapy, 

TIMBER-K arm, relative to the response observed in a placebo-controlled arm, TIMBER-P. 

A significant difference in the duration of response was observed between TIMBER-K and 

TIMBER-P arms: 34.44 ± 19.12 days and 16.50 ± 11.39 days, respectively (p = 0.022). Previous 

studies identified a negative correlation between antidepressant response to Ket and basal plasma 

concentrations of D-serine (DSR). In this study, the basal DSR levels positively correlated with 

the pre-treatment severity of PTSD symptoms (Pearson’s r = 0.42, p = 0.07) and patients with 

basal DSR level ≥3.5 μM displayed not only higher PTSD severity but also shorter duration of 

response. The data indicate that basal DSR levels may serve as a biomarker of the severity of 

PTSD symptoms and as a predictor of clinical response. This article is part of a Special Issue 

entitled: D-Amino acids: biology in the mirror, edited by Dr. Loredano Pollegioni, Dr. Jean-Pierre 

Mothet and Dr. Molla Gianluca.
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1. Introduction

Post-traumatic stress disorder (PTSD) is a debilitating, chronic and often difficult to treat 

condition that manifests as intrusive thoughts, flashbacks, avoidance, numbing and hyper-

arousal [1,2]. PTSD is a worldwide problem that has reached a crisis level in the USA as 

8% of the adult American population are at risk of suffering from PTSD during their life 

time, and currently is the fifth most prevalent mental disorder in the USA [3,4]. The personal 

and societal burden of PTSD is compounded by the lack of adequate pharmacotherapies and 

psychotherapies with over 42% of the subjects with PTSD receiving “minimally adequate 

care” [5,6].

The predominant frontline pharmacotherapy approach to PTSD is the administration of 

antidepressants such as the selective serotonin reuptake inhibitors (SSRI) sertraline and 

paroxetine [7], but < 60% of PTSD patients respond to these treatments and many have 

side effects [6–8]. This problem is being addressed in a variety of clinical trials utilizing 

a broad range of agents including cannabinoids, glucocorticoids, non-SRI antidepressants, 

opioids and riluzole [8]. One of the more promising agents is (R,S)-ketamine (Ket). A 

single intravenous administration of a low dose of Ket produces rapid (within a few hours) 

improvement in refractory PTSD symptoms [9] as well as in the symptoms of depression, 

suicidality and anxiety, which are major co-morbidities in PTSD [10,11]. However, while 

the therapeutic effects of Ket are rapid and positive, they are also short-lived, lasting, on 

average, from 4 to 7 days [9,11].

The poor therapeutic response in PTSD patients treated with pharmacotherapy indicates 

that a broader multi-modal clinical approach is necessary including combining them 

with psychotherapeutic interventions [12]. One potential psychotherapy approach is to 

specifically target the pathological trauma memories (TMs), which lay at the core of the 

etiopathogenesis of PTSD. In PTSD, TMs are ingrained into the brain through conditioned 

learning mechanisms mediated by the amygdala, hippocampus, pre-frontal cortex, and 

basal ganglia in conjunction with the brain stem and the hypothalamus-pituitary axis, 

and play a key role in the formation and maintenance of its major symptoms [1,2]. We 

have recently reported the development of a TMs-specific mindfulness based cognitive 

therapy, Trauma Interventions using Mindfulness Based Extinction and Reconsolidation 
(TIMBER), which attempts to close some of the existing treatment gaps in PTSD therapy 

[13]. In order to effectively target the TMs, TIMBER psychotherapy, in standardized ways, 

combines the Yoga and mindfulness based cognitive therapy (Y-MBCT) interventions with 

the mindfulness based graded exposure therapy (MB-GET, a type of cognitive behavioral 

therapy (CBT)), and allows the cognitive reprocessing and neutral/detached reappraisal of 

the TMs with the objective to change TMs and their expressions in clients’ daily life.

In our initial study in PTSD patients, we examined the combined effect of TIMBER 

psychotherapy and Ket pharmacotherapy in a 10-subject pilot study [14]. Ket was chosen 
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as the pharmacotherapy arm of the study not only due to it efficacy in the treatment of 

depression and PTSD, but also for its ability to induce neurogenesis [15,16] and to effect 

synaptic plasticity by altering long-term potentiation (LTP) and long-term depression (LTD) 

[17]. The data demonstrated that 9 out of 10 patients with chronic and refractory PTSD 

experienced a robust positive clinical response, and that patients treated with TIMBER 

and Ket (TIMBER-K arm) had a more sustained response than the patients who were 

treated with TIMBER and placebo (TIMBER-P arm): 33 ± 22.98 days and 25 ± 16.8 days, 

respectively.

In the current study, the experimental cohorts were doubled and we now report the results 

from a 20-patient study, which examined the duration of sustained response in the TIMBER-

K arm relative to the response observed in the TIMBER-P. The current study also explores 

the potential use of basal D-serine (DSR) plasma concentrations as a biomarker of clinical 

response. The analysis of DSR plasma concentrations was undertaken in this study based 

upon previous data from the use of Ket in the treatment of depression in which indicates an 

inverse relationship between endogenous DSR plasma concentrations and the antidepressant 

response to Ket, i.e. patients with lower basal DSR plasma concentrations exhibit a more 

robust therapeutic response [20]. In the treatment of PTSD, the determination of basal DSR 

plasma concentrations is reasonable as DSR is a key NMDA receptor co-agonist that plays 

a critical role in LTP and NMDA-induced neurotoxicity [18] and has been associated with 

acquisition and extinction of fear memory in animals and patients with PTSD [19]. Both 

of these processes are important in the TIMBER-K therapeutic approach. The results of 

this study indicate that basal DSR levels may serve as a predictor of the length of clinical 

response and lay the basis for the design of definitive clinical studies.

2. Materials and methods

2.1. Study design

This was a randomized, double-blind, placebo-controlled, parallel group study conducted 

in 20 subjects at the Department of Psychiatry and Department of Anesthesiology, Cooper 

University Hospital and Cooper Medical School of Rowan University, Camden, NJ, USA. 

The methodology of this study was guided by the methods employed in our initial 

study that examined the efficacy of the combined treatment protocol employing TIMBER 

psychotherapy in conjunction with Ket pharmacotherapy [14]. The study also determined 

the plasma concentrations of DSR before the initial dose (basal) of Ket/placebo and at the 

conclusion of the i.v. dosing (40 min).

The study was approved by the Cooper University Hospital Institutional Review Board, 

approval No. 13-078, and was performed in accordance with ethical guidelines laid out by 

the US National Institute of Health and the principles of the Declaration of Helsinki. Written 

informed consent was obtained from all patients.

2.2. Subjects

All 20 subjects were refractory for at least 6 months before their recruitment as defined by 

their lack of response to treatment as usual, i.e. trials of CBT and at least 2 antidepressants 
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(SSRIs and SNRIs) for at least 6 months. A complete medical history and physical 

examination were performed at the initial assessment in the psychiatrist’s (BP) outpatient 

office in the Department of Psychiatry at Cooper University Hospital. After enrollment, 

the subjects were randomized by the statistician employing randomization with block 

technique using 1:1 ratio and assigned to one of the two arms of the study, TIMBER-K 

and TIMBER-P (see Section 2.3). Each arm contained 10 subjects. Except for the statistician 

and pharmacist, all study personnel were blinded to the composition of the two arms.

The subjects were assessed for the severity of PTSD symptoms using the PTSD Checklist 

(PCL) [21,22], Clinician Administered PTSD Scale for DSM-IV (CAPS, clinician rated) 

[23], Hamilton Depression Rating Scale (Ham-D, 17-item, clinician rated) [24], and Beck 

Anxiety Inventory (BAI, clinician rated) [25]. The effect of Ket on TMs and general memory 

was determined at baseline and 8 h after infusion using the Montreal Cognitive Assessment 

(MoCA, clinician rated) [26]. In this study, scores on CAPS and PCL scales were the 

primary outcome measure CAPS scale was administered at baseline, at 24 h and at relapse 

and the PCL scale was administered at baseline, at the end of the Ket infusion (40 min), at 

24 h and during weekly follow up visits until relapse.

The mindfulness interventions in TIMBER were personalized based on subject’s scores 

on Assessment Scale for Mindfulness Interventions (ASMI: clinician rated 18-item scale, 

scores range 0–90: higher the scores, higher is the level of mindfulness) [13], which was 

administered at baseline, and after 5 sessions and 12 sessions (completion) of TIMBER. 

Also, a scripted narrative of the index trauma was prepared in a personalized way for 

each subject. To avoid re-traumatization in the subjects during the graded exposure to 

TMs while TIMBER therapy was being applied during the infusion, the arousal responses 

are kept brief and under control by using the STOPP module/mini-TIMBER therapy to 

deescalate and also by ongoing monitoring using a specific scale, the Arousal Response 

during Trauma Memory Reactivation (ART-MR: a clinician rated 11-item scale with scores 

ranging from 0 to 55; higher scores indicate higher level of arousal) [14]. Of note, the 

STOPP module of mindfulness is Pradhan’s behavioral adaptation of The Middle Way 

philosophy of mindfulness traditions, which he has successfully applied in clinical situations 

with age range of 6–80 years [14].

Recruitment was done over a 6-month period and the subjects were followed for 18 months 

after the initial infusion. During the first week after the initial infusion, 3 sessions of 

mini-TIMBER/STOPP module [14] was administered: first one during the infusion, second 

one at the 24 h visit and the third one at the 7th day visit. From the second day after 

the infusion until relapse, all subjects were assessed every week by face-to-face clinical 

evaluation using the appropriate rating scales. Once relapsed, they were assigned for 9 

sessions of full-TIMBER therapy. Throughout the duration of the subjects’ participation in 

this study, the dosages of all medications were kept constant/unchanged.

2.3. Study interventions and outcome measures

In this study, there were two groups, each consisting of 10 subjects. The subjects in 

TIMBER-K arm of the study received (R,S)-ketamine (single infusion of 0.5 mg/kg dose, 

infused over 40-minutes) and TIMBER psychotherapy (total 12 sessions) whereas those in 
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TIMBER-P arm received placebo (single infusion of normal saline same volume, infused 

over 40-minutes) and TIMBER psychotherapy (total 12 sessions). The total of 12 TIMBER 

sessions consisted of 3 mini-TIMBER sessions in first week (during infusion, on 2nd day 

and on 8th day) followed by 9 full-TIMBER sessions conducted on weekly basis, 45 min 

duration each.

The primary outcome measures were reduction in CAPS and PCL scores and response was 

defined as a 20-point decrease in the pre-treatment scores at 24 h post-infusion. To be a 

treatment responder, the reduction in PCL scores needed to be sustained for at least 7 days. 

Remission of PTSD was defined as no or minimal PTSD symptoms (total scores of ≤30 

points in CAPS and ≤30 in PCL scales) and relapse was defined as total scores of > 50 

points in the CAPS and ≥51 in PCL [21].

2.4. Sample size calculation

For this study, sample size calculation and power analysis was assessed using the mean PCL 

score of 72 (SD 5) and the difference of 20 points in the scores at 24-hour post-infusion 

revealed that for 80% power (2 tailed alpha = 0.05), the number of subjects needed per 

group is 10, so recruitment of 20 subjects was done who were assigned randomly into two 

groups.

2.5. DSR plasma concentrations

Plasma samples were collected prior to the initiation of the infusion (basal) and at the end of 

the infusion (40-min) and frozen at −80 °C until analysis. DSR plasma concentrations were 

determined using a previously reported validated assay employing liquid chromatography 

with mass spectrometric detection [20,27].

2.5.1. Instrumentation—The chromatographic experiments were carried out on a 

Shimadzu Prominence HPLC system (Shimadzu, Columbia, MD, USA). The samples were 

introduced to the analytical column using Shimadzu SIL-20A autosampler, maintained at 

4 °C, and injections of 20 μl were made. The samples were run on a 5500 QTRAP triple 

quadruple mass spectrometer equipped with a Turbo V electrospray ionization source (AB 

Sciex, Concord, ON, Canada).

2.5.2. Plasma samples—Plasma samples (100 μl) were combined with 20 μl aliquot 

of the internal standard D-arginine (10 nmol/ml in acetone) and 400 μl acetone and then 

centrifuged at 13,000 ×g for 10 min at 4 °C. A 400 μl aliquot of the supernatant was 

subsequently derivatized with 300 μl (R)-1-Boc-2-piperidinecarbonyl chloride, the solution 

evaporated to dryness and the residue dissolved in 100 μl of methanol/water (10:90, v/v) and 

transferred to the autosampler for analysis.

2.5.3. Chromatographic conditions—Chromatographic separation was achieved on a 

Zorbax Eclipse XDB-C18 column (4.6 mm × 150 mm, 5 μm; Agilent Technologies, Santa 

Clara, CA, USA) protected with an Agilent C18 guard column at room temperature. The 

mobile phase consisted of water with 0.3% TFA (elute A) and methanol with 0.3% TFA 

(elute B). The gradient eluent at a flow rate of 0.4 ml/min was programmed as followed: 
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0–15 min, 5–9% B; 15–22 min, 15% B; 22–25 min, 5% B. The total run time was 25 min 

and the injection volume per sample was 20 μl.

2.5.4. Mass spectrometry conditions—MS/MS analysis was performed using a triple 

quadrupole mass spectrometer model API 5500Q system from Applied Biosystems/MDS 

Sciex equipped with Turbo V electrospray ionization source (TIS)® (Applied Biosystems, 

Foster City, CA, USA). The data was acquired and analyzed using Analyst version 1.5.1 

(Applied Biosystems). Positive electrospray ionization data were acquired using multiple 

reaction monitoring (MRM). The TIS instrumental source settings for temperature, curtain 

gas, ion source gas 1 (nebulizer), ion source gas 2 (turbo ion spray), collision energy and 

ion spray voltage were 550 °C, 20 psi, 45 psi, 80 psi, 15 V and 4500 V, respectively. The 

TIS compound parameter settings for declustering potential, entrance potential, and collision 

cell exit potential were 80 V, 10 V, and 10 V, respectively. The standards were characterized 

using the following MRM ion transitions: DSR derivatization product (m/z 231.5 to 106.1) 

and D-Arg derivatization product (m/z 300.4 to 175.0).

2.6. Statistics

All study data were entered into an excel spreadsheet and were verified against the 

source documents by two members of the study team. For in-between group comparisons, 

quantitative test score data were analyzed using unpaired t-tests and within group 

comparisons were conducted using paired t-tests. Categorical data were analyzed using 

the Chi-square test. The responses in the TIMBER-K and TIMBER-P arms (in terms of 

% change in mean scores from baseline in various time frames) were compared using the 

Z-statistics as well. The Pearson correlation coefficient was used to evaluate the relationship 

between the PTSD scale (PCL) scores and duration of the sustained response. Data in the 

tables are presented as means ± SD and p < 0.05 was considered statistically significant. No 

changes to trial were made after the trial was commenced and intention-to-treat analysis was 

followed. Statistical analysis was performed using SPSS, Version 23 (IBM, Armonk, NY, 

USA).

3. Results

The socio-demographic and clinical data of the subjects are presented in Table 1. The 

severity of the PSTD symptoms, assessed using the PCL and CAPS total test scores at 

baseline for all 20 subjects in this study ranged from 60 to 82 (PCL) and 72 to 98 (CAPS), 

Table 1. The PCL scores were used as the primary measure to assess PTSD severity and 

response and the CAPS scores were used as confirmation of these assessments. In the PCL 

scale, the maximum score is 85 and represents the highest level of severity of PTSD, a score 

of < 30 (~35.29% of the maximum score) is considered as remission and scores above 51 

(~60% of the maximum score) are considered as relapse [21]. Using this scale, we defined a 

score in between 51 and 60 as mild PTSD, a score in between 60 and 70 as moderate PTSD 

and a score in between 70 and 85 as severe PTSD. In this study, the basal PLC scores for 

14 of the subjects were ≥70 and they were categorized as having severe PTSD, while the 

remaining 6 subjects were assessed to have moderate PTSD.
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The randomization of the subjects into the two arms of the study produced no significant 

differences in the baseline PCL scores, as the average ± SD values were 75.70 ± 5.81 

(TIMBER-K) and 70.40 ± 7.74 (TIMBER-P), p = 0.0928, Tables 2A, 2B. In this study, 

all the patients experienced a definable and significant remission of symptoms at 24 h 

reflected by a > 60% reduction (p < 0.0001) in both the PCL and CAPS scores, Table 

3. There were no significant differences in response between the two experimental groups 

indicating that the mindfulness protocol contributes to the clinical response. However, while 

there were no significant differences between the two arms of the study at 24 h, there was 

a wide difference between the number of days that the effect was sustained, Table 2A. A 

comparison of the duration of sustained response between the two treatment arms indicated 

that the effect was significantly greater in the TIMBER-K arm (34.44 ± 19.12 days) relative 

to the TIMBER-P arm (16.50 ± 11.39 days), p = 0.022, Table 2B. The data is consistent with 

the response observed in the previous pilot study [14].

The PTSD Checklist (PCL) is a self-regulated scale, which was performed at home by the 

patient on a regular basis. A patient’s self-calculated score of above 50 indicates a relapse 

of PTSD symptoms and prompts a clinical visit and the administration of the Clinician 

Administered PTSD Scale for DSM-IV (CAPS) to confirm the relapse. In it of interest to 

note that in this study, the PCL and CAPS scores at relapse where significantly lower (p < 

0.0001) than the corresponding scores assessed before treatment, Table 3. This may reflect a 

measurement taken at the initial stages of the PTSD relapse, which will increase during the 

course of the disease, or an effect produced by the patient’s daily practice of mindfulness 

meditation. These possibilities will be examined in a larger, extended clinical study.

Basal DSR plasma concentrations were determined in 19 of the 20 subjects, as there 

were insufficient volumes in the samples obtained for subject #8, Table 2A. The average 

basal DSR plasma concentration for all 19 subjects was 3.43 ± 1.55 μM, which was 

lower than, but not significantly different from, basal DSR plasma levels determined in 

21 MDD patients, 4.05 ± 1.05 μM [20]. As shown in the Table 2B, there was no significant 

difference in the mean basal DSR plasma concentrations between the subjects enrolled in 

the TIMBER-K arm (3.31 ± 1.54 μM) and TIMBER-P arm (3.54 ± 1.63 μM) (p = 0.759). 

A comparison of the basal DSR plasma levels with the pre-treatment PTSD severity level 

(PCL scores) demonstrated a positive correlation between the two parameters (Pearson’s 

Correlation, r = 0.42, p = 0.07), although the relationship did not reach significance. In 

addition, the duration of treatment response was negatively correlated with basal DSR 

plasma concentration (Pearson’s Correlation, r = −0.02, p = 0.93) although the effect was 

not statistically significant.

There was a wide distribution of basal DSR plasma concentrations in both arms of the study 

ranging from 6.24 μM to 1.35 μM, Table 2A. Previous studies in patients with treatment-

resistant depression demonstrated that patients that responded to Ket antidepressant therapy 

had significantly (p < 0.001) lower basal DSR plasma concentrations than patients who did 

not respond to Ket, 3.0 ± 0.3 μM and 4.7 ± 0.8, respectively [20]. The data suggested 

that there was a bimodal distribution of basal DSR plasma concentrations in patients 

with depression [20]. An examination of the basal DSR plasma concentrations of the 

subjects enrolled in the current study suggested that a bimodal distribution of DSR plasma 

Pradhan et al. Page 7

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2022 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations was also present in PTSD patients, which is represented in Fig. 1A. The 

basal DSR plasma concentration of 3.5 μM was used to divide the 19 patients into 2 

groups, “high” DSR group (DSR(H), ≥3.5 μM) and “normal” DSR group (DSR (N), < 3.5 

μM). There was a significant difference (p = 0.001) between the mean basal DSR plasma 

concentrations of the two groups, 4.91 ± 1.02 and 2.36 ± 0.75, respectively. The designation 

“normal” was used based upon previously reported DSR basal plasma concentrations in 

healthy controls and patients with MDD, which ranged from 2.06 ± 0.05 μM to 2.32 ± 0.92 

μM [28–30]. The mean PCL score in the DSR(H) group (76.0 ± 6.9) was greater than the 

DSR(N) group (70.2 ± 6.2), but the difference did not reach significance (p = 0.0712), which 

is consistent with the trend observed when all 19 subjects were examined as a single group. 

There was an inverse relationship relative to the duration of the response as the DSR(N) 

group was in remission longer, 32.2 ± 19.7 days, than the DSR(H) group, 15.1 ± 7.4, p = 

0.0333.

The relationship between basal DSR plasma concentrations and response was further 

investigated by dividing each experimental arm of the study into DSR(H) and DSR(N) 

subgroups resulting in four subgroups, i.e. TIMBER-K(H), TIMBER-K(N), TIMBER-P(H) 

and TIMBER-P (N), Table 4A, Fig. 1A. There were significant differences (p = 0.001) 

between the basal DSR plasma concentrations in the “high” and “normal” subgroups in each 

arm but no differences between the TIMBER-K(H) and TIMBER-P(H) subgroups and the 

TIMBER-K(N) and TIMBER-P(N) subgroups, Tables 4A and 4B. The mean baseline PCL 

score in the TIMBER-K(H) group was significantly higher than the score for the TIMBER-

K(N) group (p = 0.018) but no differences in baseline PCL scores were determined in any 

of the other subgroup comparisons. The mean duration of the response displayed the inverse 

effect as the TIMBER-K(N) subgroup was in remission, ~78% longer than the TIMBER-

K(H), i.e. 40.3 days and 22.7 days, respectively, p = 0.017. There were no significant 

differences in the duration of response between the TIMBER-P(H) and TIMBER-P(N) 

subgroups or between the TIMBER-K(H), TIMBER-K(N) and TIMBER-P(N) subgroups. 

However, the length of response was significantly (p < 0.05) longer in the TIMBER-K(H) 

and TIMBER-K(N) subgroups relative to the TIMBER-P (H).

Previous studies of Ket in depressed patients identified a biphasic effect on DSR plasma 

concentrations in both treatment non-responders (high basal DSR) and responders (low basal 

DSR) in which DSR concentrations were depressed relative to baseline at the end of the 

Ket infusion (40-min sample), followed by a recovery at 120 min, which was followed by a 

second decrease in the DSR plasma concentrations in the 4 h, 1-day and 7-day samples [20]. 

In the current study, we determined the change in plasma DSR concentrations at the end of 

the 40-min infusion and compared the data to the basal DSR plasma concentrations, Table 

4A, Fig. 1B. The changes were probed within each subgroup of the study using a paired 

t-test and the results indicate that DSR plasma concentrations were significantly decreased 

in all of the groups, Table 4B, Fig. 1B. The difference in the effect between subgroups 

was probed by comparing the percent change in DSR plasma concentrations at 40 min 

relative to basal concentrations. The relative decrease in the DSR plasma concentrations in 

the TIMBER-K(H) subgroup was significantly greater than the effect in the TIMBER-K(N) 

subgroup, 25 ± 5% and 8 ± 6%, respectively, p = 0.0108. This difference is consistent 

with the previously observed effect in depressed patients in which there was a significant 
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difference in the magnitude of the Ket effect between the non-responder and responders with 

26% and 19% decreases, respectively, p < 0.001 [20]. The relative decrease in DSR plasma 

concentrations observed in the TIMBER-K(H) subgroup was also significantly greater than 

the effect in the TIMBER-P(H) and TIMBER-P(N) subgroups, Table 4B. No significant 

differences were observed between the TIMBER-K(N), TIMBER-P(H) and TIMBER-P(N) 

subgroups.

4. Discussion

In their recent review of the current state of PTSD therapy, Krystal and colleagues wrote 

that the “urgent need to find effective pharmacological treatments for PTSD should be 

considered a national mental health priority.” [8] One new and potentially effective treatment 

is the multimodal approach combining TIMBER mindfulness psychotherapy and Ket 

pharmacotherapy (TIMBER-K). The results of the current study reproduce the synergistic 

effects of the combined treatments observed in the pilot study [14]. In the current study, 

patients receiving TIMBER-K therapy experienced no or minimal PTSD symptoms for 

an average of 34 days, which is twice as long as the sustained remission achieved with 

mindfulness therapy alone and 5-fold longer than the reported response to Ket therapy alone 

[9,11].

The pharmacological basis for the synergistic effect of mindfulness therapy on the 

therapeutic effect of Ket is of interest. A key pharmacological effect of Ket is the 

non-competitive inhibition of the NMDA receptor and this property is associated with 

the efficacy of Ket in antidepressant therapy and, by extension, PTSD. However, recent 

studies have suggested that in mouse models of depression, the antidepressant effects 

observed after Ket administration may be due to the metabolic conversion of the drug to 

its (2S,6S)-hydroxynorketamine and (2R,6R)-hydroxynorketamine metabolites [31], which, 

respectively, have little or no NMDA receptor inhibitory effect [31,32]. An alternative 

explanation for the antidepressant effects of Ket is suggested by the Ket-associated reduction 

in the production and availability of the key NMDA receptor co-agonist DSR. Decreased 

DSR plasma concentrations are observed after Ket administration in depressed patients [20] 

and in the PTSD patients enrolled in this study. In addition, in vitro studies demonstrated 

that incubation with Ket and its major metabolites deceases intracellular and extracellular 

DSR concentrations in PC12, 1321N1 astrocytoma and cultured primary neuronal cells 

[33,34]. Thus, the Ket-associated reduction in DSR concentrations may lead to the indirect 

inhibition of NMDA receptor activity.

The potential association of DSR concentrations with clinical status and response is 

consistent with the role that DSR plays in long-term potentiation and NMDA-induced 

neurotoxicity [18,35,36]. Endogenous DSR levels have been correlated with a number of 

CNS diseases and pathological states, as increased levels of DSR are linked to amyotrophic 

lateral sclerosis (ALS) and Alzheimer’s disease while decreases in DSR concentrations 

have been associated with schizophrenia [35,37]. In schizophrenia, a single nucleotide 

polymorphism, SNP rs4523957, in the gene encoding the serine racemase enzyme is 

associated with the genetic risk for schizophrenia [19,37] and with reduced DSR production 

[19]. Recent data has determined that SNP rs4523957 is also associated with PTSD and 
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identified a dual aspect of DSR, as it is a key component in fear learning and also facilitates 

the fear extinction [19].

The observation that basal DSR plasma concentrations appear to be distributed into “high” 

and “normal” subgroups is consistent with the data from an earlier study in depressed 

patients [20]. The elevated severity of PTSD symptoms and shorter length of disease-free 

days observed in the TIMBER-K(H) subgroup relative to the TIMBER-K(N) subgroup is 

in accord with the hypothesis that elevated DSR plasma concentrations reflect increased 

NMDA receptor-based neurotoxicity although it is unknown whether this is a cause or 

a reflection of the condition. It is also unclear as to whether the bimodal distribution 

of basal DSR plasma concentrations in PTSD patients reflects genetic-based differences, 

such as differential expression of SNP4523957, or effects produced by the disease (PTSD, 

depression) itself, or both. When the measured basal DSR plasma concentrations of the 

PTSD subjects from this study and of the depressed patients in our earlier study were 

combined and displayed in histogram format, the result is consistent with a bimodal 

distribution within the two population, Fig. 2. In order to determine if the bimodal 

distribution of basal DSR plasma concentrations is an artifact or a reality, further studies 

with larger populations with PTSD and depressed patients are required as is the inclusion of 

healthy controls for comparison. These studies are currently in progress and the data will be 

reported elsewhere.

The potential for the clinical manipulation of DSR plasma concentrations is evident from the 

effects of Ket on the plasma concentrations of patients receiving the drug for the treatment 

of depression. The clinical consequences are also evident as the Ket-associated decline in 

DSR plasma concentrations produces a mirror increase in dissociative effects as measured 

by the Clinician Administered Dissociative States Scale (CADSS) [20]. In addition, standard 

PTSD therapy involves the use of SSRIs of which fluoxetine and citalopram have been 

shown to decrease microglial release of DSR [38], and the antidepressant effects of the 

selective serotonin and noradrenaline reuptake inhibitor (SSNRI) duloxetine are reversed by 

administration of DSR [39]. The data suggest that the antidepressant effects are associated 

with an indirect attenuation of NMDA receptor activity. It is of interest to note that 13 of 

the 20 PTSD patients in the current study were receiving a SSRI during their treatment 

and no effects on clinical response or DSR basal plasma concentration were observed 

(data not shown). A SSRI-associated decrease in NMDA receptor activity and the dual 

role of DSR in fear learning and fear extinction may be associated with the observed 

partial response in PTSD patients produced by DSR administration [40]. Indeed, a similar 

effect may be responsible for the positive clinical response observed in PTSD patients 

treated with D-cycloserine combined with exposure psychotherapy [41]. D-Cycloserine is 

a partial NMDA receptor agonist and it is reasonable to expect that the administered drug 

would compete with endogenous DSR and lower overall NMDA receptor activity. This 

hypothesis has been previously proposed for the D-cycloserine-associated exacerbation of 

schizophrenic symptoms in patients treated with the drug [42].

In the current study, the relationship between the basal DSR plasma concentrations and the 

severity of the initial PTSD symptoms and the duration of treatment response is consistent 

with a pharmacologic mechanism in which decreased DSR concentrations result in an 
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attenuation of NMDA receptor activity. A key observation in this study is that TIMBER 

psychotherapy affected DSR plasma concentrations. Mindfulness meditation and yoga have 

been previously shown to change brain chemistry, such as reducing concentrations of 

GABA, adrenocorticotropic hormone (ACTH) and pro-inflammatory cytokines, which has 

been related to the reduction in mental stress produced by the practices [43,44]. The data 

from this study indicate that TIMBER psychotherapy alone produced a significant (~10%) 

reduction in the 40-min DSR plasma concentrations relative to the basal concentrations, 

which is a further indication that mindfulness meditation produces changes in basic brain 

chemistry. This outcome was unexpected and the significance of this observation will be 

addressed in the full clinical study designed using the data from this pilot study. What 

is clear from the results of this study is that the TIMBER-associated decrease in plasma 

DSR concentrations is not sufficient to sustain the remission of PTSD symptoms. The data 

does show that TIMBER enhances the effect of Ket producing a profound and prolonged 

remission of PTSD symptoms.

The results of this study also suggest that there is a bimodal distribution of basal 

DSR plasma concentrations (Normal and High) and that PTSD patients within the High 

distribution tend to have more severe symptoms and lower duration of response in both arms 

of the study. It is not clear whether the elevated basal DSR plasma levels are a result of 

genetic polymorphisms or a PTSD-related cause or effect. These possibilities will be address 

in the larger clinical study and discussed elsewhere. Another source of the two populations 

of basal DSR plasma concentrations are the effect of co-administered medications. We 

conducted a thorough review of the concomitant medications used by the subjects in 

this study and there were no associations between basal DSR plasma concentrations and 

administered medications.

This study was designed to determine basal DSR plasma concentrations and the effect 

of the 40-min infusions on these concentrations in both the TIMBER-K and TIMBER-P 

arms of the study and to assess whether these parameters should be explored as potential 

response markers. Previous studies of the effect of Ket on DSR plasma concentration have 

shown that Ket produces a biphasic effect on DSR concentrations, which involves a rapid 

decrease (40 min) followed by a partial recovery (120 min) and then a slow decrease (7 

days). The long range effects of Ket on DSR plasma concentration may be the source of the 

enhanced therapeutic response observed in the TIMBER-K arm relative to the TIMBER-P 

arm. In order to assess longitudinal effects of the TIMBER-K and TIMBER-P protocols on 

DSR plasma concentrations, serial plasma samples are being collected and the results will 

be reported elsewhere. The data also suggest that the synergism observed in the TIMBER-

K arm of the study is in part due to TIMBER-enhanced attenuation of DSR plasma 

concentrations, which enhances Ket’s ability to induce neurogenesis and to effect synaptic 

plasticity by altering LTP and LTD. These are key aspects enabling the psychotherapeutic 

remodeling of TMs and their expression, which lay at the core of the psychopathology and 

dysfunctions in patients with PTSD. In addition, as stated above, this specific observation, 

i.e. the TIMBER-enhanced attenuation of DSR plasma concentrations, also suggests that 

changes in DSR plasma concentrations may reflect the effect of mindfulness meditation 

on stress-related symptoms and may represent a probe for physiological-psychological 

interactions in the PTSD diathesis. The applicability of this potential probe in healthy 
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controls and in subjects with DSR-related conditions/anomalies is under investigation and 

the results will be reported elsewhere.

5. Conclusions

In conclusion, the data form this study support the earlier observation that the combination 

of Ket pharmacotherapy and TIMBER psychotherapy represents a valuable treatment option 

for refractory PTSD and a step forward in development of PTSD therapeutics. The results 

also indicate that DSR plasma concentrations may serve as a biomarker to predict response 

to TIMBER-K therapy and a means to individualize and optimize the clinical treatment 

of PTSD and depression. The objective of this pilot study was to set the experimental 

objectives for further studies. The results indicate that the investigation of relationship 

between basal DSR plasma levels and response in the TIMBER-K protocol should be 

included in larger inter-institutional studies. However, the initial results are promising 

and may represent a significant step towards fulfilling the “urgent need to find effective 

treatments for PTSD [8].”
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Fig. 1. 
A. The distribution of patients according to basal D-serine plasma concentrations using 3.5 

μM as the cutoff between “high” and “normal” concentrations where the subjects in the 

Timber-K arm of the are denoted in blue and the subjects in the TIMBER-P arm are denoted 

in red. B. The changes in the D-serine plasma concentrations at the conclusion of the 40-min 

intra venous infusion where the subjects receiving a 0.5 mg/kg dose of (R,S)-ketamine (K) 

are denoted in red and the subjects receiving normal saline (P) are denoted in blue and where 

basal plasma concentrations of D-serine are indicated by open circles (○) and the 40-min 

concentrations by filled circles (●).

Pradhan et al. Page 16

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2022 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
The distribution of basal D-serine plasma concentrations using the data from 21 patients 

with treatment resistant depression [20] and the 19 subjects in this study where the basal 

DSR plasma concentrations are grouped into 1 μM divisions (x axis) and the number of 

subjects within each division are presented (y axis).

Pradhan et al. Page 17

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2022 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pradhan et al. Page 18

Ta
b

le
 1

So
ci

o-
de

m
og

ra
ph

ic
 a

nd
 c

lin
ic

al
 d

at
a 

re
la

te
d 

to
 P

T
SD

 f
or

 th
e 

su
bj

ec
ts

 e
nr

ol
le

d 
in

 th
e 

st
ud

y;
 w

he
re

 th
e 

PT
SD

 C
he

ck
lis

t (
PC

L
) 

an
d 

C
lin

ic
ia

n 
A

dm
in

is
te

re
d 

PT
SD

 S
ca

le
 f

or
 D

-s
er

in
e 

is
 a

 p
ot

en
tia

l b
io

m
ar

ke
r 

of
 c

lin
ic

al
 r

es
po

ns
e 

to
 th

e 
tr

ea
tm

en
t o

f 
po

st
-t

ra
um

at
ic

 s
tr

es
s 

di
so

rd
er

 u
si

ng
 (

R
,S

)-
ke

ta
m

in
e 

in
fu

si
on

 a
nd

 

T
IM

B
E

R
 p

sy
ch

ot
he

ra
py

: A
 p

ilo
t s

tu
dy

*.

Su
bj

ec
t

A
ge

 (
ye

ar
s)

G
en

de
r

Y
ea

rs
 o

f 
ed

uc
at

io
n

T
yp

e 
of

 t
ra

um
a

D
ur

at
io

n 
of

 P
T

SD
 (

ye
ar

s)
P

C
L

C
A

P
S

1
30

F
14

Se
xu

al
 a

bu
se

18
76

95

2
44

F
10

Ph
ys

ic
al

 &
 e

m
ot

io
na

l a
bu

se
6

77
86

3
57

F
9

Se
xu

al
 a

bu
se

34
80

84

4
38

F
12

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
18

82
92

5
51

M
16

St
ab

bi
ng

10
76

96

6
56

F
14

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
29

77
81

7
44

M
18

Se
xu

al
 a

bu
se

28
60

72

8
37

F
11

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
2

81
97

9
24

F
14

Se
xu

al
 a

bu
se

9
81

95

10
49

M
12

M
ot

or
 v

eh
ic

le
 a

cc
id

en
t

38
62

86

11
32

M
17

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
5

60
74

12
40

M
11

Ph
ys

ic
al

 &
 e

m
ot

io
na

l a
bu

se
8

66
82

13
32

M
15

C
om

ba
t r

el
at

ed
 in

ju
ry

5
75

96

14
28

M
10

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
11

75
98

15
37

F
11

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
12

75
93

16
32

F
15

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
12

70
92

17
40

M
14

M
ot

or
 v

eh
ic

le
 a

cc
id

en
t

14
70

83

18
41

F
16

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
20

67
89

19
42

F
13

Ph
ys

ic
al

 &
 e

m
ot

io
na

l a
bu

se
7

76
94

20
60

F
15

Ph
ys

ic
al

 &
 s

ex
ua

l a
bu

se
18

67
92

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2022 May 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pradhan et al. Page 19

Table 2A

Pretreatment PCL scores (baseline) and plasma D-serine concentration (basal DSR) and the duration of 

response (see Materials and methods for definition of response). The plasma samples obtained from Subject 8 

could not be analyzed.

Treatment arm Subject PCL score Baseline Basal DSR (μM) Response (days)

TIMBER-K 1 76 3.23 71

3 80 3.46 27

4 82 5.01 21

8 81 ND 11

9 81 6.24 20

13 75 2.61 25

16 70 3.34 55

17 67 2.99 14

18 78 1.35 48

20 67 1.59 29

TIMBER-P 2 77 6.12 12

5 76 4.96 14

6 77 5.36 4

7 60 3.19 41

10 62 2.25 28

11 60 3.63 15

12 66 1.64 4

14 75 2.27 18

15 75 4.46 8

19 76 1.53 21
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Table 4B

Significant statistical differences between experimental subgroups before and after clinical treatment 

calculated using unpaired (UP) and paired (P) Student’s t-test. Only significant results, p < 0.05, are presented.

Subgroups Comparison p value

TIMBER-K(H) v TIMBER-K(N) Basal DSR plasma concentration 0.001 (UP)

TIMBER-K(H) v TIMBER-K(N) Baseline PCL 0.018 (UP)

TIMBER-K(H) v TIMBER-K(N) Length of response in days 0.017 (UP)

TIMBER-K(H) + TIMBER-K(N) Basal v 40-min DSR plasma concentration 0.0313 (P)

TIMBER-K(H) Basal v 40-min DSR plasma concentration 0.0323 (P)

TIMBER-P(H) v TIMBER-P(N) Basal DSR plasma concentration 0.001 (UP)

TIMBER-P(H) + TIMBER-P(N) Basal v 40-min DSR plasma concentration 0.0001 (P)

TIMBER-P(H) Basal v 40-min DSR plasma concentration 0.00021 (P)

TIMBER-P(N) Basal v 40-min DSR plasma concentration 0.0289 (P)

TIMBER-K(H) v TIMBER-K(N) Percent change in basal DSR plasma concentration in 40-min sample 0.0015 (UP)

TIMBER-K(H) v TIMBER-P(H) Percent change in basal DSR plasma concentration in 40-min sample 0.0027 (UP)

TIMBER-K(H) v TIMBER-P(N) Percent change in basal DSR plasma concentration in 40-min sample 0.0108 (UP)
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