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Abstract

Ketamine produces rapid antidepressant effects in treatment-resistant depression (TRD), but the

magnitude of response varies considerably between individual patients. Brain-derived

neurotrophic factor (BDNF) has been investigated as a biomarker of treatment response in

depression and has been implicated in the mechanism of action of ketamine. We evaluated plasma

BDNF and associations with symptoms in 22 patients with TRD enrolled in a randomized

controlled trial of ketamine compared to an anaesthetic control (midazolam). Ketamine

significantly increased plasma BDNF levels in responders compared to non-responders 240 min

post-infusion, and Montgomery–Åsberg Depression Rating Scale (MADRS) scores were

negatively correlated with BDNF (r=–0.701, p=0.008). Plasma BDNF levels at 240 min post-

infusion were highly negatively associated with MADRS scores at 240 min (r=–0.897, p=.002), 24

h (r=–0.791, p=0.038), 48 h (r=–0.944, p=0.001) and 72 h (r=–0.977, p=0.010). No associations

with BDNF were found for patients receiving midazolam. These data support plasma BDNF as a

peripheral biomarker relevant to ketamine antidepressant response.
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Introduction

Recent evidence implicates glutamatergic dysregulation in the pathophysiology of mood

disorders (Yuksel and Ongur, 2010). Consistent with these findings, a series of clinical

reports have demonstrated that the glutamate N-methyl-D-aspartate (NMDA) receptor

antagonist ketamine has rapid antidepressant efficacy (Mathew et al., 2012). A single

subanaesthetic dose of ketamine produces quick and enduring antidepressant effects in

patients with treatment-resistant depression (TRD) refractory to conventional antidepressant

therapies (Zarate et al., 2006; Murrough et al., 2013).

The neurobiological mechanisms underlying ketamine's antidepressant effects are complex

and not fully understood. Preclinical studies indicate that NMDA receptor blockade leads to

upregulation in AMPA receptor expression and subsequent activation of the mammalian

target of rapamycin (mTOR) intracellular cascade that is required for ketamine's

antidepressant action (Li et al., 2010). In particular, rapid and transient up-regulation of the

neuroplasticity marker brain derived neurotrophic factor (BDNF) is implicated as a critical

component of the antidepressant mechanism of ketamine (Autry and Monteggia, 2012;

Duman et al., 2012). BDNF is a neurotrophin important in facilitating and supporting certain

neuronal populations during development and mediating synaptic plasticity associated with

learning and memory (Poo, 2001).

Numerous studies implicate BDNF in mood disorders. Peripheral BDNF levels are

decreased in patients with MDD (major depressive disorder) and this deficit is reversed in

those who respond to antidepressant therapy (Lim et al., 2008; Kurita et al., 2012).

Interestingly, upon successful pharmacotherapy, remitted patients with MDD show elevated

BDNF levels that are negatively correlated with Montgomery–Åsberg Depression Rating

Scale (MADRS) scores (Kurita et al., 2012).

Ketamine produces rapid antidepressant effects in the majority of patients with TRD,

although the magnitude and persistence of response is unpredictable and varies (Zarate et al.,

2006; Murrough et al., 2013). Determining the optimal sampling schedule for BDNF is also

complicated by the temporal effects of ketamine's activity. Responders to ketamine,

however, showed increased peripheral BDNF levels at approximately 230–240 min after

dosing, which were associated with concomitant decreases in MADRS scores (Machado-

Vieira et al., 2009; Cornwell et al., 2012; Duncan et al., 2013). At this same time point,

patients with TRD with rapid and robust improvements in depression symptoms also

exhibited increased stimulus-evoked somato-sensory cortical responses, a marker of

synaptic plasticity, whereas non-responders did not (Cornwell et al., 2012). This time point

also corresponds to the elimination half-life of ketamine's major active metabolite,

norketamine, while the parent drug's elimination half-life is approximately 2 h (White et al.,

1985). Taken together, these data suggest that ~240 min after receiving ketamine may be a

critical window period to distinguish responders and nonresponders to ketamine therapy in

patients with TRD.

The present study examined the relationship between plasma BDNF levels and depression

severity obtained during the largest randomized controlled trial of ketamine in TRD to date
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(Murrough et al., 2013). In this trial, the benzodiazepine anaesthetic midazolam served as a

pharmacological control. Our primary aim was to determine plasma BDNF levels (baseline

and 240 min) in this TRD sample and evaluate the relationship between clinical outcomes

and plasma BDNF. We also explored whether BDNF levels were predictive of ketamine's

persistence of antidepressant benefit in responders. To evaluate the specificity of findings

for ketamine, we also examined plasma BDNF in patients randomized to midazolam.

Methods

The present study was conducted as part of a two-site randomized, double-blind clinical trial

of ketamine compared to midazolam in patients with TRD (see ClinicalTrials.gov Identifier:

NCT00768430 for an overview of methods and primary clinical outcomes (Murrough et al.,

2013)). Briefly, patients aged 21–80 with TRD (defined as inadequate response to at least

three antidepressant trials at an adequate dose and duration) in a current major depressive

episode were randomized to a single 40 min intravenous (IV) infusion of ketamine 0.5

mg/kg or midazolam 0.045 mg/kg in a 2:1 randomization scheme. Midazolam was selected

as an anaesthetic control condition for ketamine based on similar pharmacokinetics and time

course of transient psychoactive effects (Kanto, 1985). Major exclusion criteria included a

lifetime history of a psychotic illness or bipolar disorder, alcohol or substance abuse/

dependence in the previous 2 yr, unstable medical illness, or use of contra-indicated

medications. Notably, concomitant treatment with an antidepressant or any other

psychotropic medication (except a stable dose of a non-benzodiazepine hypnotic) was

exclusionary. The Institutional Review Boards at both participating sites approved the study

(Baylor College of Medicine and Mount Sinai School of Medicine). After complete

description of the study to the subjects, written informed consent was obtained.

Depression severity was assessed at baseline (prior to study drug administration) using the

MADRS (Montgomery and Åsberg, 1979), and was repeated at 240 min, 24 h, 48 h, 72 h

and 7 d following infusion. A study responder was defined as a 50% or greater reduction in

MADRS score compared to baseline at 7 d post-infusion.

Blood samples were obtained at baseline and 240 min after infusion of study drug. Whole

blood samples were collected in vacutaner tubes containing EDTA then centrifuged at 3000

r/min for 15 min. Plasma supernatant was then transferred to a new sterile microfuge tube

and sample stored at –80 °C until processed for BDNF. Samples were processed within 1 h

of being collected to decrease variability (Fujimura et al., 2002; Zuccato et al., 2011). BDNF

concentrations were quantitatively determined by enzyme-linked immunosorbent assay

(ELISA) according to the manufacturer's instructions (DuoSet ELISA Development Kit

R&D Systems, Minneapolis, USA). Samples were diluted 1:20 in sample diluent buffer,

then aliquotted onto 96 well plates coated with a monoclonal antibody raised against BDNF.

BDNF standards (human) and plasma samples were assayed in duplicate. Plates were

incubated then washed with buffer (1XPBS). BDNF conjugated to horseradish peroxidase

was then added. Following additional washing, substrate solution followed by a stop

solution was added to halt the reaction. Absorbance was determined at 450 nm using a

Multiskan FC plate reader (Thermo Fischer Scientific Inc., USA), with the correction

wavelength set at 540 nm. A standard curve was constructed by plotting the mean
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absorbance for each standard against BDNF concentration. The data was then linearized by

plotting the log of the BDNF concentration vs. the log of the O.D. and the best fit line was

determined by regression analysis. BDNF concentrations generated in duplicate were

averaged to give a value in ng/ml after correcting for sample dilution factor and subtraction

of background (blank from standard curve). Standard curves were included on each

individual plate and sample concentrations calculated using the specific curve generated to

each plate. All assays were conducted under blinded conditions.

Statistical analyses

Data analyses were performed using SigmaStat 12.0 (SYSTAT Software Inc., USA).

Normality (Shapiro–Wilk) and equal variance tests were performed prior to analyses to

ensure statistical assumptions were met. Group differences in patient demographics and

plasma BDNF levels at baseline and 240 min were compared using t-tests. MADRS scores

between groups (responders and non-responders to ketamine) were assessed using a two-

way analysis of variance (ANOVA) with group (responder vs. non-responder) and time

(baseline, 240 min, 24 h, 48 h, 72 h, and 7 d) as factors. Significant main effects were

followed with pair-wise multiple comparison procedures (Student–Newman–Keuls method).

Correlation analysis (Pearson's) was initially used to determine relationships between

MADRS scores and plasma BDNF at the 240 min time point. Baseline BDNF levels, body

mass index (BMI), gender, and age were predicted to influence post-infusion BDNF levels.

Therefore, these factors, in addition to BDNF levels at 240 min, were included in a multiple

regression analysis model to assess their ability to predict the dependent variables, MADRS

scores at 240 min, 24 h, 48 h, 72 h and 7 d following IV ketamine. Significance was set at

p<0.05 and all data are presented as mean±S.E..

Results

Samples were collected from 22 patients (15 patients received ketamine, seven patients

received midazolam). Demographic and clinical features of patients that received ketamine

or midazolam, including age (48.53±3.30 and 42.71±4.85 yr), age of onset of illness

(23.00±2.80 and 21.29±4.78 yr), duration of illness (21.80±3.82 and 20.00±5.96 yr), number

of antidepressant treatment failures (5.87±0.58 and 4.86±0.40), and baseline MADRS scores

(32.33±1.21 and 31.71±2.17) did not differ between treatment groups (p>0.05).

We were unable to obtain plasma samples and MADRS scores from three patients at all time

points, so the data analysis reflects these missing data points. Seven patients receiving

ketamine met response criteria at Day 7, whereas two patients receiving midazolam met

response criteria. A two-way ANOVA comparing MADRS scores over time in ketamine-

responders and nonresponders revealed significant group (F1,86=104.253, p<0.001) and time

(F5,86=15.412, p<0.001) main effects and a group-by-time interaction (F5,86=3.93,

p=0.003). Multiple comparisons showed significant differences in MADRS scores at all time

points except baseline (p<0.05) (Fig. 1(a)). As shown in Fig.1(b), ketamine responders had

greater BDNF levels than ketamine nonresponders at 240 min post-infusion (t(11)=2.450,

p=0.03). BDNF levels did not significantly differ between midazolam responders and non-

responders (t(4)=0.727, p=0.50).
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Associations between MADRS scores and plasma BDNF levels at 240 min post-infusion in

patients receiving ketamine or midazolam are presented in Fig. 1(c, d), respectively. There

was a highly significant negative correlation between MADRS scores and plasma BDNF in

patients receiving ketamine (F1,12=10.646, p=0.008) but not midazolam (F1,5=0.235,

p=0.653).

A multiple linear regression analysis model was employed that included plasma BDNF

(baseline and 240 min), age, BMI, and gender. As shown in Table 1, after controlling for

multiple factors, BDNF at 240 min remained a highly significant predictor of MADRS

scores at 240 min (t=–4.808, p=0.002, β=–0.997), 24 h (t=–2.556, p=0.038, β=–0.732), 48 h

(t=–5.662, p=0.001, β=–0.941), 72 h (t=–4.777, p=0.010, β=–0.660), but not 7 d (t=–1.910,

p=0.098, β=–0.673).

Discussion

A number of significant findings were observed in this study. First, we found that ketamine,

but not midazolam, increased plasma BDNF levels at 240 min post-infusion in responders

compared to non-responders. Second, plasma BDNF levels at 240 min were negatively

correlated with MADRS scores at that same time point in patients receiving ketamine but

not midazolam. Finally, BDNF levels at 240 min were highly predictive of MADRS scores

up to 72 h post-ketamine infusion. These results provide support for the hypothesis that early

changes in plasma BDNF are associated with clinical outcomes for patients receiving

ketamine therapy for TRD.

Our findings reinforce the idea that the 240 min time point may represent a critical window

during which BDNF levels convey clinically relevant information. The importance of this

time point is corroborated by recent studies (aan het Rot et al., 2010; Cornwell et al., 2012;

Duncan et al., 2013) but not all (Machado-Vieira et al., 2009). Although similar protocols

and methods were employed, Machado-Vieira et al. (2009) found neither correlations at any

time point between plasma BDNF and MADRS scores, nor elevated BDNF levels at 240

min between responders and non-responders to ketamine. Factors responsible for these

divergent findings from the present study are unknown.

The observed rapid reduction in MADRS scores 240 min post-ketamine infusion replicates

findings from numerous previous studies (Zarate et al., 2006; Machado-Vieira et al., 2009;

Cornwell et al., 2012; Duncan et al., 2013). However, to the best of our knowledge, we are

the first to describe a highly significant negative correlation between MADRS scores and

plasma BDNF at 240 min post-ketamine infusion in patients with a durable response for at

least 7 d post-infusion. This finding is potentially consonant with a report that showed

plasma BDNF levels were negatively correlated with MADRS scores in patients responding

to conventional therapy (Kurita et al., 2012). Another novel finding was that BDNF levels at

the 240 min time point were highly predictive of MADRS scores up to 72 h after a single IV

ketamine infusion. The uncharacteristically high correlations found between plasma BDNF

levels and MADRS scores over time remained significant even after controlling for factors

known to influence BDNF (baseline BDNF, age, gender and BMI). Future studies

employing larger samples sizes are needed to confirm this finding.
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For this study, we focused on responders who showed clear evidence of persistence of

benefit. Patients must have met MADRS response criteria on Day 7 following a single

ketamine infusion to be designated study responders (Murrough et al., 2013). Moreover, the

Day 7 assessments were conducted in outpatients, since patients were discharged from the

research facility 24 h following infusion. That patients continued to benefit from ketamine

outside the research unit suggests a durable response in a select group of patients. Our

finding that early ketamine-induced increases in plasma BDNF levels were greater in

responders compared to non-responders may reflect biological mechanisms associated with

durability of response. Future studies are needed to prospectively assess BDNF levels at

multiple time points (up to 7 d) and whether levels may predict clinical outcome to

ketamine.

Several limitations should be considered when interpreting these results. Although the

primary findings appear to be statistically robust, they must be considered preliminary until

replicated in a larger patient population. Second, we focused analyses on plasma rather than

serum BDNF, because of concerns regarding stability and reliability of using serum as an

assay medium for BDNF (Fujimura et al., 2002; Zuccato et al., 2011). While BDNF can

cross the blood–brain barrier, and plasma levels correlate with cerebrospinal fluid levels in

certain disease states, we did not directly measure brain BDNF nor additional key

neurobiological mediators of ketamine response, such as mTOR (Poduslo and Curran, 1996;

Pillai et al., 2010; Denk et al., 2011; Yang et al., 2013). Overall, however, these findings

suggest that plasma BDNF levels obtained approximately 240 min after a single ketamine

infusion are highly associated with, and powerfully predict, depression outcomes in patients

with TRD.
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Fig. 1.
Plasma BDNF levels and depression outcomes. Benefit of ketamine was greater in responders (N=7) compared to nonresponders

(N=8) as revealed by significantly lower Montgomery–Åsberg Depression Rating Scale (MADRS) scores over time (a,

*p<0.05). Plasma BDNF levels were significantly increased (b, *p=0.032) at 240 min in responders following ketamine.

Relationship between plasma BDNF levels and MADRS scores in patients that received ketamine (c, N=15) and midazolam (d,

N=7). Plasma BDNF levels were highly correlated with MADRS scores at 240 min in patients that received ketamine but not

midazolam. Responders represent patients with a greater than or equal to a 50% reduction MADRS score 7 d post-ketamine

infusion compared to baseline.
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Table 1

Multiple linear regression Montgomery–Åsberg Depression Rating Scale scores and plasma BDNF

240 min 24 h 48 h 72 h 7 d

BDNF 240 min r = –0.897, p = 0.002 r = –0.791, p = 0.038 r = –0.944, p = 0.001 r = –0.777, p = 0.023 r = –0.659, p = 0.098

Int J Neuropsychopharmacol. Author manuscript; available in PMC 2014 April 21.


