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Abstract

Background: This randomized, placebo-controlled, crossover trial examined the antidepressant efficacy of the muscarinic 
antagonist scopolamine in major depressive disorder subjects with more severe and refractory forms of major depressive 
disorder relative to previous reports.
Methods: Participants included 23 medication-free major depressive disorder subjects (12 F/11 M, 20–55  years) currently 
experiencing a major depressive episode. Subjects had scored ≥20 on the Montgomery-Asberg Depression Rating Scale. 
Following a single-blind, placebo lead-in, participants were randomized to receive 2 counterbalanced blocks of 3 i.v. infusions 
of scopolamine (4 μg/kg) and placebo in a double-blind manner. The primary and secondary outcomes were the Montgomery-
Asberg Depression Rating Scale and the Hamilton Anxiety Rating Scale, respectively. Magnetoencephalography and plasma 
brain-derived neurotrophic factor concentrations were obtained prior to and after each treatment phase.
Results: As assessed by both the Montgomery-Asberg Depression Rating Scale and Hamilton Anxiety Rating Scale, scopolamine 
had no significant antidepressant or anxiolytic effects relative to placebo. No significant drug vs placebo effects were seen 
in magnetoencephalography gamma power or brain-derived neurotrophic factor plasma concentrations, and brain-derived 
neurotrophic factor changes did not correlate with change in Montgomery-Asberg Depression Rating Scale score in response 
to scopolamine.
Conclusions: These results do not support the efficacy of scopolamine for more severe or refractory forms of depression. No 
pre- to post-infusion changes in plasma brain-derived neurotrophic factor were detected, and magnetoencephalography 
gamma power changed only in the placebo lead-in, suggesting that these biomarker measures were not affected by 
scopolamine in this cohort. While difficult to interpret given the lack of antidepressant response, the findings suggest that 
the neurobiological effects of ketamine and scopolamine are at least partly distinct.
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Introduction
Major depressive disorder (MDD) is a major public health con-
cern. Almost one-third of individuals in the US will experience 
a major depressive episode at some point in their lives (Kessler 
et al., 2012). Of those who screen positive for depression, more 
than 70% will not receive appropriate treatment (Olfson et al., 
2016), perhaps discouraged by the significant lag time between 
starting medications and symptomatic relief or by the relative 
lack of efficacy of current treatment options. For instance, up to 
one-third of MDD subjects will not achieve symptom remission 
even after 4 antidepressant trials (Trivedi et al., 2006a, 2006b). 
Psychopharmacological research over the past few decades has 
not significantly advanced the number of approved drug treat-
ments for depression beyond the monoaminergic interventions 
in use for more than 50 years. Thus, the need to develop new 
and rapid antidepressant treatments is great and will likely 
require targeting novel neurobiological substrates.

The cholinergic neurotransmitter system, both muscarinic 
and nicotinic receptors, has been implicated as a potential 
substrate of rapid antidepressant response. The muscarinic 
cholinergic system in particular has considerable preclinical 
and clinical evidence to support its role in regulating mood 
symptoms (Drevets et al., 2013). Several decades ago, Janowsky 
and colleagues hypothesized that an adrenergic/cholinergic 
balance underlies mood disorders (Janowsky et  al., 1972). In 
preclinical studies, rats bred selectively for supersensitivity 
of the muscarinic receptors (the Flinders Sensitive Line) dis-
played behavioral depressive-like symptoms in the presence of 
agents that increase cholinergic function, including increased 
behavioral despair in the forced swim test (Overstreet et  al., 
1992). Anticholinergic agents such as scopolamine were found 
to reduce behavioral despair in animals (Betin et  al., 1982). In 
humans, challenge studies found that the anticholinester-
ase inhibitor physostigmine increased cholinergic activity 
and exacerbated depressive symptoms in currently depressed 
MDD subjects (Janowsky et  al., 1972, 1974; Risch et  al., 1981; 
Nurnberger et al., 1983). Physiologic studies found that neuroen-
docrine and pupillary responses to physostigmine were abnor-
mally increased in depressed individuals (Janowsky et al., 1985; 
Dilsaver, 1986; Rubin et al., 1999), and genetic studies found that 
a variation in the type 2 muscarinic (M2) cholinergic receptor 
gene was associated with an elevated incidence or severity of 
MDD (Comings et al., 2002; Wang et al., 2004; Cannon et al., 2011).

In treatment trials, open-label administration of the mus-
carinic receptor antagonist scopolamine (0.4  mg i.m.) to 10 
depressed patients and 10 healthy controls before bedtime for 
3 consecutive nights was found to have a small but statistically 
significant antidepressant effect on the second morning of treat-
ment (Gillin et al., 1991). Furey and Drevets, investigating the role 
of the cholinergic system in the cognitive symptoms of depres-
sion, unexpectedly found that scopolamine had rapid antide-
pressant effects in depressed subjects. In the first of the 2 studies 

(Furey and Drevets, 2006), 19 medication-free subjects meeting 
DSM-IV criteria for recurrent MDD or bipolar disorder (subjects 
were not required to be treatment resistant) were included in a 
double-blind, placebo-controlled pilot outpatient study; 6 sub-
jects had been chronically ill (more than 2 years) and one was 
unresponsive to previous treatment. Scopolamine hydrobromide 
(4  µg/kg) administered i.v. over 15 minutes rapidly reduced the 
severity of depressive symptoms within 3 to 5 days after the first 
treatment (effect size 2.2–3.4), although subjects reported marked 
improvements in clinical symptoms by the evening or the morn-
ing after scopolamine administration. A  subsequent study 
(Drevets and Furey, 2010) replicated this initial finding; scopola-
mine’s antidepressant efficacy was observed within 3 to 5 days in 
23 outpatients with MDD (effect size 1.2–1.7). Across both groups 
(i.e., placebo/active and active/placebo) of this second double-
blind, placebo-controlled, crossover study, 13 of 22 subjects were 
chronically ill (more than 2 years duration), and 6 of 22 had not 
responded to treatment in a previous depressive episode (one 
subject dropped out prior to receiving any intervention).

Ketamine, a glutamatergic modulator with antagonistic 
properties at the N-methyl-D-aspartate receptor, has similarly 
demonstrated rapid, though short-lived, antidepressant effects 
(Kishimoto et al., 2016). In one study, effect sizes were 1.46 at 
day 1 and 0.68 at 1 week post-ketamine infusion (Zarate et al., 
2006). Preclinical studies have found that ketamine and scopola-
mine produce comparable antidepressant effects, suggesting 
that the 2 agents may share common cellular and molecular 
mechanisms that rapidly increase extracellular glutamate. For 
instance, both drugs are thought to exert their effects on gamma-
aminobutyric acid (GABA)-ergic interneurons that synapse on 
presynaptic glutamatergic neurons in the prefrontal cortex; ket-
amine blocks interneuron N-methyl-D-aspartate receptors and 
scopolamine blocks muscarinic receptors (Li et al., 2010; Voleti 
et al., 2013; Wohleb et al., 2017). These two initial actions inhibit 
the inhibitory interneuron, resulting in decreased GABAergic 
activity that, in turn, leads to disinhibition of pyramidal neurons 
and increased extracellular glutamate release, activation of the 
mammalian target of rapamycin complex 1 cascade, elevated 
brain derived neurotrophic factor (BDNF) concentrations, and 
an increased number and function of spine synapses in the pre-
frontal cortex (Li et al., 2010; Voleti et al., 2013; Hare et al., 2017; 
Wohleb et al., 2017).

We previously suggested that a novel approach to developing 
biomarkers of antidepressant response would be to contrast inter-
ventions with a rapid onset of action, such as sleep deprivation or 
i.v. drugs (e.g., ketamine or scopolamine) (Zarate et al., 2013; Niciu 
et al., 2014). Increases in plasma BDNF levels have been shown to 
be associated with antidepressant response to ketamine (Haile 
et  al., 2014), though other studies have not demonstrated this 
association (Machado-Vieira et al., 2009). In animal models, BDNF 
release was recently shown to be necessary for scopolamine’s 

Significance Statement
In this crossover trial of subjects with major depressive disorder (MDD), scopolamine administration was not associated with 
significant improvement in depressive or anxious symptoms compared to placebo. Subjects in this trial may have been more 
treatment-resistant than in previous scopolamine studies. Neurophysiological markers such as magnetoencephalography (MEG) 
gamma power and plasma brain derived neurotrophic factor (BDNF) levels—which have been shown to change in response to 
ketamine administration—demonstrated no significant association with scopolamine administration. These findings do not 
provide evidence that scopolamine and ketamine exert similar neurobiological effects.
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antidepressant effects (Ghosal et al., 2018). Neuroimaging modali-
ties may also offer an important tool for assessing target engage-
ment and understanding the underlying mechanisms of drug 
action (Carmichael et al., 2017). A recent study of subjects with 
treatment-resistant MDD who received i.v. ketamine found that 
depressed and healthy subjects exhibited robust increases in 
gamma power in response to ketamine administration (Nugent 
et al., 2018). The relationship between increased gamma power 
and antidepressant response was modulated by baseline gamma 
levels, such that large increases in gamma power were associated 
with better antidepressant response in MDD subjects with lower 
baseline gamma; this relationship was inverted in MDD subjects 
with higher baseline gamma.

This study sought to examine the antidepressant efficacy of 
the muscarinic antagonist scopolamine in MDD patients across 
a broad range of severity and treatment resistance (i.e., there 
were no exclusion criteria for symptom severity or past num-
ber of treatment trials). This study also sought to generate pre-
liminary evidence for a shared mechanism of action between 
ketamine and scopolamine, testing the hypothesis that, like 
ketamine, scopolamine’s antidepressant effects would be asso-
ciated with increased plasma BDNF and increased MEG gamma 
power from baseline to post-treatment.

METHODS

Participants

Subjects were recruited from local inpatient psychiatric units, 
the internet, and local and national physician referrals and 
were studied as inpatients (n  =  7) and outpatients (n  =  16) at 
the National Institute of Mental Health (NIMH) Mood Disorders 
Research Unit in Bethesda, Maryland. Eligible participants were 
11 male and 12 female inpatients, 18 to 55 years old (n = 23); 
all subjects were diagnosed with MDD, currently depressed 
without psychotic features, as assessed by the Structured 
Clinical Interview for Axis I DSM-IV Disorders—Patient Version 
(First et  al., 2001), and were required to have a score ≥20 on 
the Montgomery-Asberg Depression Rating Scale (MADRS) at 
screening and at the start of each infusion.

Subjects were judged clinically not to be at serious risk for 
suicide. Other exclusion criteria included a history of drug or 
alcohol abuse within 1 year or a lifetime history of alcohol or 

drug dependence; a current or past history of other Axis I disor-
ders that preceded the onset of MDD; general MRI exclusion cri-
teria; vision and/or hearing problems severe enough to interfere 
with testing; electrocardiographic evidence of ischemia, arrhyth-
mia, conduction defect, or myocardial infarction; current blood 
pressure of >140 mm Hg or <90 mm Hg systolic, or >90 mm Hg 
diastolic; clinically significant cerebrovascular or cardiovascular 
disease; congestive heart disease; angina pectoris; advanced 
arteriosclerosis; gross neurological impairment; hyperthyroid-
ism; known hypersensitivity to anticholinergic agents; renal 
or hepatic impairment; clinical history of glaucoma or narrow 
angle glaucoma; age of onset of MDD >45 years; exposure within 
2 weeks to medications likely to affect cerebral blood flow and 
metabolism or likely to interact with anti-cholinergic medica-
tions (e.g., narcotics or anti-cholinergic agents), as verified by 
history and urine drug screen; concomitant treatment with psy-
chotropic medications in the two weeks before randomization 
(6 weeks for fluoxetine); and weight >275 pounds. In addition, 
female subjects could not be pregnant or nursing.

All subjects were in good physical health, as determined 
by medical history, physical exam, blood labs, ECG, chest 
x-ray, urinalysis, and toxicology. The study was approved by 
the Combined Neuroscience Institutional Review Board at the 
National Institutes of Health (NIH; NCT00369915). All subjects 
provided written informed consent before entry into the study 
and were assigned a Clinical Research Advocate from the NIMH 
Human Subjects Protection Unit to monitor the consent process 
and research participation throughout the study.

Study Design

Based on prior studies, an effect size (d = 0.8) was used to esti-
mate the difference between pre-and post-treatment response 
for the purposes of the power calculation. With 80% power to 
detect an effect using 2-tailed significance at 0.05, we estimated 
that a minimum of 15 subjects would be needed.

This was a single-center, randomized, placebo-controlled, 
crossover design with a single-blind placebo lead-in. After a 
2-week drug-free period, seven 15-minute infusions of either 
placebo or 4 μg/kg of scopolamine were administered (Figure 1). 
The first of these infusions was the single-blind placebo lead-
in, followed by 2 blocks of 3 placebo or scopolamine infusions. 
Study participants were randomized to block order (placebo/

Figure 1. Study design. Following a 2-week wash-out and a single-blind placebo lead-in, participants were randomized to receive 2 counterbalanced blocks of 3 i.v. 

infusions of scopolamine (4 μg/kg) and placebo infusions. Block order was randomized and infusions were administered in a double-blind manner. Please note that the 

last follow-up visit is not represented in this diagram. Missing data: In placebo/scopolamine (P/S) group, Block 2, visit 2: n = 2 missing Montgomery-Asberg Depression 

Rating Scale (MADRS), n = 4 missing Hamilton Anxiety Rating Scale (HAM-A); in S/P group, Block 0, visits 1 and 2: n = 1 missing HAM-A, Block 1, visit 1: n = 1 missing 

HAM-A, Block 2, visit 2: n = 2 missing MADRS, n = 4 missing HAM-A.
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scopolamine (P/S): n  =  11; scopolamine/placebo (S/P): n  =  12). 
Blocks were counterbalanced across subjects so that there were 
equal numbers of P/S and S/P block orders. Both the MADRS and 
the Hamilton Anxiety Rating Scale (HAM-A) were administered 
prior to each infusion and at the final follow-up visit.

Vital signs were monitored during the infusion and for 135 
minutes post-infusion. An ECG, complete blood counts, electro-
lyte panels, and liver function tests were obtained at baseline 
and at the end of the study.

Data Collection

The primary outcome measure was the MADRS, a 10-item clini-
cian-administered scale of depressive symptoms, and the sec-
ondary outcome was the HAM-A. Antidepressant response was 
defined using existing conventions to classify percent improve-
ment from the final assessment of the placebo lead-in: improve-
ments ≥50% on the MADRS were considered full response and 
MADRS scores ≤10 indicated remission (Zimmerman et al., 2004). 
Although the number of prior treatment trial failures was not 
systematically collected, past treatment history was assessed 
through clinician interviews of medical and psychiatric history. 
The maximum number of failed prior antidepressant treatment 
trials was not an exclusion.

Resting-state MEG recordings were obtained following the 
single-blind placebo lead-in and on the day of the infusion 
(SCOP-Day0 and Placebo-Day0). Up to two 250-second resting 
state recordings per time point were analyzed; in general, one 
recording occurred at the beginning of the session, and the sec-
ond was acquired approximately 30 minutes to 1 hour later after 
a series of tasks (to be reported elsewhere). For the resting state 
recordings, subjects were instructed to relax with their eyes 
closed and remain still. All data were acquired on a 275-chan-
nel CTF system at 1200 Hz. Background environmental magnetic 
noise was attenuated by synthetic third gradient balancing. 
T1 weighted MRI scans were acquired on a 3T GE scanner for 
co-registration.

Blood samples (for BDNF) were obtained using the vacutainer 
system prior to and after each treatment phase, as previously 
described (Machado-Vieira et  al., 2009). Briefly, blood samples 
were centrifuged at 1000 rpm at 4°C for 5 minutes and stored at 
−80°C until assay. BDNF concentrations were measured using an 
anti-BDNF sandwich ELISA kit (Chemicon International) accord-
ing to the manufacturer’s instructions. Plasma was diluted 1:2 
with sample buffer and carried out in duplicate blind to clinical 
information. BDNF standard solution was diluted to concentra-
tions from 7.8 to 500 pg/mL of BDNF in a microplate reader to 
create the standard curve for BDNF concentrations. After the 
addition of streptavidin enzyme, substrate, and stop solution, 
BDNF concentrations were determined by absorbance in 450 nm 
using optical density values based on the standard curve values.

Statistical Analysis

Clinical Data Analysis
The model was a repeated-measures ANOVA with a compound 
symmetry covariance structure and restricted maximum like-
lihood estimation with a random effect of subject. Degrees of 
freedom were calculated using the Satterthwaite approxima-
tion. The first and last on-drug assessments for each period 
were selected for analysis, such that baseline assessments 1 
and 2 formed Block 0, assessments 3 and 5 formed Block 1, and 
assessments 6 and 8 formed Block 2. The model included effects 
for randomization, block, assessment, and their interactions. 

Significant interactions were probed using posthoc tests with 
Tukey-Kramer adjustment. Effect sizes were quantified using the 
least square mean estimates. Although mixed models are robust 
to missing data, which did occur in this study, the missing data 
at random assumption is not directly testable. For this reason, 
we carried out 2 sensitivity analyses to assess the robustness of 
the primary outcome. First, we excluded altogether participants 
for whom any datapoint was missing. Second, we analyzed the 
first arm of the trial as a parallel design. Complementary analy-
ses were performed to analyze secondary hypotheses. In these 
mixed models, baseline values were controlled and fixed effects 
of block (Block 1 or Block 2), order (randomization group), assess-
ment (first or last within block), and drug (scopolamine versus 
placebo) were entered. Again, the model was a repeated-meas-
ures ANOVA with a compound symmetry covariance structure 
and restricted maximum likelihood estimation, with a random 
effect of subject. All data analyses were performed using SAS/
STAT Version 9.3.

MEG Data Analysis
MEG data were processed using CTF software (http://www.ctf.
com), MNE-python (Gramfort et al., 2013), Analysis of Functional 
NeuroImages (AFNI) (Cox, 1996), and routines developed in-
house. This work used the computational resources of the NIH 
HPC Biowulf cluster (http://hpc.nih.gov). Each MEG dataset was 
filtered using a high-pass filter of 2 Hz and visually inspected to 
identify and mark time periods with significant muscular, ocu-
lar, or movement artifacts. Up to 10 segments of 15-second dura-
tion outside marked artifacts were identified in an automated 
fashion. Datasets were discarded if at least five 15-second arti-
fact-free segments could not be defined. All further described 
imaging analyses and quality control measures were carried out 
on the clean epochs.

Data were localized to source space on a 5-mm grid using 
synthetic aperture magnetometry (Robinson and Vrba, 1999), 
and a multisphere head model was calculated from co-registered 
MRI scans. MRI and MEG images were coregistered using MRI-
visible fiducial markers placed on the head at the time of MRI 
scanning. Beamformer weights were calculated using a band-
pass frequency of 2 to 100 Hz, and power was normalized by the 
projected noise floor of the virtual sensor. The resulting images 
represented root-mean-square power in the gamma band (30–50 
Hz). All images were warped to Talairach space using AFNI and 
masked to remove non-brain matter and cerebellum. The final 
gamma band images were then normalized by the square root 
of the sum of squared images for 6 canonical bands between 2 
and 100 Hz (delta, theta, alpha, beta, gamma, and high gamma). 
From this point forward, “gamma power” refers to the normal-
ized root-mean-square gamma power.

Images were analyzed using a linear mixed model imple-
mented in the AFNI routine 3dLME (Chen et al., 2013). If more 
than one usable recording existed for a given subject and ses-
sion, both were included and coded as having occurred before 
or after a battery of cognitive tasks (to be reported elsewhere). 
MEG scans were obtained 60 to 120 minutes following sco-
polamine or placebo infusion. Session (baseline, Placebo-Day0, 
SCOP-Day0) and run number (first or second recording) were 
included in the model. The initial baseline scan was conducted 
during the placebo lead-in phase. Gender and age were initially 
included as main effects and removed if nonsignificant. Posthoc 
tests were performed within the 3dLME routine to assess indi-
vidual contrasts. False discovery rate (FDR) over the contrast 
image was used to determine significance, with a threshold set 
at PFDR < .05.

http://www.ctf.com
http://www.ctf.com
http://hpc.nih.gov
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BDNF
Plasma BDNF concentrations were measured immediately 
before and 150 minutes after the first infusion of each condition 
(i.e., Session 2 and Session 5). The effect of scopolamine on natu-
ral log-transformed BDNF was assessed using a mixed model, 
with repeated effect of time (0 minutes vs 150 minutes) and a 
random subject effect. All BDNF analyses included age, sex, and 
weight as covariates.

RESULTS

General Characteristics

Of the 23 participants enrolled into the protocol, 11 were 
assigned to the P/S order group and 12 were assigned to the S/P 
order group. Participant characteristics are presented in Table 1. 
There were no premature withdrawals, and all enrolled partici-
pants completed the protocol.

Primary and Secondary Outcomes

Mean MADRS scores at all assessments are shown in Figure 2. 
A  significant effect of block was observed (F(2,43.1)  =  10.82, 
P  =  .0002), explained by moderate improvements across both 
randomization groups from Block 0 to Block 1 (Cohen’s d = 0.85, 
95% CI: 0.22–1.47; t(41.7) = 2.74, Padj = .02) and to Block 2 (Cohen’s 
d = 1.39, 95% CI: 0.79–2.00; t(43.9) = 4.62, Padj = .0001). The improve-
ment from Block 1 to Block 2 exceeded the threshold for signifi-
cance (Cohen’s d = 0.58, 95% CI: -0.03–1.19; t(101) = 2.37, Padj = .14). 

However, no main effect or interaction with randomization was 
observed, indicating that scopolamine had no effect on the pri-
mary outcome (Table  2). Two of the 23 participants (one each 
in the S/P and P/S group) met criteria as responders during 
the scopolamine condition (i.e., ≥50% improvement in MADRS 
from baseline to post-treatment). One of these responders also 
met criteria for remission (MADRS ≤10). One participant who 
responded in the scopolamine condition also met criteria for 
response in the placebo condition. Finally, 2 participants in the 
S/P group who did not respond in the scopolamine condition 
demonstrated remission in the placebo condition.

Four participants (2 in each of the randomization groups) 
did not provide data at the final assessment. To assess robust-
ness of the results to these missing data, the 4 participants were 
excluded and the analysis re-run. The results did not differ (i.e., 
main effect of block, P  =  .0017; main effect of randomization, 
P  =  .79; block-by-randomization interaction, P  =  .53). Next, we 
analyzed the first arm of the trial, controlling for the session 
2 (baseline) score. Scopolamine had no effect [F(1,20)  =  0.38, 
P = .54], and no interaction between drug and visit [F(2,42) = 0.01, 
P = .99] was noted.

Similar results were observed for the secondary outcome 
measure, the HAM-A (Table 2). The main effect of block was sig-
nificant (F(2,42.4) = 8.33, P = .0009), driven by significant improve-
ment from Block 0 to Block 1 (Cohen’s d = 0.95, 95% CI: 0.31–1.59; 
t(39.8) = 3.01, Padj =  .005) and to Block 2 (Cohen’s d = 1.17, 95% 
CI: 0.57–1.78; t(43.9) = 3.89, Padj = .0003). Change from Block 1 to 
Block 2 was not significant (Cohen’s d = 0.30, 95% CI: -0.31–0.91; 
t(43.8) = 0.98, Padj = .59).

Table 1. Subject Characteristics

P/S (n = 11) S/P (n = 12) Total (N = 23)

M SD M SD M SD

Age (y) 32.91 9.08 40.42 11.32 36.83 10.78
Age of onset (y) 17.3 6.96 22.5 10.22 20.14 9.08
Duration of illness (y) 14.6 10.05 17.92 13.54 16.41 11.92
MADRS 31.64 4.2 34.08 4.25 32.91 4.32
HAM-A 19 5.67 25.73 8.33 22.36 7.76

n % n % n %
Male 7 63 4 33 11 48
Race
 White, non-Hispanic 9 82 6 50 15 65
 Black or multiracial 2 18 3 25 5 22
 Unknown 0 3 25 3 13
Comorbid diagnoses
 Anxiety disorder 4 36 3 25 7 30
 Obsessive compulsive disorder 0 3 25 3 13
 Posttraumatic stress disorder 1 9 2 17 3 13
 Personal history of alcohol/substance abuse 1 9 6 50 7 30
Medication response history
 Naïve 2 18 4 33 6 26
 Resistant 7 63 8 66 15 65
 Responder 2 18 0 2 9
Previous medication trials
 0–1 3 27 5 42 8 35
 2–3 5 45 3 25 8 35
 4–7 1 9 4 33 5 22
 8+ 2 18 0 2 9
Previous ECT trial 2 18 3 25 5 22

Abbreviations: ECT, electroconvulsive therapy; HAM-A, Hamilton Anxiety Rating Scale; MADRS, Montgomery-Asberg Depression Rating Scale; P/S, randomized to pla-

cebo then scopolamine; S/P, randomized to scopolamine then placebo.
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MEG Results

No significant effects of age or gender on gamma power in MDD 
subjects were observed, so these effects were removed from the 
model. There was a significant overall main effect of session 
(minimum PFDR =  .0005). However, this was primarily accounted 
for by increased gamma power in the baseline placebo-lead in 
session, primarily in fronto-temporal areas, and presumably 
due to the novelty of the scanning environment and potentially 
increased muscular activity. For the contrast of interest—scopola-
mine vs placebo—no significant effects were observed (minimum 
PFDR =  .195). Maps of this comparison, thresholded at Puncorreced < 
0.005, are shown in Figure  3. Gamma power was nominally 
increased in bilateral precuneus/angular gyrus, but nominally 
reduced in parahippocampal gyrus and inferior frontal gyrus.

BDNF Results

Plasma BDNF levels did not change significantly between 0 
and 150 minutes under either condition (placebo, F(1,42) = 1.78, 
P = .19; scopolamine, F(1,42) = 0.06, P = .80) (placebo vs scopola-
mine, F(1,42) = 1.26, P = .27). To address the possibility of carry-
over effects, data from the first block of the trial were analyzed 
separately (i.e., Session 2, 0 minutes vs Session 5, 0 minutes). 
No significant change in BDNF levels was observed following 
3 infusions of placebo (F(1,10)  =  0.01, P  =  .94) or scopolamine 
(F(1,10) = 0.04, P  =  .84) (placebo vs scopolamine, F(1,20) = 0.04, 
P  =  .84). Change in BDNF levels was not related to change in 
MADRS score during the first block under either condition (pla-
cebo, t(15) = -0.35, P = .73; scopolamine, t(15) = -1.55, P = .14), and 
this did not differ between condition (change in BDNF by condi-
tion interaction, F(1,15) = 0.12, P = .73) (see Figure 4).

Adverse Effects

Most participants reported transient minor side effects at the 
time of the infusions (of both scopolamine and placebo). These 
included expected anticholinergic side effects such as dry 
mouth, constipation, blurred vision, drowsiness, and nervous-
ness. Two participants reported worsening of depression during 
the study; both were closely monitored and were able to com-
plete the protocol. No unexpected or serious adverse events 
occurred; while a formal assessment of blinding was not con-
ducted, clinical reports suggest that unblinding was not a major 
concern.

Discussion

In this randomized, placebo-controlled, crossover trial of 23 sub-
jects with MDD, a series of 3 scopolamine infusions did not sig-
nificantly improve depressive or anxiety symptoms compared 
with placebo. These negative results are not in line with pre-
vious studies of scopolamine for depression and suggest that 
the current study sample may have differed significantly from 
samples used in previous studies. One possible explanation for 
the lack of significant results in this trial may be the increased 
level of treatment resistance in this subject sample. While previ-
ous studies (Furey and Drevets, 2006; Drevets and Furey, 2010) 

Table 2. Results of Repeated-Measures ANOVA

Num DF Den DF F P

MADRS
 Block 2 43.1 10.82 .0002
 Visit 1 62 0.65 .42
 Group 2 62 0.09 .91
 Block*visit 1 21.1 0.07 .79
 Block*GROUP 2 43.1 0.65 .53
 Visit*group 1 62 0.08 .78
 Block*visit*group 2 62 0 1.00
HAM-A
 Block 2 42.4 8.33 .0009
 Visit 1 56.9 4.72 .03
 Group 1 21.3 2.29 .15
 Block*visit 2 56.8 1.82 .17
 Block*group 2 42.4 1.2 .31
 Visit*group 1 56.9 2.59 .11
 Block*visit*group 2 56.8 1.36 .26

Abbreviations: Den DF, denominator degrees of freedom; HAM-A, Hamilton 

Anxiety Rating Scale; Num DF, numerator degrees of freedom; MADRS, 

Montgomery-Asberg Depression Rating Scale. 

DFs were calculated using the Satterthwaite approximation. Repeated meas-

ures nested within block were modeled with a compound symmetry variance 

structure and a random subject effect.

Figure 2. Montgomery-Asberg Depression Rating Scale (MADRS) and Hamilton Anxiety Rating Scale (HAM-A) scores. Assessments 4 and 7 were excluded from the 

analysis. Randomization group by block interaction was not significant for either scale. A main effect of block was significant for both scales. Posthoc tests indicated 

that for MADRS both Block 1 (padj = .02) and Block 2 (padj = .0001) differed from Block 0 but not from one another (Padj = .14). HAM-A scores for Block 1 (Padj = .01) and Block 

2 (Padj = .001) differed from Block 0 but not from one another (Padj = .59). P, placebo; S, scopolamine.
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did not report data for past medication trials, the average past 
number of medication trials in the current study was greater 
than three. Furthermore, a larger proportion of patients in the 
previous studies were treatment naive (50% compared with 26% 
in the current study). Moreover, the previous studies examined 
wholly outpatient samples while the current study had a mix 
of inpatients and outpatients (7 inpatients, 16 outpatients). 
Another potential difference between the current and previous 
samples may be increased severity of depressive symptoms; 
specifically, average MADRS score on entering the treatment 
phases were between 23 and 30 in the previous studies com-
pared with 33 in the current study.

From a translational perspective, the lack of clinical efficacy 
in this study did not allow us to test the hypothesis that sco-
polamine and ketamine have a shared mechanism of action. 
The results do suggest that the neurobiological effects (i.e., drug 
effects) of scopolamine and ketamine are at least partially dis-
tinct. It is important to acknowledge that because the response 
to scopolamine was small in this sample, it was not possible to 
assess any neurophysiological correlates of response (i.e., mech-
anism of action). For instance, while this cohort exhibited no 
drug-dependent changes in BDNF levels in response to scopola-
mine, it is possible that significant correlations would have been 
observed if clinical response had been greater. It should be noted, 
however, that peripheral BDNF concentrations may be difficult to 
interpret. For instance, in humans—though not in mice—BDNF 
blood levels may primarily be influenced by platelet stores, which 
are typically released during the coagulation process, more than 
brain BDNF activity (Chacon-Fernandez et al., 2016).

Regarding the neuroimaging biomarker analysis, we found 
no significant change in MEG gamma power following scopol-
amine administration in contrast to studies conducted with 
ketamine. For instance, both animal (Pinault, 2008; Anderson 
et al., 2014; Jones et al., 2014) and human (Rivolta et al., 2015; 
Shaw et  al., 2015) studies have indicated that acute, subanes-
thetic doses of ketamine are associated with robust increases in 
gamma power regardless of clinical response. A recent study by 
Nugent and colleagues not only found increases in MEG gamma 
power in response to ketamine administration in both MDD and 
healthy controls, but also demonstrated a relationship between 
increased gamma power and antidepressant response in MDD 
subjects with lower baseline MEG gamma power (Nugent et al., 
2018). For ketamine, it is thought that the decreased activity 
in GABAergic interneurons and the disinhibition of excitatory 
pyramidal neurons (Homayoun and Moghaddam, 2007) presum-
ably provide the mechanism underlying these increased gamma 
oscillations (Carlen et al., 2012), which may function as a bio-
marker of antidepressant response to ketamine. The association 
between change in gamma power and antidepressant response 
could not be assessed in the current study given the lack of clini-
cal efficacy in this cohort, and thus scopolamine’s mechanism of 
antidepressant action could not be evaluated.

Strengths of the study include: the randomized design, the 
medication-free status of all the participants, the i.v. administra-
tion of the study drug (which ensures uniform administration and 
compliance), the 100% completion rate of the participants, the 
inclusion of subjects regardless of the number of past medication 
trials, and the inclusion of 2 distinct neurophysiological modali-
ties obtained in relationship with treatment to scopolamine.

Taken together, these findings suggest that scopolamine 
may have only modest or no significant antidepressant effects 
in patients with more severe and treatment-resistant forms of 
depression. It is possible, however, that subjects who respond 
more robustly to scopolamine would exhibit similar neurobio-
logical effects to those who respond to ketamine. Future stud-
ies with scopolamine in depression should factor in level of 
symptom severity and treatment resistance. Investigations of 
physiological markers associated with antidepressant response 
to scopolamine should be reexamined in a patient cohort that 
responds to this agent, as reported in previously published trials.
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Figure 3. Z-map of the comparison of gamma power in the post-scopolamine vs post-placebo condition. Red indicates increased gamma in the scopolamine condition, 

and blue indicates decreased gamma in the scopolamine condition.

Figure 4. Results of a repeated measures model with fixed effects of time, con-

dition, and their interaction. Least square mean estimates (with SE) are plot-

ted. The pre-post change in natural log-transformed brain-derived neurotrophic 

factor (BDNF) concentrations did not differ between conditions (F(1,42) = 1.26, 

P = .27).
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