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Single doses of a highly selective inhibitor of
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Lenrispodun is a potent and highly selective inhibitor of phosphodiesterase (PDE) type 1, which is thought to prolong intracellular
second messenger signaling within cortical and subcortical dopaminergic brain regions. This is the first study of a PDE1 inhibitor in
healthy volunteers using behavioral and neuroimaging approaches to examine its effects on neural targets and to provide a safety
and tolerability assessment. The primary objectives were to determine whether lenrispodun induces changes in BOLD fMRI signals
in the inferior frontal gyrus (IFG) during the stop signal task, and the dorsal anterior insula (dAI) during the extinction phase of a fear
conditioning/extinction task. Using a double-blind, placebo-controlled, within-subjects design, 26 healthy individuals (22
completed all fMRI sessions) received in random order a single oral dose of placebo, lenrispodun 1.0 milligram (mg) or lenrispodun
10.0 mg and completed several tasks in the scanner including the stop signal (n= 24) and fear conditioning/extinction tasks (n=
22). Prespecified region-of-interest analyses for the IFG and dAI were computed using linear mixed models. Lenrispodun induced
increases in IFG activity during the stop signal task at 1.0 mg (Cohen’s d= 0.63) but not 10.0 mg (Cohen’s d= 0.07) vs. placebo.
Lenrispodun did not induce changes in dAI activity during fear extinction at either dose. Exploratory outcomes revealed changes in
cardiac interoception. Lenrispodun administration was well-tolerated. These results provide evidence that 1.0 mg lenrispodun
selectively improved neural inhibitory control without altering fear extinction processing. Future investigations should determine
whether lenrispodun improves inhibitory control in target populations such as individuals with attention deficit hyperactivity
disorder. Trial registration: ClinicalTrials.gov identifier: NCT03489772.
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INTRODUCTION
The cyclic nucleotides 3’,5’-cyclic adenosine monophosphate
(cAMP) and guanosine monophosphate (cGMP) are important
intracellular second messengers that play key roles in regulating
numerous biochemical processes in the brain including certain
cognitive functions. These are synthesized by adenylyl or
guanylyl cyclases and degraded (hydrolyzed) by phosphodies-
terases (PDEs) allowing cell type specific intracellular regulation.
There are 11 main PDE members with PDE4, PDE7, and PDE8
being highly selective for cAMP and PDE5, PDE6, and PDE9 for
cGMP. The remaining PDEs, including PDE1, can hydrolyze both
cyclic nucleotides.
Prolongation and amplification of cyclic nucleotide signaling

can be accomplished by small molecule inhibitors of PDEs [1]. PDE
family members that selectively regulate cAMP or cGMP appear to
exert prominent influence in different phases of memory
formation in animal models [2]. Inhibition of PDE family members,
like PDE4, that selectively regulate levels of cAMP appears to be
involved in promoting consolidation of memories at late (i.e., 1 to
3 h post-stimulus) time scales. Inhibition of PDE family members
that selectively regulate levels of cGMP, like PDE5, appears to be

involved in promoting consolidation of memories at immediate
time scales. Several PDE inhibitors (PDE2: BAY 60–7550; PDE4:
rolipram; PDE5: sildenafil; PDE10A: papaverine) attenuate cogni-
tive deficits in extra-dimensional shift paradigms, a measure of
executive functioning in rodents [3], and PDE2 and PDE10
inhibition reverses MK-801-induced memory deficits [4] as well
as modulate auditory information processing during a sensor-
imotor gating paradigm [5]. Taken together, there is evidence
that PDE inhibitors affect several distinct cognitive processes in
animals. These findings have generated strong interest in
developing PDE inhibitors as potential therapeutics for psychia-
tric disorders, particularly those associated with neurocognitive
deficits.
Recently, Intra-Cellular Therapies Inc. has revealed a series of

selective phosphodiesterase 1 (PDE1) inhibitors. Inhibitors of PDE1
block the degradation of cAMP and cGMP and amplify down-
stream intracellular signaling. Lenrispodun exhibits picomolar
affinity for PDE1, possesses exquisite selectivity against all other
PDE families, demonstrates favorable brain pharmacokinetics, and
shows good efficacy in vivo in animal models consistent with a
centrally active mechanism of action [6]. In a preclinical study with
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rats focused on memory performance using the novel object
recognition paradigm, lenrispodun (0.1–10.0 mg/kg, oral adminis-
tration) resulted in enhanced acquisition, consolidation, and
retrieval memory processes [7]. Consistent with modulation of
both cAMP and cGMP, lenrispodun enhanced both immediate and
late memory consolidation [7]. In the periphery, PDE1 inhibition
may also hold promise for the treatment of cardiovascular disease
[8]. For example, lenrispodun (0.1–10.0 mg/kg, oral administration)
increased cardiac output without altering systemic blood pressure
in animal models of heart failure [9]. More recently, single-doses of
lenrispodun were shown to be well-tolerated and to confer
cardiac inodilator effects in humans with heart failure with
reduced ejection fraction [10]. Moreover, lenrispodun has been
shown to exhibit anti-inflammatory effects both centrally and
peripherally [11, 12]. Thus, the unique profile of PDE1 inhibition
may provide a rationale for emphasizing not just central (i.e.,
cognitive and affective) processes but also for potential utility in
improving cardiovascular function.
Building upon these preclinical and clinical studies, the current

trial applied a pharmacological-fMRI approach to evaluate the
neural effects of acute administration of lenrispodun on cognitive
and affective processing in healthy humans. The stop signal task
(SST), a classic approach for measuring impulse control, was
utilized as a probe of cognitive processing with an emphasis
placed on activity within the inferior frontal gyrus (IFG) during the
exertion of response inhibition. Previous studies with the SST have
shown that modulation of the inferior frontal cortex is important
for regulation of behavioral and cognitive inhibition. For example,
individuals with attention deficit hyperactivity disorder (ADHD)
exhibited lower activation in the IFG and insula during the SST
than medicated individuals [13] and abnormal activity in the
dorsolateral prefrontal and anterior cingulate cortices relative to
healthy individuals [14]. A fear conditioning/extinction task, a
classic approach for measuring associative learning in which
participants learn to associate a neutral stimulus with an aversive
stimulus, was selected as a probe of affective processing with an
emphasis placed on activity within the insular cortex during the
extinction phase of the task. This task was chosen based on (1) the
clinical relevance of modulating associative fear learning, which
requires phasic dopamine signaling in limbic (particularly anterior
insular [15, 16] as well as amygdala [17]), prefrontal [18], and
striatal [19] brain circuits, and (2) other dopamine modulating
agents, such as methylphenidate, have been consistently
observed to improve cognitive function via enhanced extinction
of contextual fear in animal models [20] and via enhancement of
fear extinction learning in humans [21].
The primary objectives of the study were (1) to determine

whether lenrispodun induced changes in blood-oxygen-level-
dependent functional magnetic resonance imaging (BOLD fMRI)
signals in the IFG during the SST; (2) to determine whether
lenrispodun induced an attenuating effect on BOLD fMRI signals in
the anterior insula during the extinction phase of a fear
conditioning/extinction task. The secondary objectives of the
study were (1) to determine whether lenrispodun affected BOLD
fMRI signals elicited by the Stop vs. Go signal in (a) dorsolateral
prefrontal cortex, (b) dorsal anterior cingulate (dAC) cortex; (2) to
determine whether lenrispodun affected BOLD fMRI signals
elicited by fear conditioning stimulus (CS+ vs. CS−) in (a)
amygdala, (b) prefrontal cortex, and (c) insula; and (3) to assess
safety and tolerability of lenrispodun. Exploratory objectives
examined lenrispodun effects on cardiovascular function, inter-
oception, and neural responses to emotional faces.

MATERIALS AND METHODS
Study overview
This single center, randomized, double-blind, placebo-controlled, within-
subjects study evaluated brain activation patterns using BOLD fMRI

following the administration of three single oral doses of study drug
(placebo, lenrispodun 1.0 mg, and lenrispodun 10.0 mg) in healthy human
participants at the Laureate Institute for Brain Research in Tulsa, Oklahoma,
USA. After providing written informed consent, participants underwent
screening procedures. All study procedures were approved by the Western
Institutional Review Board (Study number 1184787). Within 14 days,
eligible individuals returned to the clinical site for the first of three
neuroimaging sessions (scheduled 14 ± 2 days apart). In randomized order,
participants received a single oral dose at each neuroimaging visit of: Drug
A (Placebo), Drug B (1.0 mg lenrispodun) or Drug C (10.0 mg lenrispodun).
Pharmacodynamic effects included evaluation of brain activation patterns
using BOLD fMRI during cognitive or emotion-provoking tasks (SST; fear
conditioning task (including extinction); emotional face processing task;
visceral interoceptive attention (VIA) task); and during the resting state. A
standard fMRI sequence protocol was followed (see “Image analysis”
section). Self-report questionnaires evaluated changes in mood. Blood
samples were collected for determination of lenrispodun and metabolites
as well as potential biomarkers. The End-of-Study safety visit took place on
day 60 ± 5 days. Total study duration was ~ 80 days. The study design and
schedule of assessments are represented in Fig. 1A, B (The results of
several assessments are not reported here including blood biomarkers,
certain BOLD fMRI tasks (resting state and the monetary incentive delay)
and the behavioral session tasks (bandit task and the implicit approach/
avoidance task)).

PARTICIPANTS
Enrollment of up to 25 healthy participants, 18 to 45 years of age,
inclusive, was planned, with the expectation that 20 individuals
would complete all phases of the study including the 1-month
follow-up (sample size estimation in Supplementary Materials).
The period of recruitment and follow-up was between July 2018 to
August 2019. The trial ended upon completion of the recruitment
goals and final follow-up visit. Volunteers were recruited from the
Tulsa, Oklahoma area via print flyers, social media, and radio
advertisements. Detailed inclusion/exclusion criteria and study
discontinuation procedures are described in the Supplementary
Materials.

Study medication
Lenrispodun was provided to the clinical site pharmacy as a bulk
drug. Purified water was also supplied. An unblinded pharmacist
prepared the liquid solution of lenrispodun for oral administration
to subjects, which was dispensed in a blinded, single-dose
container labeled with a randomization code. Detailed information
on the randomization process is described in the Supplementary
Materials. The oral placebo solution was purified water, identical in
appearance, that did not contain lenrispodun. The study drug was
administered orally by squirting a 1 milliliter (ml) liquid solution
into the participant’s mouth. Listerine strips given before and after
administration provided blinding of taste.

Safety assessments
Safety and tolerability were evaluated for all participants.
Measures included adverse events across all time points, clinical
laboratory evaluations, electrocardiogram, vital signs, and
physical examination including the neurological component
during the screening and end-of-study visits. Vital sign assess-
ments included blood pressure, heart rate, respiratory rate, and
oral temperature. Blood pressure and heart rate were measured
in both the supine and standing positions. The supine
measurement was performed after at least 10 minutes (min) of
lying down. The standing measurement was performed at 1, 3,
and 5 min intervals after rising from the supine to standing
position. Additional safety assessments are detailed in the Sup-
plementary Materials.

Study assessments
The study assessments described in the Supplementary Materials
were performed at the Screening Visit (Visit 1) only.
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Scanning assessments
The primary scanning assessments are described below for the
stop signal and fear conditioning tasks. Additional scanning
assessments are described in the Supplementary Materials for
the emotional face processing, monetary incentive delay, and
VIA tasks.

Stop signal task
To measure behavioral and neural responses to inhibitory
processing, participants completed a SST based closely on a
previous version [22]. At each trial onset either an “X” or an “O”
appeared on a black background. Participants were instructed to
press, as quickly and accurately as possible, the left button when
an “X” appeared, and the right button when an “O” appeared.
They were also instructed not to press either button whenever
they heard a tone during a trial (stop trials). Each trial lasted
1300 milliseconds (ms) and was separated by 200 ms inter-
stimulus intervals (blank screen). Six blocks were performed,
each containing 48 trials (12 stop and 36 nonstop trials in each
block). Trial order was pseudo-randomized. A practice run was
conducted prior to scanning to determine their mean reaction
time (MRT) from “X” and “O” stimulus onset. These individual
measures were used to determine the stop signal delay for the
six different stop trial types. Specifically, stop signals were
delivered at 0 (MRT-0), 100 (MRT-100), 200 (MRT-200), 300 (MRT-
300), 400 (MRT-400), or 500 (MRT-500) ms prior to their MRT,
yielding a range of difficulty levels [22]. For analysis, trials were
divided into “easy” (MRT-500, MRT-400, MRT-300) and “hard”
(MRT-200, MRT-100, MRT-0) conditions.

Fear conditioning/extinction task
The fear conditioning measure was based closely on a previously
used task [23]. The stimuli consisted of two abstract images as
conditioned stimuli (CS), presented for 2 s at a time. CS+ images
(paired with the unconditioned stimulus (US) during fear
acquisition) and CS− images (never paired with the US) were
counter-balanced across participants. The US was a 1 s scream
beginning 500 ms after image onset. In the 9–15 s between CS

image presentations, participants began a continuous perfor-
mance task requiring a right- or left button press in response to
right- or left-facing arrows. This increased engagement and
attention during inter-trial intervals. The task had three compo-
nents: a familiarization period, fear acquisition, and fear extinction.
The familiarization phase (2.5 min) involved five presentations of
each CS with no instances of the US to provide a baseline and
allow familiarization to the scanner environment. The acquisition
phase was divided into two 8-min runs. Each run consisted of 15
presentations of the CS− and 20 presentations of the CS+: five
with (CS+ paired) and 15 without (CS+ unpaired) the US,
matching the previous study [23] and allowing for an equal
number of trials to be included in the analysis (CS+ paired trials
were excluded from analysis so as to not confound processing of
the CS+ with reactivity to the US). Finally, the extinction phase
(12.3 min) involved 25 presentations of each CS with no instances
of the US. Participants rated their experienced valence, arousal,
and anxiety level to each CS at four times during the task: after
familiarization, halfway through acquisition, after acquisition, and
after extinction. Trials were presented in a fixed, pseudo-
randomized order, constrained so that no more than two identical
trials occurred in a row and runs were presented consecutively, so
there was never more than a few min between them.

Interoceptive attention task
To measure the impact of lenrispodun on brain activity during
interoceptive signal processing, participants completed the VIA
task. During this task, participants alternated their focus of
attention between two conditions: the interoception condition
and the exteroception condition. During the interoception
condition, the word “HEART” or “STOMACH” was presented on
the screen and participants were instructed to focus their
attention on interoceptive sensations from that organ. For
example, upon seeing the word “HEART,” participants focused
their attention on how intensely they felt the sensation of their
heart beating. During the exteroception (control) condition, the
word “TARGET” was presented in the middle of the screen and the
color of the word alternated from black to a lighter shade of gray

Fig. 1 Study design and schedule of assessments at neuroimaging visits. A Study design, B Schedule of assessments at neuroimaging visits.
An alternative scheduling option allowed for a 10 am start time. EKG electrocardiogram, VAS visual analog scale, KSS Karolinska Sleepiness
Scale, PLUS participant last use summary, MPRAGE magnetization-prepared rapid gradient echo, MID monetary incentive delay task, PANAS-S
positive and negative affect scheduled-state, PROMIS patient-reported outcomes measurement information system, Bandit Bandit task, IAA
implicit approach/avoidance task.
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every second (s). Participants were instructed to focus their
attention on the intensity of these color changes. Each task
condition was presented in 10-s blocks, and half of the blocks
were followed immediately by a 5-s response period during
which the participant used a visual scale (0= “no sensation” to
6= “extreme sensation”) to rate the intensity of interoceptive
sensations or exteroceptive color changes experienced during the
preceding trial. Blocks were often separated by a variable inter-
stimulus interval, during which participants looked at a fixation
mark. Each run of the task began with a 10-s initial fixation period
and ended with a 10-s final fixation period. Participants performed
two scanning runs, each lasting 360 s (including initial and final
fixation periods). By requiring participants to focus their attention
on internal sensations from their heart and viscera, this task made
use of the attentional spotlight effect to amplify the signal within
cortical regions underlying viscero-sensory perception, thereby
serving as a functional localizer for mapping interoceptive activity
in the insula. It has previously served as a means of identifying
group differences in the dorsal mid-insula’s BOLD response during
the deployment of goal-directed interoceptive attention [24–27].

Hariri face task–modified
This task has been shown previously to sensitively probe
amygdala activity and was a modified version of the Hariri face
task [28]. It required the participant to match one of two faces to a
target face based on the emotion expressed on the target
face. The key component of the task was an emotional face
discrimination task that consisted of a control condition and an
experimental condition. The participant was presented with three
ellipses, one centered at the top of the screen and two at the
lower corners of the screen. Participants were instructed to select
the ellipse in the lower half of the screen that matched the ellipse
in the upper of the screen. The number of correct matches on the
left and the right side were matched in each block. There were
three emotional discrimination trial types each with a similar
format as the control task except the faces were matched on the
emotion expressed on the face, where faces were either angry,
fearful, or happy.

Structural brain MRI
A T1-weighted magnetization-prepared rapid acquisition with
gradient echo (TR/TE= 5/2.012 ms, FOV/slice= 240 × 192/0.9 mm,
186 axial slices) structural MRI scan was performed on days 1, 14,
and 28 during the fMRI scan to allow co-registration of functional
and structural brain images.

Image acquisition
All fMRI data were acquired on a GE Discovery MR750 3T scanner
using an 8-channel GE phased array coil (TR/TE= 2000/27 ms,
FOV/slice= 240/2.9 mm, 128 × 128 matrix, 39 axial slices) with
varying numbers of TRs depending on the task.

Functional neuroimaging analysis
Analysis of fMRI data varied depending on the task. However, all
preprocessing was conducted in AFNI [29] using common
subject-level processing, described in the Supplementary Mate-
rials. Following preprocessing, each subject had contrasts of
interest averaged over prespecified regions of interest selected
from the Brainnetome atlas [30], including dorsal anterior insula,
IFG, amygdala, medial prefrontal cortex, anterior insula, dorso-
lateral prefrontal cortex, dAC cortex and mid and posterior
insula (Supplementary Table 1). These contrasts were used in the
subsequent group-level analyses. Descriptive statistics for
fMRI variables were summarized in units of percent signal
change. Each imaging objective was assessed using a linear
mixed effects model with a task-specific contrast as its outcome.
Task-specific processing and statistical analysis details are
described in the Supplementary Materials.

Exploratory objectives
Exploratory objectives examined lenrispodun effects on cardio-
vascular function (orthostatic heart rate), interoception, neural
responses to emotional faces, behavioral performance, and drug/
metabolite concentration levels.

RESULTS
Participants
Thirty-three participants were screened. Twenty-six participants
were randomized (Table 1), and 7 participants were screen-failed.
Most (73.1–76.9%) completed each cross-over period (Fig. 2 and
Supplementary Fig. 1, Supplementary Table 2).

FUNCTIONAL NEUROIMAGING TASKS
Stop signal task
Omnibus tests showed varying support for a main effect of
lenrispodun across prespecified regions of interest, i.e., the IFG
(p= 0.07), dorsolateral prefrontal cortex (p= 0.2), dAC (p= 0.09),
and anterior insula (p= 0.006). Post hoc tests showed consistent
support when comparing the 1.0mg dose to placebo, where all
regions showed increased NOGOvGO activation (p’s 0.01–0.09, d
from 0.57 to 0.87), but there was no support for an effect of 10.0mg
(p’s > 0.66, d < 0.14) (Table 2 and Fig. 3A).

Fear conditioning/extinction
None of the a priori hypothesized subregions showed a statistically
significant difference between treatment groups, either during
acquisition or extinction of fear conditioning. Relating to the first
primary objective, lenrispodun had no effect on the CSPLUSvCSMI-
NUS contrast during early extinction in the dorsal anterior insula
(main effect of drug p= 0.94, d=−0.05 for 1.0mg and 0.24 for 10.0
mg). Similarly, for secondary objectives evaluating related brain
regions, there was no significant drug by time interaction during
conditioning in the amygdala (p= 0.84), medial prefrontal cortex
(p= 0.98), or anterior insula (p= 0.31) (see Supplementary Fig. 4).

Subjective and behavioral assessment
Lenrispodun had no effect on self-reported mood including
PROMIS Anxiety (p= 0.15, partial η2= 0.093), Anger (p= 0.82,
partial η2= 0.010), and Depression (p= 0.60, partial η2= 0.028)
(Supplementary Fig. 2). Lenrispodun did not induce dose-related

Table 1. Demographic characteristics of the randomized participants.

Demographic

Number (n) of participants 26

Age

Mean ± Standard deviation (SD) 23.5 ± 4.7 years

Gender, n (%)

Male 15 (57.7%)

Female 11 (42.3%)

Race/ethnicity, n (%)

White or Caucasian 14 (53.8%)

Black or African American 6 (23.1%)

Asian 2 (7.7%)

Native or Indigenous 0 (0%)

Unknown/refused 3 (11.5%)

Height

Mean ± SD 172.3 ± 8.8 centimeters

Weight

Mean ± SD 76.8 ± 14.0 kilograms
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effects on behavioral performance measures collected in the MRI
(reaction time, response accuracy) during (1) fear conditioning and
extinction, (2) SST, or (3) emotional face processing task. For these
three tasks there were some effects of visit such that participants
were less accurate and slower at later visits.

EXPLORATORY AIMS
Visceral interoceptive attention
There was no effect of drug on the prespecified Intero-Extero
contrast (i.e., HEART+ STOMACHvTARGET) in the VIA task for the
amygdala (p= 0.97), dorsal anterior insula (p= 0.54), mid and

Fig. 2 Study consort diagram. Consort diagram illustrating participant randomization and number of completers for each fMRI task and visit.
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posterior insula (p= 0.91), or medial prefrontal cortex (p= 0.84)
(Table 2 and Fig. 3B). However, based on the emerging data
supporting a cardiovascular effect of lenrispodun, we decided
post hoc to test for an effect of drug on the response to heart
attention only. In this case, we observed evidence for an effect of
drug in the mid and posterior insula (main effect p= 0.039; 1.0 mg
p= 0.023, d=−0.93; 10.0 mg p= 0.069, d=−0.72) and medial
prefrontal cortex (main effect p= 0.07; 1.0 mg p= 0.065, d=
−0.724; 10.0 mg p= 0.05, d=−0.74) (Table 2 and Fig. 3C).

Orthostatic heart rate
Lenrispodun increased heart rate while supine in a dose-
dependent manner, and this effect gradually weakened while
participants stood for 5 min (Table 2 and Fig. 3D).

Emotional face processing
There were no statistically significant effects of drug on BOLD fMRI
contrast between faces and shapes in the amygdala (p= 0.75),
dorsal anterior insula (p= 0.33) or medial prefrontal cortex (p=
0.44) or on behavior (see Supplementary Fig. 5).

Pharmacokinetic results
Lenrispodun and three metabolites were present in blood samples
taken ~45 and 210 min after administration (Supplementary Fig. 3).
Linear mixed effects models confirmed significant main effects of
drug and time, and a significant drug*time interaction (all
p’s <0.001). Post hoc tests confirmed a dose-dependent response
at each timepoint after administration (Supplementary Table 3).

Safety results
No serious adverse events or deaths were reported during the
study. During the study, seven participants reported treatment-
emergent adverse events (TEAE). All TEAEs were mild in severity
and no TEAE was considered related to the study drug. The

number of participants with TEAE were: 2 with the 1mg dose, 2
with the 10mg dose, and 3 with placebo. The following TEAEs
were reported: procedural nausea, procedural anxiety, dizziness,
claustrophobia, motion sickness, seasonal allergy, and a road
traffic accident during the follow-up period (i.e., several weeks
after the final dose administration).

DISCUSSION
This study used a within-subjects design in healthy volunteers to
examine whether selective phosphodiesterase 1 inhibition via
lenrispodun significantly influences cognitive, affective, and
interoceptive processing yielding three main results. First, 1.0
mg lenrispodun increased BOLD fMRI signals in the IFG during
the SST consistent with a cognitive effect. Second, lenrispodun
did not induce an attenuating effect on BOLD fMRI signals in the
dorsal anterior insula during the extinction phase of a fear
conditioning task, suggesting a lack of effect on emotional
processing. Third, lenrispodun increased resting and orthostatic
heart rate in a dose-dependent manner yielding significant
differences in insula activation during heart-focused attention.
Lenrispodun was considered safe and well-tolerated at both
doses. Collectively, these results support the hypothesis that
PDE1 inhibition selectively affects inhibitory control and cardi-
ovascular interoceptive processing without affecting basic fear
processing in healthy volunteers.
Lenrispodun increased BOLD fMRI signals in the IFG during the

SST. Although there was evidence for an effect lenrispodun at 1.0
mg, with an effect size of 0.63, given the number of participants
this effect was not significant at the p= 0.05 threshold (p= 0.062).
Examination of the ancillary data revealed that the lenrispodun
dose effect at 1.0 mg was driven by an increased IFG response to
Stop trials, without affecting the Go trials. This dose-, task-, and
brain region-selective central nervous system engagement—

Fig. 3 Brain activity as a function of lenrispodun dose (1.0 or 10.0 mg) vs. placebo. A Stop signal task, B interoceptive-exteroceptive
attention contrast, C heart attention, D positional heart rate changes. ROI region of interest, dAC dorsal anterior cingulate cortex, dlPFC
dorsolateral prefrontal cortex, IFG inferior frontal gyrus, dAI dorsal anterior insula, mPFC medial prefrontal cortex, Min minutes.
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consistent with the mechanism of action of central PDE1
inhibition by lenrispodun—was substantiated by the results
related to the SST as measured by the secondary objectives. It is
unclear why the effects were observed with 1.0 mg, but not 10.0
mg lenrispodun. To the extent that lenrispodun may enhance
dopamine 1 (D1) receptor function, a nonlinear, “inverted-U” dose-
response has been well established for D1-mediated cognitive
processes [31]. Nonetheless, the effects of 1.0 mg were consistent
across brain regions involved in inhibitory control, providing
internally consistent evidence of a clear central effect of
lenrispodun at a relatively low dose; important findings that can
inform dose selection for future clinical studies.
The effect of lenrispodun on inhibitory cognitive control is

consistent with the distribution of PDE1 effects in the brain.
Specifically, the neural focus of PDE1 inhibition has been linked
primarily to D1 receptors in the brain, which are most densely
distributed in humans in the basal ganglia, amygdala, mamillary
bodies, as well as the insula and cingulate among a broad
distribution in the cortex [32]. A recent study showed that PDE1
inhibition via lenrispodun increased second messenger concen-
trations and facilitated neurotransmission in the mouse prefrontal
cortex [33]. Moreover, in the same study these effects were
mirrored by the D1 agonist SKF38393, which also improved
working memory and attentional performance, providing a direct
link to dopaminergic function. In another study, the PDE1 inhibitor
Lu AF64196 did not increase neuronal cyclic nucleotide levels in
general but blocked the NMDA-induced reduction in cyclic
nucleotides. PDE1 inhibition also down-regulated the D1-
receptor mediated increase in cAMP and increased long-term
potentiation in rat ventral striatum. A third orally available PDE1
inhibitor, DSR-141562, reversed social interaction and novel object
recognition deficits induced by repeated treatment with an N-
methyl-D-aspartate receptor antagonist, phencyclidine in mice
and rats [34]. Taken together, these preclinical studies provide
support for a general hypothesis that PDE1 inhibition may
modulate glutamatergic and dopaminergic signaling in brain
areas enriched in D1 receptors [35].
The selective increase in stop-related activation for the low dose

lenrispodun in executive control and salience areas point toward
the possibility of this drug to selectively modulate neural aspects
of inhibitory cognitive control. Action-stopping, which is a
canonical executive function, activates both the right inferior
frontal cortex (rIFC) and the anterior insula [36, 37], and these were
precisely the regions whose activity was modulated by low dose
lenrispodun in addition to the dAC. The rIFC (which contains the
rIFG) is particularly relevant for triggering stopping in concert with
a wider network. However, the evidence for inhibitory cognitive
control deficits in target populations is mixed. Some studies have
reported ADHD-related behavioral effects on the SST [38], with
meta-analyses showing a moderate effect size on the stop signal
reaction time [39]. Similarly, individuals with ADHD show some
brain-related processing dysfunctions, i.e., outcome-related
impairment in the medial prefrontal cortex [40], as well as
reduced activation in performance monitoring areas of dorsome-
dial and left ventrolateral prefrontal cortices, thalamus, cingulate,
and parietal regions [41]. However, there is limited evidence for
deficits on stop signal behavior in depression or anxiety [42].
Traditional pharmacological modulation of neural systems
involved in the SST has also yielded complex results. For example,
in one study methylphenidate reduced activation within the right
IFG/insula during successful inhibition, failed inhibition, and
attentional capture, but increased activation within the superior
frontal, dAC, and parieto-occipital cortices [43]. Another study
found an increase in right inferior frontal, left middle frontal, left
angular gyri and right caudate during inhibition in addition to
increased pregenual cingulate and dAC activity [44]. Overall, based
on the observed dose-, task-, and brain region-selective central
nervous system engagement by lenrispodun, the present findings

suggest that investigational modulation of dysfunctional inhibi-
tory control may be warranted in target populations such as
ADHD. Such improvement of inhibitory control by PDE1 inhibition
may translate to therapeutic benefit in individuals with attentional
and inhibitory control deficits.
The lack of effects of lenrispodun during fear conditioning

(primary outcome) or emotional face presentation does not
support the hypothesis that PDE1 inhibition modulates associative
learning or basic affective processing. The initial hypothesis was
that PDE1 inhibition might affect learning processes similar to
methylphenidate [45] and be related to methylphenidate’s
beneficial effect in PTSD [21]. This was not supported by the
present results which may indicate that PDE1 inhibition alone is
not sufficient to alter these processes. PDE1 inhibition is calcium
calmodulin-dependent which requires sufficient dopaminergic
tone to modulate intracellular signaling. Thus, one possible
interpretation of the null result with respect to fear conditioning
is that there may not have been sufficient endogenous
dopaminergic tone in this assay. It is possible that PDE1 inhibition
would enhance the effects of dopamine agonists or might show a
signal in a patient population with enhanced dopaminergic tone,
or during co-administration of a dopamine-releasing agent, but
those conditions were beyond the scope of the present
experiment. Another possibility is that the fear conditioning fMRI
assay was insufficient to trigger threat-related processing, a
problem that has been raised in relation to key threat-related
brain regions such as the amygdala [46]. Nevertheless, these
results are consistent with a lack of PDE1-related modulation of
basic affective processes and point to a selective effect of PDE1
mediated cognitive processes in healthy volunteers.
The modulating effect of lenrispodun on resting and ortho-

static heart rate is consistent with the peripheral action of this
compound [9], and in secondary and exploratory analyses this
effect was reflected by significant shifts in insular activation
during an interoceptive attention task. We have shown that the
same sectors of the insular cortex are sensitive to inodilator
modulation during peripheral beta-adrenergic stimulation with
isoproterenol [47, 48], thus these results provide convergent
evidence for the insula’s role in cardiac interoception. The main
effect of lenrispodun was independent of dose for the mid/
posterior insula, whereas the anterior insula showed a dose-
dependent reduction, implying a heterogeneous response in
subregions implicated in the attentional mapping of ongoing vs.
anticipated changes [49, 50]. These secondary results underscore
the potential utility of lenrispodun in modulating cardiovascular
function at the level of the autonomic and central autonomic
nervous systems, which could yield novel targets related to
peripheral and central cardiovascular regulation, for example, at
the level of limbic [51] and brainstem-associated structures such
as the hypothalamus [52].
This study has limitations that should be noted. First, it was not

designed to differentiate between the acute and chronic effects of
lenrispodun, which may have shed light on adaptive changes that
contribute to the possible therapeutic effects of this mechanism of
action. Second, this study was conducted with healthy volunteers,
who may have a different subjective and circuit level baseline than
target populations as it relates to fear learning, thereby limiting
generalizability of the findings [53]. For example, while lenrispo-
dun did not modulate stress or anxiety ratings in these healthy
volunteers, we cannot exclude the possibility of such an effect in
target (patient) populations. Strengths of this study include the
hypothesis-guided use of an a priori ROI-based approach and the
reporting of effect size estimates, which allows for power
calculations in subsequent studies, and is increasingly reflective
of a best-practice methodology in fMRI research [54, 55]. Based on
the favorable safety/tolerability profile and encouraging effects in
the brain, future investigations could focus on acute and chronic
administration of PDE1 inhibitors and their effect on inhibitory

S.S. Khalsa et al.

1851

Neuropsychopharmacology (2022) 47:1844 – 1853



control processing in healthy volunteers as well as in target
populations such as individuals with ADHD.

CONCLUSION
This is the first study to provide evidence of central nervous
system engagement by lenrispodun, consistent with its PDE1
inhibition mechanism of action. Lenrispodun selectively improved
neural inhibitory cognitive control in a manner that may translate
to therapeutic benefit in patient populations with impaired
inhibitory processing, such as ADHD. These data also provide
further evidence of the safety and tolerability of lenrispodun and
support its future development for the treatment of central
nervous system disorders.
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