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Myelination subserves efficient neuronal communication, and alterations in white matter (WM) microstructure have been
implicated in numerous psychiatric disorders, including pathological anxiety. Recent work in rodents suggests that muscarinic
antagonists may enhance myelination with behavioral benefits; however, the neural and behavioral effects of muscarinic
antagonists have yet to be explored in non-human primates (NHP). Here, as a potentially translatable therapeutic strategy for
human pathological anxiety, we present data from a first-in-primate study exploring the effects of the muscarinic receptor
antagonist solifenacin on anxious behaviors and WM microstructure. 12 preadolescent rhesus macaques (6 vehicle control, 6
experimental; 8F, 4M) were included in a pre-test/post-test between-group study design. The experimental group received
solifenacin succinate for ~60 days. Subjects underwent pre- and post-assessments of: 1) anxious temperament (AT)-related

behaviors in the potentially threatening no-eye-contact (NEC) paradigm (30-min); and 2) WM and regional brain metabolism
imaging metrics, including diffusion tensor imaging (DTI), quantitative relaxometry (QR), and FDG-PET. In relation to anxiety-related
behaviors expressed during the NEC, significant Group (vehicle control vs. solifenacin) by Session (pre vs. post) interactions were
found for freezing, cooing, and locomotion. Compared to vehicle controls, solifenacin-treated subjects exhibited effects consistent
with reduced anxiety, specifically decreased freezing duration, increased locomotion duration, and increased cooing frequency.

Furthermore, the Group-by-Session-by-Sex interaction indicated that these effects occurred predominantly in the males.
Exploratory whole-brain voxelwise analyses of post-minus-pre differences in DTI, QR, and FDG-PET metrics revealed some
solifenacin-related changes in WM microstructure and brain metabolism. These findings in NHPs support the further investigation
of the utility of antimuscarinic agents in targeting WM microstructure as a means to treat pathological anxiety.

Neuropsychopharmacology (2024) 49:405-413; https://doi.org/10.1038/s41386-023-01686-1

INTRODUCTION

Anxiety disorders (ADs) affect one in three individuals at some point
in their lives and are a source of significant disability, representing
a major public health concern [1-4]. While selective serotonin
reuptake inhibitors, benzodiazepines, and cognitive behavioral
therapy are effective treatments [5], many patients are either
unresponsive, have intolerable side effects, or have recurrent
symptoms [6-8]. Studies in nonhuman primate (NHP) models of
anxiety afford the opportunity to understand mechanisms under-
lying pathological anxiety and to develop novel treatment strategies
that are directly translatable to humans. Our work has focused on
pathological anxiety during the preadolescent period, as this is a
time of rapid brain development during which ADs emerge [9-11].
Additionally, our work in preadolescent children with ADs has
demonstrated alterations in WM microstructure in WM tracts linking
prefrontal cortical regions with limbic structures implicated in the
expression of anxiety [12, 13]. Therefore, interventions targeting
critical pathophysiological processes during the preadolescent

period have the potential to fundamentally change the lifelong
clinical trajectory of children with ADs.

Studies characterizing white matter (WM) alterations in humans
with psychopathology, including ADs, and in NHP models of anxiety
suggest the possibility that WM pathways are involved in mediating
pathophysiological processes. WM, which is comprised of the
myelin sheaths enveloping neuronal axons, plays a central role in
facilitating efficient neuronal communication and the fine-tuning
of neural circuit function [14, 15]. WM-focused neuroimaging
techniques, such as diffusion tensor imaging (DTI) and quantitative
relaxometry (QR), are sensitive to myelination, as well as other
biophysical properties underlying WM microstructure [16-20]. In
turn, several neuroimaging studies have linked alterations in the
WM integrity of specific WM tracts to pathological anxiety [21-25].
Our laboratory, studying youth with ADs and young anxious NHPs,
has identified anxiety-related WM microstructural alterations, and
these deficits appear to be more robust in boys compared to girls
[13, 26]. Because of the role of WM in neuronal signaling, targeting
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Fig.1 Schematic of the experimental design and timeline. 12 NHPs (6 vehicle control, 6 experimental) were included in the study. All subjects
underwent pre-testing, including HIP, 30-min NEC, post-NEC FDG-PET and multimodal MRI (i.e., DTI and QR). Control and experimental animals
received daily vehicle or solifenacin IM injections. While still on-drug, all subjects then underwent post-testing comprised of the same behavioral
and imaging components completed in pre-testing. Post-testing imaging (including MRI and PET) was performed, on average, after 59 days of
treatment. Post-testing imaging was followed chronologically by post-testing behavioral assays (NEC/HIP), which were performed, on average,
22 days later, or after 71 days of treatment. Figure was created in part using BioRender.com and contains portions adapted from ref. [79].

WM pathways involved in anxiety regulation may provide a novel
treatment approach for individuals with ADs.

WM is highly plastic, particularly during early development and
childhood, and is sensitive to environmental factors, behavioral
changes, and pharmacological agents [10, 27-31]. Recent research
has highlighted muscarinic acetylcholine receptor antagonism as
a potential means by which WM can be modulated [32-34].
Multiple rodent studies have reported that the systemic admin-
istration of antimuscarinic agents, including clemastine and
solifenacin, leads to enhanced oligodendrocyte progenitor cell
(OPQ) differentiation, accelerated myelination, and reduced axonal
loss in response to injury [31-33, 35-37]. A number of these
studies in rodents have linked the antimuscarinic-associated
changes in WM with improvements in social behaviors
[31, 35, 37]. A clinical trial in multiple sclerosis (MS) patients
found that clemastine treatment decreased the latency of visual-
evoked potentials, but neuroimaging studies in these patients did
not reveal an effect on WM [38]. At a more basic level, two studies
have examined muscarinic receptor signaling in relation to human
OPC differentiation. These studies, using in vivo xenoplanting and
in vitro approaches, specifically implicate the M3R muscarinic
receptor in promoting human OPC differentiation [32, 33].

To examine the possibility of targeting WM as a treatment for
ADs, here, in rhesus monkeys, we use a highly validated NHP
model of anxious temperament to investigate the effects of
solifenacin on anxiety-related behaviors and WM microarchitec-
ture. Solifenacin is a selective M3R muscarinic receptor antagonist
that has been approved by the Food and Drug Administration
(FDA) for treatment of bladder control [39]. Specifically, we use a
within-subject (pre-test/post-test) and between-group (vehicle
control vs. solifenacin) design to characterize the impact of
chronic solifenacin treatment on anxiety-related behaviors
expressed in the no-eye-contact (NEC) condition of the Human
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Intruder Paradigm (HIP), WM microarchitecture as assessed by DTI
and QR, and threat-related regional brain metabolism.

MATERIALS AND METHODS

Subjects and housing

Rhesus macaques underwent behavioral screening for potential inclusion
in the study. Specifically, potential subjects were exposed to 10 min of the
no-eye-contact (NEC) condition of the human intruder paradigm (HIP), a
highly validated behavioral task designed to elicit anxious responses in
NHPs [40, 41]. As in humans, anxiety in NHPs is dimensional and individuals
expressing high levels of behavioral inhibition are considered to be in the
pathological range [42-46]. Because of our interest in the anti-anxiety
effects of solifenacin and the dimensional nature of anxiety, we selected
animals with mid-to-high levels of behavioral inhibition (i.e., freezing) for
this study.

Eight female and four male rhesus monkeys (mean (+s.d.) age = 2.00
(£0.23) years) were included in the study and grouped into cage-mate
pairs (vehicle control vs. solifenacin). Animal weights are provided in
Supplementary Table 7. Animals were cared for and housed at the
Wisconsin National Primate Research Center (WNPRC) and the Harlow
Center for Biological Psychology. Standard husbandry included a 12-h
light/dark cycle, two daily feeding sessions, ad libitum access to water, and
daily enrichment. All procedures were performed according to the federal
guidelines of animal care and use and with the approval of the University
of Wisconsin-Madison Institutional Animal Care and Use Committee.

Experimental timeline and drug administration

12 preadolescent rhesus macaques (6 vehicle control, 6 experimental; 8F,
4M) were included in a pre-test/post-test control group study design (Fig. 1).
All subjects underwent pre-drug MRI imaging, PET imaging, and behavioral
testing. MRI imaging and behavioral testing was performed on average
22 days (range: 6-55) prior to drug administration; PET imaging was
performed on average 42 days (range: 20-78) prior to drug administration.
Subjects received either daily solifenacin or vehicle injections and then, while
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still on-drug, at 59 days on average (range: 54-64), PET and MRI imaging was
performed on all subjects. At an average of 71 days (range: 69-75), again
while still on-drug, behavioral testing was performed on all subjects. The
experimental group received solifenacin succinate (0.5 mg/kg IM) (Toronto
Research Chemicals); the control group received vehicle (0.25 ml/kg of 10%
dimethyl sulfoxide [DMSO] in 0.9% saline IM). We selected the dose of
0.5 mg/kg of solifenacin per day based on dosages used in rodent studies,
general guidelines for adapting rodent dosing to primates, and dose ranges
approved in humans to treat urinary incontinence [32, 39, 47, 48].

Human Intruder Paradigm (HIP) and the No-Eye-Contact (NEC)
condition

The Human Intruder Paradigm (HIP) assesses monkeys in three different
contexts eliciting different defensive responses. The HIP begins with the
Alone (AL) condition, during which a monkey is separated from its cage-mate
and is placed into a test cage by itself. This context typically elicits separation
behaviors such as coo-vocalizations and increases in locomotion. The Alone
condition is followed by the No-Eye-Contact (NEC) condition, wherein a
human intruder enters the room and presents her/his profile to the monkey,
while avoiding direct eye contact. Responses to this potentially threatening
situation include increases in freezing, decreases in locomotion, and
decreases in coo vocalizations. The final context is the Stare (ST) condition,
during which the intruder reenters the room and stares directly at the
monkey, eliciting hostile behaviors directed toward the intruder (i.e,, bark
vocalizations and experimenter-directed hostility). The full HIP paradigm
lasts 50 min, consisting of 30 min of the AL condition, 10 min of the NEC
condition, and 10 min of the ST condition.

Responses in the NEC condition, which elicits behavioral inhibition, are
used to quantify anxious temperament (AT). More specifically, two behavioral
responses (increased freezing and decreased cooing) and a physiological
stress response (heightened plasma cortisol) are combined to calculate a
composite AT score for each monkey [49]. Because of the importance of the
NEC in assessing AT, in addition to the HIP, subjects underwent an additional
behavioral testing session, consisting of 30 min of only the NEC. In summary,
all subjects underwent pre- and post-behavioral testing consisting of both: 1)
the full HIP paradigm (30 min AL; 10 min NEGC; 10 min ST), completed pre- and
post-drug; and 2) a separate behavioral testing session comprised of 30 min
of the NEC, completed pre- and post-drug.

Cortisol assay

Plasma samples, collected after the 30-min NEC test, were assayed for
cortisol in duplicate using the MP Biomedicals (Solon, OH, USA) Immuchem
coated tube radioimmunoassay. The intra-assay CV percentage was 4.9
and the inter-assay CV percentage was 9.9. The detection limit defined by
the lowest standard was 1 mg/dL. Prior to analysis, cortisol values were
residualized for the time of day at which they were collected.

MRI acquisition and data processing

Subjects were imaged with a 3T MR750 scanner (GE Healthcare, Waukesha,
WI) pre- and post-drug (vehicle or solifenacin). Whole brain, 3D T1-weighted
images were acquired with MPnRAGE [50, 51], an MRI sequence that enables
quantitative relaxometry (QR) analysis, with 0.625 mm isotropic spatial
resolution, reconstructed to 0.47 mm isotropic resolution; TE =2.3 ms and
TR=6.1ms. A 2D echo-planar, spin-echo, single-shell DTl sequence
was acquired with the following parameters: TR/TE = 7000/65.8 ms, flip
angle =90°, NEX=1, FOV = 125 mm, acquisition matrix =128 x 128 with
0.625 partial Fourier encoding, reconstructed in-plane spatial resolution of
0.4883 mm x 0.4883 mm and a slice thickness/gap =1.3/0mm, 64 inter-
leaved slices, echo-planar spacing = 884 ps, ASSET parallel imaging (R = 2),
b=1000s/mm?, 72 non-colinear gradient directions (i.e, b-vectors, with
each gradient direction/b-vector consisting of three separate vectors [x, y, z]),
six non-diffusion weighted images. In addition, co-planar external field maps
were obtained using a dual-echo gradient echo sequence with TE1 =7 ms
and TE2=10m:s.

In each scanning session, subjects were weighed and then sedated with
ketamine (15 mg/kg, IM) and dexdomitor (15 pg/kg, IM). The monkeys were
then placed into a custom built eight-channel receive array for NHP imaging
with a built-in stereotaxic frame (Clinical MR Solutions). Vital signs, including
heart rate, oxygen saturation, end tidal CO,, respiration rate and body
temperature, were monitored throughout the scan. Following conclusion of
the scan, sedation was reversed with atipamezole (150 pg/kg, IM).

The structural MPnRAGE images for each subject were skull-stripped
and then iteratively spatially normalized with non-linear, diffeomorphic
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registration using Advanced Normalization Tools (ANTs) software [52] to
produce a population T1-template. The population study T1-template was
then warped to a 592-monkey T1-template [42]. The spatial transforma-
tions generated from: 1) the construction of the population T1-template
for each scan, and 2) the population T1-template to 592 T1-template
registration were then sequentially applied to warp the corresponding
subject T1 images into 592-monkey template space. Next, longitudinal
relaxation rate (qR;) maps were generated from subject T1 images now in
592-monkey space. Finally, in 592-space, qR; images were smoothed with
a 4-mm FWHM Gaussian kernel.

DTl scans were processed as described in our previous work [26, 27]. Briefly,
images were corrected for field inhomogeneities, noise, Gibbs ringing, and
eddy currents, after which the tensors were calculated using a robust tensor
estimation in Camino [53]. Tensor images were co-registered iteratively using
non-linear tensor-based normalization tools (DTI-TK [54]), and then registered
to the 592-monkey T1-template. In 592-space, prototypical DTl parameter
maps of fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity
(RD), and axial diffusivity (XD) were calculated. All DTI parameter maps were
smoothed with a 4-mm FWHM Gaussian kernel.

PET acquisition and data processing—NEC-FDG

Subjects underwent FDG-PET imaging following the 30-min NEC tests in the
pre- and post-drug sessions. To measure threat-related metabolic brain
activity, animals were briefly restrained, intravenously injected with FDG
(~7.0 mCi), and then placed in a test cage for 30 min, during which time the
animals were exposed to the NEC. After the 30-min FDG uptake period,
animals were anesthetized with ketamine (15 mg/kg, IM), given atropine
sulfate (0.04 mg/kg, IM), and then fitted with an endotracheal tube
and induced and maintained on isofluorane (typically less than 2%
isoflurane/O,) anesthesia throughout the scanning procedure. Vital signs,
including heart rate, oxygen saturation, end tidal CO,, respiration rate and
body temperature, were monitored throughout the scan.

Sixty-minute emission PET scans were reconstructed using standard
filtered back projection methods with attenuation- and scatter-correction into
a matrix size of 128 x 128 x 95 with voxel dimensions of 0.95mm x 0.95
mm x 0.80 mm, reflecting the integrated brain metabolism that occurred
during the 30min of FDG uptake. Native-space FDG-PET images were
iteratively normalized using Advanced Normalization Tools (ANTs) software
[52] to create a population PET-template. The population PET template was
then registered to the 592-monkey T1-template. The spatial transformations
generated from: 1) the construction of the population PET-template for each
scan, and 2) the population PET-template to 592 T1-template registration
were then sequentially applied to warp the corresponding subject PET
images into 592-monkey template space. The normalized FDG-PET images
were scaled to the whole-brain signal using [55]. PET images were spatially
smoothed with a 4-mm FWHM Gaussian kernel.

Statistical analyses

Anxiety-related behaviors. Anxiety-related behaviors (freezing, locomo-
tion, and cooing) were scored by a trained rater, who was blind to monkey
group assignment. Freezing was defined as a lack of movement and
vocalization for greater than 3 s. Locomotion was defined as ambulation of
one or more full steps at any speed. Both were recorded in seconds per
5-min bin of the HIP or NEC session. Freezing and locomotion scores in
each bin were log-transformed and converted to z-scores. Cooing was
measured as the number of coo-vocalizations during each 5-min bin of HIP
or NEC. Cooing frequencies in each bin were square-root transformed and
converted to z-scores.

Linear mixed-effects (LME) models were built to assess each behavior of
interest (freezing, locomotion, cooing). LME models are ideally suited for
our pre-test/post-test design, as they take advantage of repeated measures
data and enable robust estimation of within-subject effects [56]. For each
behavior, LME models included Group (vehicle control vs. solifenacin),
Session (pre vs. post), and Sex (female vs. male), estimating all possible
interactions and main effects. In analyses of the HIP data, LME models also
included Condition (AL, NEC, ST). The primary interactions of interest in all
analyses were the Group-by-Session-by-Sex three-way interaction and
Group-by-Session two-way interaction.

WM and brain metabolism metrics (MRl and PET). For QR, DTI, and PET
analyses, pre-post difference maps were first generated for each subject
(pre-drug images were subtracted from post-drug images using fsimaths
[55]). For each modality, these difference maps were then subject to
whole-brain voxelwise analyses (using 3dttest in AFNI [57]) to test for group
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Fig. 2 Group-by-Session-by-Sex interaction in relation to freezing behavior in the 30-min NEC. A Average time spent freezing (in log-
transformed seconds) across the six bins of the 30-min NEC, split by Group (Veh vs. Sol), Session (Pre vs. Post), and Sex (F vs. M). Bars represent
standard (SE) error of the mean. Note a significant Group-by-Session-by-Sex interaction (t =2.202, df =128, p =0.029). B For illustrative
purposes, depiction of subject-level freezing behavior (raw seconds) across the six 5-min bins of the 30-min NEC, split by Group, Session, and
Sex, where each line represents a single subject. In both panels, yellow shading denotes the solifenacin-treated animals.

differences (vehicle control vs. solifenacin) in post-minus-pre changes in
imaging metrics. Analyses controlled for age at study entry. Given the
exploratory nature of these analyses, results were assessed at an
uncorrected threshold of p < 0.005 (uncorrected, two-tailed).

RESULTS

Solifenacin administration attenuates anxiety-related
behaviors in the 30-min NEC condition

Using a linear mixed-effects (LME) model, we examined solifenacin-
induced changes in the expression of three key anxiety-related
behaviors—freezing, cooing, and locomotion. Significant Group-by-
Session interactions were observed in relation to freezing, cooing,
and locomotion behaviors in the 30-min NEC test. Specifically,
freezing behavior (t = —2.572, df = 128, p = 0.011) was significantly
reduced post-drug in the solifenacin group compared to the vehicle

SPRINGER NATURE

control group. Cooing (t =3.424, df =128, p <0.001) and locomo-
tion (t=4.028, df =128, p<0.001) behaviors were significantly
increased post-drug in the solifenacin group compared to the
vehicle control group. Moreover, for all three behaviors of interest,
significant Group-by-Session-by-Sex (three-way) interactions were
also observed (freezing: t=2202, df=128, p=0.029 [Fig. 2A];
cooing: t=-3.310, df=128, p=0.001 [Fig. 3A]; locomotion:
t=—5279, df =128, p < 0.001 [Supplementary Fig. 1A]), such that
post-drug changes in anxiety-related behaviors in the solifenacin-
treated group appeared to be specific to males. Examination of the
data from the four male subjects demonstrated that anxiety-related
behaviors were attenuated post-drug in both solifenacin-treated
males, whereas the vehicle-treated males did not show this effect
(Figs. 2B and 3B; Supplementary Fig. 1B). Threat-related cortisol was
assessed immediately after NEC exposure, which was not found to

Neuropsychopharmacology (2024) 49:405 - 413
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Fig. 3 Group-by-Session-by-Sex interaction in relation to cooing behavior in the 30-min NEC. A Average time spent cooing (in sqrt-
transformed seconds) across the six bins of the 30-min NEC, split by Group (Veh vs. Sol), Session (Pre vs. Post), and Sex (F vs. M). Bars represent
standard (SE) error of the mean. Note a significant Group-by-Session-by-Sex interaction (t=—3.310, df =128, p =0.001). B For illustrative
purposes, depiction of subject-level cooing behavior (raw seconds) across the six 5-min bins of the 30-min NEC, split by Group, Session, and
Sex, where each line represents a single subject. In both panels, yellow shading denotes the solifenacin-treated animals.

be affected by solifenacin treatment (t =0.294, df =8, p =0.776)
(Supplementary Fig. 2). Taken together, these results suggest that
solifenacin treatment results in anti-anxiety like effects, predomi-
nantly in males, but that it does not impact threat-related reactivity
of the pituitary-adrenal axis. However, these findings were not
confirmed in the full HIP test, which differs from the 30-min NEC test
in that it is limited to 10 min of NEC, and includes 30 min of AL and
10 min of ST. Specifically, no significant Group-by-Session (2-way) or
Group-by-Session-by-Sex (3-way) interactions were detected in
relation to freezing, cooing, or cortisol levels during the 10 min of
NEC in the full HIP.

Solifenacin-induced changes in WM imaging metrics

(QR and DTI)

The sample size for assessing between-group differences with
imaging methods is small and therefore any findings should

Neuropsychopharmacology (2024) 49:405 - 413

be cautiously interpreted. Despite the small n, we performed
exploratory analyses reducing the statistical threshold to p < 0.005
as an opportunity to identify regions that might be affected by
solifenacin treatment. We hypothesized that solifenacin would
generally result in increased WM microstructural integrity, as
indexed by QR and DTl metrics. With respect to QR, voxelwise
analyses of group (vehicle control vs. solifenacin) differences in
post-minus-pre images revealed small gray matter (GM) and WM
clusters in which increases in gR; were specific to the solifenacin-
treated group (p <0.005, two-tailed). Regions with solifenacin-
related increases in qR; included clusters overlapping with the
GM and WM of the inferior frontal gyrus, dorsal prefrontal WM,
corona radiata, external capsule, sagittal striatum, corticospinal
tract, cingulum, and cerebral peduncle (Fig. 4A and Supplemen-
tary Table 1). We also observed reductions in gR; in several
regions, including cerebellum, middle temporal gyrus, anterior
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Fig. 4 Group-by-session interaction in relation to WM metrics (qR, and FA) in voxelwise analyses. Top five largest clusters shown for qR;
(A) and FA (B) moving from anterior to posterior (cluster information in Supplementary Tables 1, 2). Red and blue clusters represent voxels in
which solifenacin-treated animals showed relative increases or decreases in qR; or FA post-treatment compared to vehicle controls,
respectively (p < 0.005). Y-coordinates indicate position in millimeters anterior (negative) or posterior (positive) to the anterior commissure.

commissure, and internal capsule (Fig. 4A and Supplementary
Table 1). With respect to the DTl metrics, FA and RD are
considered to be the most related to qR; [58, 59]. Solifenacin-
treated animals showed increased FA in small clusters in some of
the pathways in which qR; was increased, such as the internal
capsule, as well as reductions in regions including midline
thalamus and inferior temporal gyrus (Fig. 4B and Supplementary
Table 3). In addition, the solifenacin-treated group demonstrated
increased XD in multiple WM regions, including in small clusters
overlapping with inferior frontal gyrus, and reduced XD in
somatosensory cortex (Supplementary Fig. 3 and Supplementary
Table 2). Full voxelwise results, including MD and RD data, can be
found in Supplementary Tables 4, 5 and Supplementary Figs. 4, 5.

Solifenacin-induced changes in regional brain metabolism
(FDG-PET)

Voxelwise analyses of group (vehicle control vs. solifenacin)
differences in post-minus-pre FDG-PET images revealed threat-
related decreases in metabolism in the solifenacin-treated group in
small clusters overlapping with the bilateral orbitofrontal cortex and
middle temporal gyrus (p < 0.005, uncorrected), which are regions

SPRINGER NATURE

implicated in the neural circuitry underlying AT in NHPs and ADs in
humans. Solifenacin-related increases in metabolism were detected
in the occipital cortex (Fig. 5 and Supplementary Table 6).

DISCUSSION

This study characterized the impacts of solifenacin, an FDA-
approved M3R muscarinic antagonist, on anxiety-related behaviors,
WM microstructure, and threat-related regional brain metabolism in
rhesus monkeys. To the best of our knowledge, this is the first study
to assess the effects of an antimuscarinic agent in a NHP model
relevant to pathological anxiety. We report preliminary evidence to
suggest that solifenacin treatment may attenuate anxiety-related
behaviors in NHPs and that this effect may be specific to males. The
WM imaging data revealed small clusters in distinct regions in which
solifenacin appeared to increase or decrease WM microstructural
integrity. Similarly, increases and decreases in regional brain
metabolism were observed in relation to solifenacin treatment.
Because of the small sample size, caution should be used in
interpreting the results of this experiment, especially in relation to
the imaging data.

Neuropsychopharmacology (2024) 49:405-413
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y = 34.375mm

Fig. 5 Group-by-Session interaction in relation to FDG in voxelwise analyses. Top five largest clusters shown, moving from anterior to
posterior (cluster information in Supplementary Table 6). Red and blue clusters represent voxels in which solifenacin-treated animals showed
relative increases or decreases in FDG metabolism post-treatment compared to vehicle controls, respectively (p <0.005). Y-coordinates
indicate position in millimeters anterior (negative) or posterior (positive) to the anterior commissure.

The preclinical rationale for this study is based on work that links
muscarinic antagonism to oligodendrocyte progenitor cell (OPC)
differentiation and myelination. OPCs are critical to the process of
myelinogenesis, as they differentiate into mature oligodendrocytes
that proceed to myelinate axons, facilitating efficient neuronal
signal transfer [60, 61]. Importantly, OPCs are present in the brain
throughout the lifespan and orchestrate new myelin formation not
only in early development but also adulthood [62-65]. Studies
performed in rodent models demonstrated that systemic anti-
muscarinic treatment, most commonly clemastine, a relatively
nonselective muscarinic antagonist, stimulated OPC differentiation
and promoted new myelin formation [31, 32, 36, 37]. Some of these
studies also demonstrated that clemastine-induced OPC and myelin
changes were associated with reductions in social avoidance and
enhanced remote memory recall [31, 35, 37]. One study particularly
relevant to humans was performed by xenoplanting human OPCs
into hypomyelinated mice, demonstrating that solifenacin, an
M3R-specific muscarinic antagonist, promoted human OPC differ-
entiation [32]. Another study found that M3R knockdown enhanced
human OPC differentiation in vitro, in addition to promoting
remyelination by xenoplanted human OPCs in hypomyelinated
mice, providing further support for a role of the MsR receptor in
mediating human OPC function [33].

Our study provides evidence for an anti-anxiety effect of
solifenacin, as solifenacin-treated animals exhibited significantly
decreased freezing, increased cooing, and increased locomotion
during the 30-min of NEC. These behavioral effects appeared to
predominantly occur in males. Similar solifenacin-related behavioral
changes were not observed in response to the full HIP, which,
compared to the 30-min NEC, has a shorter 10-min NEC period,
interspersed with 10 min of ST and three 10-min AL periods. We
speculate that the discrepancy in the findings may be due to the
monkeys’ differential experiences in relation to these two paradigms.
It is also possible that the behavioral effects found in the 30-min NEC
paradigm were evident because of the extended length of NEC
exposure, which enabled considerably more observations.

Exploratory quantitative relaxometry and DTl analyses suggested
solifenacin-related increases, as well as decreases, in WM micro-
structural metrics in several WM and GM regions across the brain,
indexed by small clusters of voxels showing altered qR;, XD, or FA.
To the best of our knowledge, only one other study has investigated
pre-post changes in WM imaging in relation to antimuscarinic
treatment, finding no changes in WM metrics in multiple sclerosis
(MS) patients in response to clemastine treatment [38]. We highlight
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our results from the quantitative relaxometry analyses, as QR
metrics, including the longitudinal relaxation rate (gR,), are derived
from the MPNnRAGE MRI sequence, a high-resolution T1 imaging
technique that is highly sensitive to the presence of lipid molecules
in brain tissue and, therefore, thought to be a reliable marker of
myelination [19, 66, 67]. We emphasize that DTl and QR metrics,
while sensitive to myelination, are not specific to myelination
processes, as they can reflect other biophysical properties, including
axon caliber, fiber density, and cellular density [16-20]. The results
indicate small solifenacin-induced increases in qR; in a distributed
network of WM pathways. To the extent that these are reflective of
changes in myelination, based on other preclinical work, one
possibility is that these effects could be due to solifenacin-induced
OPC differentiation and increased myelination [32]. With respect to
the DTI results, solifenacin-induced increases in XD and FA may
reflect enhanced axonal integrity and coherence [68-70]. In relation
to FDG-PET analyses, we observed decreased glucose metabolism in
regions of the OFC following solifenacin treatment. These changes
might be expected given our previous work in NHPs, which links
heightened metabolism in these prefrontal regions to higher levels
of anxiety [42, 71]. We emphasize that these results are preliminary
and that we also found changes representative of WM micro-
structure and glucose metabolism in opposite of the predicted
directions.

While we believe that the anti-anxiety effects observed in this
study are due to the effects of solifenacin on WM microstructure, it
is also possible that solifenacin could affect behavior through other
mechanisms. For example, earlier work in humans reported that the
acute administration of an antimuscarinic agent (scopolamine) led
to reductions in anxiety and depressive symptoms [72]. In preclinical
studies, using anticholinergic agents or knockdown of the Ms3R
receptor, mixed effects on locomotion have been reported
[31, 73-75]. In our study, solifenacin administration was associated
with increases in locomotion during threat exposure, which, along
with a reduction in freezing, we interpreted to reflect decreased
anxiety.

The sex-specific nature of the solifenacin-related reductions in
anxious behaviors observed in the 30-min NEC test is intriguing
and is particularly interesting in the context of our previous work.
Our laboratory has shown that WM alterations in both youth with
ADs and in highly anxious NHPs appear to be sexually dimorphic,
with more robust anxiety-related decreases in WM microstructural
integrity occurring in males [12, 13, 26]. The reason for the male-
specific behavioral effects observed in the current study remains
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unclear. While we found overall effects of solifenacin on WM
microstructure and regional brain metabolism, the sample size did
not allow us to confidently assess sex-specific effects on these
metrics. We are unaware of any other studies examining
potentially sexually dimorphic effects of solifenacin on WM
parameters. Along with our previous findings, the results from
the current study suggest the possibility that WM microstructure
in males is more sensitive to stress- and anxiety-related influences,
as well as potentially to pharmacological manipulations, such
as antimuscarinic agents. Some data from preclinical studies
supports this notion. For example, evidence from rodent studies
suggests that male OPCs may be particularly sensitive to cytotoxic
stress compared to female OPCs, with higher levels of subsequent
cell death [76, 77]. Relatedly, one study indicates that progester-
one may serve a protective role in shielding mature oligoden-
drocytes from cellular stress, and that this effect may be more
prominent in females than in males [78].

In summary, this study in a highly validated and translatable
NHP model of anxiety is the first to examine the possibility of
using an M3R antimuscarinic agent as a treatment strategy for
pathological anxiety. The results provide preliminary evidence
which support further studies focused on the therapeutic
potential of solifenacin and more generally on modulating WM
for the treatment of ADs.
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