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Stuttering is a childhood onset fluency disorder that leads to impairment in speech.
A randomized, double-blinded placebo-controlled study was conducted with 10 adult
subjects to observe the effects of risperidone (a dopamine receptor 2/serotonin receptor
2 antagonist) on brain metabolism, using ['8F] deoxyglucose as the marker. At baseline
and after 6 weeks of taking risperidone (0.5-2.0 mg/day) or a placebo pill, participants
were assigned to a solo reading aloud task for 30 min and subsequently underwent a
90-min positron emission tomography scan. Paired t-tests were performed to compare
the pre-treatment vs. post-treatment in groups. After imaging and analysis, the blind was
broken, which revealed an equal number of subjects of those on risperidone and those
on placebo. There were no significant differences in the baseline scans taken before
medication randomization. However, scans taken after active treatment demonstrated
higher glucose uptake in the specific regions of the brain for those in the risperidone
treatment group (p < 0.05). Risperidone treatment was associated with increased
metabolism in the left striatum, which consists of the caudate and putamen, and the
Broca’s area. The current study strengthens previous research that suggests the role
of elevated dopamine activity and striatal hypometabolism in stuttering. We propose
that the mechanism of risperidone’s action in stuttering, in part, involves increased
metabolism of striatal astrocytes. We conclude that using neuroimaging techniques to
visualize changes in the brain of those who stutter can provide valuable insights into the
pathophysiology of the disorder and guide the development of future interventions.
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INTRODUCTION

Stuttering is a neurodevelopmental disorder characterized by frequent disruptions during speech,
silent blocks, and repetitions or prolongations of sounds and syllables (Maguire et al., 2020). The
fifth edition of the American Psychiatric Association Diagnostic and Statistical Manual (DSM-
V) defines stuttering as a disturbance in the normal fluency and time patterning of speech that
is inappropriate for the individual’s age and language skills (American Psychiatric Association,
2013). Along with repetitions, prolongations, avoidance or anxiety around speaking situations, and
physical tension, there may be involuntary motor movements such as tics, tremors, and eye blinks
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(Maguire et al., 2020). Those with developmental stuttering
generally exhibit symptoms by the age of six and about 65-85%
recover from dysfluency by the age of 16 (Maguire et al., 2020).

The etiology of stuttering is likely multifactorial, including
genetics, abnormal development of the basal ganglia, white
matter tracts, and possibly others (Maguire et al., 2020). Twin and
family studies have shown that genetics may account for about
50-80% of stuttering, with a higher concordance for stuttering
in monozygotic twins than dizygotic twins and a higher risk of
stuttering in those with affected first degree biological relatives
(Yairi and Ambrose, 2013).

Several brain imaging studies have been conducted to
elucidate the association between stuttering and certain regions
of the brain. Functional magnetic resonance imaging has
suggested that persistent chronic stuttering is characterized
by lower activity of the left hemispheric speech areas (less
active than analogous areas in the right hemisphere) (De Nil
et al, 2000). For example, a large Single Photon Emission
Computed Tomography (SPECT) study found that stuttering
was associated with abnormally low brain activity in left-sided
speech cortical areas (Pool et al., 1991). Furthermore, analysis
of functional and structural brain imaging in people who stutter
has indicated that brain activity in the left frontal precentral
cortex is significantly lower in those who stutter than their
fluent-speaking controls prior to therapy (Watkins et al., 2008).
Additionally, structural differences in the left inferior frontal and
premotor cortex have been reported in both children and adults
with developmental stuttering, suggesting the involvement of
premotor and prefrontal mechanisms in speech (Chang et al.,
2011; Beal et al, 2012). A previously published meta-analysis
further reported findings from diffusion tensor imaging (DTI)
studies that indicated lower fractional anisotropy (FA) values
in the left hemisphere of those who stutter (Neef et al., 2015).
Imaging studies reveal differences in white matter function
and dopamine, both of which are likely involved in stuttering
pathology (Civier et al., 2013).

Compatibly, functional neuroimaging studies have suggested
that left hemisphere impairments may lead to increased right
hemisphere involvement in adults, suggesting a compensatory
mechanism for the low functioning left hemisphere in those
who have stuttered for a long period of time (Fox et al., 1996;
Braun et al,, 1997; Ingham et al,, 2000; Samelin et al., 2000;
De Nil et al, 2001; Sommer et al,, 2002; Neef et al., 2018;
Chang and Guenther, 2020). Functional magnetic resonance
imaging has also suggested that persistent chronic stuttering is
characterized by overactivation of the right frontal motor regions
(Neef et al., 2018). Positron emission tomography (PET) and
functional magnetic resonance imaging (fMRI) studies looking at
brain functioning in people who stutter suggested higher activity
in the cerebellar vermis and right anterior insular cortex during
speech production, compared to their fluent-speaking controls
(Fox et al., 1996, 2000; Braun et al., 1997; De Nil et al., 2000,
2003; Ingham, 2001; Neumann et al., 2003; Van Borsel et al., 2003;
Watkins et al., 2008).

There also seems to be two cortical speech circuits
connecting the speech cortical areas (Broca’s and Wernicke’s)
that differentiate spontaneous stuttering from induced fluency

(Riley et al., 1997). The inner cortical speech loop, which includes
the striatum, seems to be affected in spontaneous stuttering
whereas induced fluency (chorus, singing, reading out loud with
another person) can bypass the inner speech loop, activating the
outer speech loop as indicated by activation of the Broca’s area
(Riley et al., 1997; Maguire et al., 2020). In this context, a study
that utilized ['8F] deoxyglucose (FDG) PET to measure glucose
metabolism in stuttering found that stuttering was associated
with abnormally low activity in the cortical speech areas and the
striatum (Wu et al., 1997b). During a state of induced fluency,
activity in the cortical speech areas returned to normal or high
normal, but activity in the striatum of basal ganglia remained
low (Wu et al, 1997b). Therefore, it was hypothesized that
the basal ganglia likely play a key role in the development of
stuttering. Basal ganglia are the largest subcortical structures
in the forebrain and are involved in emotions, cognition, and
motor processes (Alm, 2004). The striatum (putamen, caudate
nucleus, and ventral striatum) is the major input nucleus, which
receives excitatory projections from the cerebral cortex (Alm,
2004). The striatum is in close proximity to the globus pallidus,
in which the internal part of the globus pallidus is the main
output nuclei of the basal ganglia (Alm, 2004). Through the
nuclei in the thalamus, it projects to the cortical areas of
the frontal lobe (Alm, 2004). Higher levels of dopamine have
been implicated in some people who stutter (Wu et al., 1997b;
Maguire et al., 2000b).

Recently, it was proposed that the primary impairment in
stuttering is a malfunctioning left hemisphere cortico-basal
ganglia-thalamocortical (cortico-BG) loop involved in initiating
speech motor programs (Civier et al., 2013; Chang and Guenther,
2020). There are three major areas of impairment suggested
by this framework. One is an impairment in the axonal
projections between the cerebral cortex, basal ganglia, and
thalamus. Impaired connectivity between these regions can lead
to difficulty in initiating the next sound by the basal ganglia
motor loop and generating initiation and termination signals to
the supplementary motor area (Civier et al., 2013; Chang and
Guenther, 2020). The second area suggested to be impaired is the
cerebral cortex, as seen in neurogenic stuttering where there is
damage to the speech related areas in the left cortical hemisphere
and in developmental stuttering where there are changes to the
premotor cortex and left inferior frontal cortex (Civier et al,
2013; Chang and Guenther, 2020). Another area of impairment is
the basal ganglia, evidenced by a functional magnetic resonance
study, which discovered a positive correlation between stuttering
severity and neural activity during speech in the striatum
(Giraud et al., 2008).

In support of the basal ganglia involvement in stuttering,
dopamine D2 receptor antagonists (such as haloperidol and
risperidone) have been suggested to be effective in the
treatment of stuttering (Maguire et al., 2020). Additionally
in limited reports, medications that increase dopamine levels,
such as L-dopa, have been associated with exacerbations in
stuttering symptoms (Burd and Kerbeshian, 1991). Haloperidol,
a first generation dopamine antagonist, has been studied in a
limited manner for the treatment of stuttering with suggested
positive results on efficacy. A previous study that utilized
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SPECT to investigate the effects of haloperidol on brain
activity found that there was an increase in brain activity
in speech areas, with subsequent improvement in symptoms
upon haloperidol administration (Wood and Stump, 1980).
Furthermore, improved fluency was associated with greater brain
activity in speech areas (Wood and Stump, 1980). However,
haloperidol is not a viable treatment for stuttering due to its
poor tolerability and side effects (Rosenberger et al., 1976).
Risperidone, which is a second generation dopamine antagonist
with relatively lower risk of motor system side-effects compared
to haloperidol, has been suggested in one limited, small sample
size, preliminary trial, to improve fluency in adults who stutter
(Maguire et al., 2002). It may also improve control over voluntary
speech and involuntary tic-like movements by reducing the effect
of dopaminergic projections on the left caudate nucleus, as
suggested by a single-case study (Tavano et al., 2011).

In addition, stuttering has been recently postulated to be
related to glial pathology (Han et al, 2019). Astrocytes, the
abundant star-shape CNS glial cells, play a major role in
providing neurons metabolic support, synapse formation, and
synaptic function (Araque et al., 1999; Araque and Navarrete,
2010; Sofroniew and Vinters, 2010; Allen and Lyons, 2018;
Marina et al., 2018). Astrocytes are heterogeneous cells with
respect to their morphology, function, transcriptomes, and
proteomes (Zhang and Barres, 2010; Oberheim et al., 2012;
Chai et al., 2017; Miller, 2018; Sheikhbahaei et al., 2018a; Xin
et al,, 2019). In addition, since astrocytes can regulate activities
of motor circuits and control complex behaviors (Sheikhbahaei
et al, 2018b), a defect in astrocytic function can potentially
affect normal functions of motor circuits controlling speech
production. Interestingly, in the mouse model of stuttering,
it was shown that the number of a subgroup of astrocytes
[identified by Glial fibrillary acidic protein (GFAP)] in the corpus
callosum was reduced (Han et al., 2019). It is also accepted that
human astrocytes are functionally and morphologically more
complex than those in rodents (Oberheim et al., 2006, 2009, 2012;
Vasile et al., 2017). Although more experiments are required to
define the functional significance of this reduction in number
of astroglia cells, data suggest that astrocytes might play a
critical role in the development of stuttering. Involvement of
astrocytes in motor control disorders is not without a precedent
as it has been shown that they have a critical role in the
pathogenesis of Parkinson’s disease, amyotrophic lateral sclerosis
(ALS), Tourette’s Syndrome, and others (van Passel et al., 2001;
Nagai et al., 2007; Chen et al., 2009; Rappold and Tieu, 2010;
Haidet-Phillips et al., 2011; Meyer et al., 2014; de Leeuw et al,,
2015; Booth et al., 2017; Yamanaka and Komine, 2018; Yun et al,,
2018; Cressatti et al., 2019).

The purpose of the current study was to examine the possible
effects of risperidone on regional brain metabolism, in stuttering.
This preliminary study was devised using neuroimaging data
from a previous study conducted in the year 2000 in order
to test the hypothesis that risperidone would increase striatal
and Broca’s area function, which may correlate its association
with the presence of stuttering symptoms. We propose that
the therapeutic effect of risperidone might be, in part, due to
increased metabolism of striatal astrocytes.

METHODS

Participants

The participants were a subset from a previous study (Maguire
et al., 2000a). While 16 subjects (12 males and four females)
were enrolled in the study only 10 subjects (eight males and two
females) gave consent to undergo a PET scan. The randomized,
double-blind, placebo-controlled study examined stuttering in 10
English speaking, adult participants (20-74 years old), with no
significant differences between the groups in age, gender, and
stuttering severity at baseline. In order to account for possible
stress associated with the solo reading task, only those who
had completed their senior year of high school were included.
Furthermore, all subjects were right-handed and right eye, right
foot dominant. Additionally, they had the developmental rather
than the acquired form of stuttering, with symptoms present
before 6 years old. They also had a minimum score of 15 on
the SSI-3 (Riley, 1994), and of the total syllables spoken, they
had a minimum severity of at least 3% of syllables stuttered.
We assessed stuttering severity by asking the patient to describe
a non-emotionally laden event and to read from standardized
passages with 500 syllables (Maguire et al., 2000a). The recorded
videos and audio tapes were analyzed to determine the stuttering
frequency (%SS), duration of stuttering, time spent stuttering
in relation to the total time speaking (%TS), and the overall
stuttering severity score (Maguire et al., 2000a). None were
receiving speech therapy for at least 6 months before the study
and for the duration of the study. All had no prior history of
pharmacological treatment of stuttering. Subjects were excluded
if they had major medical issues, prior history of treatment with
antipsychotics, or were using psychoactive medications or drugs
of abuse. Informed consent was obtained prior to the study in
accordance with the institutional review board at the University
of California, Irvine.

Procedure

Subjects who satisfied the criteria had their stuttering severity
rated twice during a baseline period of 2-4 weeks (Maguire et al.,
2000a). Then they were randomly assigned to receive 6 weeks
of treatment with either risperidone or identically appearing
placebo pills. Those who were taking risperidone were started
on 0.5 mg daily at night. The dose was increased by 0.5 mg/day
every four or more days as tolerated up to a maximum of
2.0 mg/day. During the 6 weeks, compliance with the medication,
stuttering severity, side effects, tolerability were rated every
2 weeks. Stuttering severity was also assessed and recorded after
risperidone or placebo treatment. Medication compliance was
evaluated by looking at participants’ daily written record, and
confirmed by comparing the number of pills dispensed to the
number of pills returned.

Subjects received two FDG PET scans (the measured
resolution of the scanner was 7.6 mm in plane and 10.9 mm in
the z-dimension), one prior to randomized placebo/medication
treatment, and one at 6 weeks while still receiving the double-
blind therapy. FDG was used as the marker in order to visualize
the regional glucose metabolic processes in the brain activated
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during speech (Wu et al., 1995). To visualize glucose metabolism,
subjects read aloud an emotionally unburdened article to another
individual for 30 min before entering the scanner. Thirty minutes
of reading aloud was chosen for the standard of allowing the
uptake of FDG for imaging visualization.

Subjects lay quietly in a supine position with their eyes open
for the entire duration of the PET scan, which was 90 min -
making the total procedure time 2 h. The study was limited to
just two scans because of the accumulative radiation exposure.
The treatment blind (risperidone or placebo) was broken after
all the subject scans were obtained and the data was analyzed.
With such, we found that there were an equal number of subjects
in each group randomized (five on risperidone, five on placebo).
Furthermore, we observed differences in the maximum response
to risperidone, with some exhibiting maximum response at
2 weeks when subjects were receiving 0.5 mg/day and some
showing maximum response at 6 weeks. In order to account for
the differing dose related response, subjects in each group were
ranked by stuttering severity and each subject in the risperidone
group was matched with an equally ranked subject placebo
group. Therefore, those in the risperidone group who showed
maximal response at the low doses (2 weeks) were compared with
those who showed a similar response in the placebo group. The
same applied to those who showed maximal response at high
doses (6 weeks).

Data Analysis

Positron emission tomography images were reconstructed using
standard calculated smoothing filter and attenuation correction
methods described elsewhere (Sokoloff et al., 1977; Friston
et al., 1991a,b). The images were then anatomically normalized
using standardized MRI based atlas. Anatomical localization
was accomplished through the concordance of Talairach and
Tournoux coordinates (Friston et al,, 1991b) and regions of
interest (ROI) determined by a probabilistic brain atlas as
described elsewhere (Potkin et al., 2003). The probability for
a given profile of contiguous connected clusters exceeding
the threshold of p < 0.05 was calculated by resampling-
based image cluster analysis (Wu et al.,, 1997a). All significant
voxels with cluster sizes less than the calculated threshold
cluster size (37 voxels) were not analyzed. Paired f-tests were
performed for stuttering subjects comparing their pre-treatment
condition with their post-treatment condition. Areas of increased
or decreased metabolism were identified using an overlay of
Brodmann defined regions from MRIs. Only significant areas
(t > 3.2) were reported.

RESULTS

Treatment efficacy, determined by %SS, was significantly higher
in the risperidone treatment group compared to the placebo
group (p = 0.025) for the original study sample (Maguire et al,,
2000a). Additionally, the mean reductions in the overall group
for %SS (from 9.6 = 8.2 to 4.7 &= 4.6), duration (from 4.5 £ 5.1 to
3.2+ 3.8),%TS (from 28.0 £ 23.8 t0 16.7 = 19.4), and SSI-3 (from
25.3 + 8.6 to 17.5 & 9.8) of the risperidone group were greater
than those of the placebo group (from 7.0 £ 3.7 to 5.1 £ 3.0,

from 3.3 + 3.0 to 2.8 &+ 3.3, from 20.4 + 13.9 to 16.4 £+ 13.6,
and from 24.0 & 9.9 to 20.5 £ 8.6, respectively), with the
risperidone group displaying statistically significant changes in
SS% (p < 0.01), %TS (p < 0.01), and SSI-3 (p < 0.0001) (Maguire
et al., 2000a). Overall, risperidone was well tolerated, with the
most common side effect being sedation and one reported case
of galactorrhea and amenorrhea, which resolved 2 months after
the medication was discontinued (Maguire et al., 2000a). FDG
PET scans taken before randomization revealed similarities in
brain activation among placebo and active treatment groups.
Scans of subjects on placebo after 6 weeks showed no difference
from baseline. Alternatively, the subjects receiving risperidone
(“on risperidone”) after 6 weeks exhibited increased activity from
baseline (“off risperidone”) in the left caudate, putamen, and
Broca’s area (p < 0.05). See Figure 1 below.

DISCUSSION

Data presented in this study suggest that risperidone treatment is
associated with increased activity of the striatum and Broca’s area
in persons who stutter. The subtraction image generated from the
individual FDG PET scans demonstrate enhanced brain activity
in risperidone-treated subjects in three particular regions: the left
caudate and putamen (components of the striatum in the basal
ganglia) and the Broca’s area. A previous study demonstrated
persistent left caudate hypometabolism, as well as reversible left
language circuit hypometabolism through induced fluency (Wu
et al., 1995). This study further supports the hypothesis that the
basal ganglia are central to stuttering and as such may serve as a
possible biologic marker for stuttering.

While we only observed changes in the left hemisphere, this
does not imply that there are no changes in the right hemisphere.
The right hemisphere was also imaged in our study and may play
a role in stuttering and stuttering recovery, but the medication
effect observed in this study in right-handed individuals was
solely related to the left hemisphere. Recent findings have
suggested increased right hemisphere involvement in those
with impaired performance of the left hemisphere cortical
network for speech, with the right hemisphere compensating for
abnormalities in the white matter tract of the left hemisphere
(Riley et al., 1997). Additionally, there is evidence to suggest that
certain forms of speech therapy may impact the right hemisphere.
For example, in fluency-inducing therapy, successful treatment
was associated with the shift from right hemisphere cortical
activity toward left lateralized frontal activation (De Nil et al,,
2003; Neumann et al., 2005).

Although the pathology of stuttering is not fully understood,
stuttering has recently been postulated to be related to glial
pathology (Han et al, 2019). Similar to neurons, astrocytes
in different brain regions also express functional dopamine
receptors (D1 and D2) and dopamine transports (Pelton
et al, 1981; Jennings and Rusakov, 2016). Application of
dopamine triggers profound intracellular changes in murine
astrocytes (Requardt et al, 2012). Therefore, medications
affecting D1/D2 can have subtle effects on astrocytes as well. In
fact, administration of risperidone increased astrocyte activity
(measured by GFAP reactivity or glutamine synthetase) in rats,
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FIGURE 1 | Within group analysis FDG PET scan of five adult subjects who stutter scanned before treatment (off risperidone) and after treatment for 6 weeks (on
risperidone) taken after a 30-min solo reading aloud task. Subjects on risperidone received 0.5-2.0 mg based on tolerability. The acquisition of the FDG during the
reading aloud task was 30 min and the scan acquisition time was 90 min. Images were anatomically normalized using the coordinate system of the Talairach atlas
(Friston et al., 1991b). Areas of increased (red) or decreased (blue) metabolism were identified using an overlay of Brodmann defined regions from MRIs (Wu et al.,
1995). All regions of the brain were examined, with threshold differences of p < 0.05 identified for the caudate, putamen, and Broca’s area (the mg/100 g/min scale

Changes wf Risperidone:

1. Caudate Increase
2.Broca's area [speech
production) increase

3. Putamen increase

monkeys, and humans (Toro et al, 2006; Bernstein et al,
2014; Fernandez et al., 2019). In rhesus monkeys, the effect of
risperidone was restricted to the striatum as histological staining
showed reversible increase in staining in the cell bodies as well
as processes of putamen astrocytes (Fernandez et al, 2019).
Another dopamine receptor blocker, haloperidol, was shown to
block D2 receptors on astrocytes. Chronic administration of
this medication increased astrocyte metabolic activity in rats
(Konopaske et al., 2013). By extrapolation, it is reasonable that
risperidone might have a similar effect on astrocytes. Therefore,
the increased metabolic activities of the putamen and Brocas
area that we observed in our study could be, in part, due to the
activation of astrocytes; when activated, basal ganglia astrocytes
can inhibit dopaminergic neurons (Xin et al., 2019). Together,
our data further strengthen the hypothesis that astrocytes may
play a major role in the development of stuttering. Given that
both white matter function and dopamine activity have been
implicated in stuttering, a possible line of further research may
be the investigation of risperidone and related medications

on astrocyte activity and the possible relation to white matter
integrity (Szeszko et al., 2014; Dutta et al., 2018).

One of the initial PET studies used intravenously administered
oxygen-15 labeled water [(Ingham et al, 2000) O-water] to
measure regional cerebral blood flow (Verger and Guedj,
2018). This was a sensitive method to quantify regional brain
activation during various tasks and was useful in mapping
brain activation patterns in cognitive tasks (Verger and Gued;,
2018). The PET imaging studies were followed by magnetic
resonance imaging (MRI) which allowed for the study of
functional connectivity through serial imaging of the brain
during a resting state or task dependent activation (Verger
and Guedj, 2018). Due to several limitations in these earlier
PET studies, fMRI has become the functional imaging modality
of choice in stuttering due to the absence of radiation
exposure and enhanced resolution. However, some advantages
of FDG PET over fMRI still exist. fMRI is susceptible to
ferromagnetic artifacts, which makes neuroimaging a challenge
due to a high prevalence of treatment with implantable devices
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that are incompatible with magnetic resonance (Verger and
Guedj, 2018). Fortunately, ferromagnetic implants in subjects
who stutter tend to be relatively rare, especially in children. FDG
PET should seldom, if ever, be considered as imaging modality
in children and other susceptible populations because of the
radiation exposure. However, with fMRI, movement artifact from
talking or orofacial movements, as well as the gradient coils,
can produce noise that negatively impacts listening to auditory
inputs (Verger and Guedj, 2018). Compared to fMRI, there is no
auditory effect on subjects during PET imaging.

The limitations of our study include a small sample size and
a relatively limited imaging technique that involves radiation
exposure. Future studies should employ less invasive imaging
techniques at higher resolution. Furthermore, our data were
obtained at the author’s prior institution and more specific
demographic data regarding the subjects were not maintained
for reference in this article. Another limitation is that we utilized
a flexible dose design for the study. Given the preliminary
nature of the study, optimal dosing of risperidone in stuttering
was based on efficacy and adverse events, as the maximum
tolerable and effective dose of risperidone for stuttering were not
available. Therefore, a flexible dosage design was utilized to gather
understanding regarding the potential target dose for stuttering.
Since risperidone is metabolized by the cytochrome P450 2D6
system, significant genetic variability exists, which may partly
explain the dosing differences seen in this trial. For future studies,
employing a more rigorous dosing design including fixed dose
analyses in a larger sample size is required.

In summary, the preliminary findings from this study
suggest larger studies involving pharmacologic interventions
in stuttering may possibly predict which patients may
respond to therapy and which will not. More definitive
studies may vyield further insights into the neurophysiology
of stuttering. Integrating functional neuroimaging techniques
into the treatment of stuttering may eventually prove to guide
interventions and predict responders and non-responders to
various forms of therapies. Future treatment intervention
studies may employ functional neuroimaging to investigate the
potential changes in the cortico-BG loop. Moving forward, as the
potential for pharmacological treatment in stuttering grows, it is

REFERENCES

Allen, N. J., and Lyons, D. A. (2018). Glia as architects of central nervous
system formation and function. Science 362, 181-185. doi: 10.1126/science.aat
0473

Alm, P. A. (2004). Stuttering and the basal ganglia circuits: a critical review of
possible relations. J. Commun. Disord. 37, 325-369. doi: 10.1016/j.jcomdis.
2004.03.001

American Psychiatric Association (2013). DSM-5 Task Force: Diagnostic and
Statistical Manual of Mental Disorders: DSM-5™, 5th Edn. Washington, DC:
American Psychiatric Publishing Inc.

Araque, A., and Navarrete, M. (2010). Glial cells in neuronal
network function. Philos 365, 2375-2381. doi:  10.1098/rstb.2009.
0313

Araque, A., Parpura, V., Sanzgiri, R. P., and Haydon, P. G. (1999). Tripartite
synapses: Glia, the unacknowledged partner. Trends Neurosci. 22, 208-215.
doi: 10.1016/s0166-2236(98)01349-6

unlikely that all stuttering subjects will show a uniform response.
Therefore, imaging may prove to be a useful tool in guiding
future clinicians as to which therapies may be personalized
for each subject, optimizing response and minimizing undue
risks. Moreover, research in animal models of stuttering could be
critical in improving our understanding of glial role in stuttering,
studying the mechanism of medication therapies, and developing
cell-specific therapies to target striatal astrocytes.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by UC Irvine. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

GM designed the study, captured and analyzed the data, and
participated in the manuscript writing. BY participated in
writing the manuscript and conducted the background literature
review. SS revised the article critically for important intellectual
content. All authors contributed to the article and approved the
submitted version.

FUNDING

This research was supported (in part) by the philanthropic
donation of RG Kirkup and (in part) by the Intramural
Research Program of the NIH, NINDS (ZIA NS009420-01). The
accompanied clinical trial of risperidone was funded in part from
an investigator initiated grant to UC Irvine from Janssen.

Beal, D. S., Gracco, V. L., Brettschneider, J., Kroll, R. M., and De Nil, L. F.
(2012). A voxel-based morphometry (VBM) analysis of regional grey and
white matter volume abnormalities within the speech production network
of children who stutter. Cortex 49, 2151-2161. doi: 10.1016/j.cortex.2012.
08.013

Bernstein, H. G., Bannier, J., Meyer-Lotz, G., Steiner, J., Keilhoff, G., Dobrowolny,
H., et al. (2014). Distribution of immunoreactive glutamine synthetase in the
adult human and mouse brain. Qualitative and quantitative observations with
special emphasis on extra-astroglial protein localization. J. Chem. Neuroanat.
61, 33-50. doi: 10.1016/j.jchemneu.2014.07.003

Booth, H. D. E., Hirst, W. D., and Wade-Martins, R. (2017). The role of astrocyte
dysfunction in Parkinson’s disease pathogenesis. Trends Neurosci. 40, 358-370.
doi: 10.1016/j.tins.2017.04.001

Braun, A. R, Varga, M., Stager, S., Schulz, G., Selbie, S., Maisog, J. M., et al. (1997).
Altered patterns of cerebral activity during speech and language production in
developmental stuttering. An H2 (15) O positron emission tomography study.
Brain J. Neurol. 120, 761-784. doi: 10.1093/brain/120.5.761

Frontiers in Neuroscience | www.frontiersin.org

February 2021 | Volume 15 | Article 598949


https://doi.org/10.1126/science.aat0473
https://doi.org/10.1126/science.aat0473
https://doi.org/10.1016/j.jcomdis.2004.03.001
https://doi.org/10.1016/j.jcomdis.2004.03.001
https://doi.org/10.1098/rstb.2009.0313
https://doi.org/10.1098/rstb.2009.0313
https://doi.org/10.1016/s0166-2236(98)01349-6
https://doi.org/10.1016/j.cortex.2012.08.013
https://doi.org/10.1016/j.cortex.2012.08.013
https://doi.org/10.1016/j.jchemneu.2014.07.003
https://doi.org/10.1016/j.tins.2017.04.001
https://doi.org/10.1093/brain/120.5.761
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Maguire et al.

Risperidone Brain Activity Stuttering

Burd, L., and Kerbeshian, J. (1991). Stuttering and stimulants. J. Clin.
Psychopharmacol. 11, 72-73. doi:  10.1097/00004714-199102000-000
20

Chai, H., Diaz-Castro, B., Shigetomi, E., Monte, E., Octeau, J. C, Yu, X,
et al. (2017). Neural circuit-specialized astrocytes: transcriptomic, proteomic,
morphological, and functional evidence. Neuron 95, 531.e-549.e.

Chang, S. E., and Guenther, F. H. (2020). Involvement of the cortico-basal ganglia-
thalamocortical loop in developmental stuttering. Front. Psychol. 10:3088. doi:
10.3389/fpsyg.2019.03088

Chang, S. E, Horwitz, B, Ostuni, J., Reynolds, R, and Ludlow, C. L.
(2011). Evidence of left inferior frontal-premotor structural and functional
connectivity deficits in adults who stutter. Cereb. Cortex 21, 2507-2518. doi:
10.1093/cercor/bhr028

Chen, P. C, Vargas, M. R,, Pani, A. K., Smeyne, R. J., Johnson, D. A., Kan, Y. W,
et al. (2009). Nrf2-mediated neuroprotection in the MPTP mouse model of
Parkinson’s disease: critical role for the astrocyte. PNAS 106, 2933-2938. doi:
10.1073/pnas.0813361106

Civier, O., Bullock, D., Max, L., and Guenther, F. H. (2013). Computational
modeling of stuttering caused by impairments in a basal ganglia thalamo-
cortical circuit involved in syllable selection and initiation. Brain Lang. 126,
263-278. doi: 10.1016/j.bandl.2013.05.016

Cressatti, M., Song, W., Turk, A. Z., Garabed, L. R., Benchaya, J. A., Galindez,
C., et al. (2019). Glial HMOXI expression promotes central and peripheral
a-synuclein dysregulation and pathogenicity in parkinsonian mice. Glia 67,
1730-1744.

de Leeuw, C., Smit, A. B, Yu, D., Mathews, C. A,, Scharf, J. M., Syndrome
Association International Consortium for Genetics, et al. (2015). Involvement
of astrocyte metabolic coupling in Tourette syndrome pathogenesis. Eur. J.
Hum. Genet. 23, 1519-1522. doi: 10.1038/ejhg.2015.22

De Nil, L. F, Kroll, R. M., and Houle, S. (2001). Functional neuroimaging
of cerebellar activation during single word reading and verb generation in
stuttering and nonstuttering adults. Neurosci. Lett. 302, 77-80. doi: 10.1016/
50304-3940(01)01671-8

De Nil, L. F,, Kroll, R. M., Kapur, S., and Houle, S. (2000). A positron emission
tomography study of silent and oral single word reading in stuttering and
nonstuttering adults. J. Speech Lang. Hear. Res. 43, 1038-1053. doi: 10.1044/
jslhr.4304.1038

De Nil, L. F., Kroll, R. M., Lafaille, S. J., and Houle, S. (2003). A positron emission
tomography study of short-and long-term treatment effects on functional brain
activation in adults who stutter. J. Fluency Disord. 28, 357-380. doi: 10.1016/j.
jfludis.2003.07.002

Dutta, D. J., Woo, D. H., Lee, P. R, Pajevic, S., Bukalo, O., Huffman, W. C., et al.
(2018). Regulation of myelin structure and conduction velocity by perinodal
astrocytes. Proc. Natl. Acad. Sci. U.S.A. 115, 11832-11837. doi: 10.1073/pnas.
1811013115

Fernandez, G., Kuruvilla, S., Hines, C. D. G., Poignant, F., Marr, J., Forest, T., et al.
(2019). Brain findings associated with risperidone in rhesus monkeys: magnetic
resonance imaging and pathology perspectives. J. Toxicol. Pathol. 32, 233-243.
doi: 10.1293/tox.2019-0004

Fox, P. T., Ingham, R. J., Ingham, J. C., Hirsch, T. B., Downs, J. H., Martin, C,, et al.
(1996). A PET study of the neural systems of stuttering. Nature 382, 158-161.
doi: 10.1038/382158a0

Fox, P. T., Ingham, R. J., Ingham, J. C., Zamarripa, F., Xiong, J. H., and Lancaster,
J. L. (2000). Brain correlates of stuttering and syllable production: a PET
performance-correlation analysis. Brain 123, 1985-2004. doi: 10.1093/brain/
123.10.1985

Friston, K. J., Frith, C. D., Liddle, P. F., and Frackowiak, R. S. (1991b). Plastic
transformation of PET images. J. Comput. Assist. Tomogr. 15, 634-639. doi:
10.1097/00004728-199107000-00020

Friston, K. J., Frith, C. D., Liddle, P. F., and Frackowiak, R. S. (1991a). Comparing
functional (PET) images: the assessment of significant change. J. Cereb. Blood
Flow Metab. 11, 690-699. doi: 10.1038/jcbfm.1991.122

Giraud, A. L., Neumann, K., Bachoud-Levi, A. C., von Gudenberg, A. W., Euler,
H. A, Lanfermann, H., et al. (2008). Severity of dysfluency correlates with
basal ganglia activity in persistent developmental stuttering. Brain Lang. 104,
190-199. doi: 10.1016/j.bandl.2007.04.005

Haidet-Phillips, A. M., Hester, M. E., Miranda, C. J., Meyer, K., Braun, L.,
Frakes, A., et al. (2011). Astrocytes from familial and sporadic ALS patients

are toxic to motor neurons. Nat. Biotechnol. 29, 824-828. doi: 10.1038/nbt.
1957

Han, T. U,, Root, J., Reyes, L. D., Hutchinson, E. B., du Hoffman, J., Lee, W. S.,
etal. (2019). Human GNPTAB stuttering mutations engineered into mice cause
vocalization deficits and astrocyte pathology in the corpus callosum. PNAS 116,
17515-17524. doi: 10.1073/pnas.1901480116

Ingham, R. J. (2001). Brain imaging studies of developmental stuttering.
J. Commun. Disord. 34, 493-516. doi: 10.1016/s0021-9924(01)00061-2

Ingham, R. J., Fox, P. T., Ingham, J. C,, and Zamarripa, F. (2000). Is overt
stuttered speech a prerequisite for the neural activations associated with chronic
developmental stuttering? Brain Lang. 75, 163-194. doi: 10.1006/brln.2000.
2351

Jennings, A., and Rusakov, D. A. (2016). Do astrocytes respond to dopamine??
Opera Med. Physiol. 2, 34-43.

Konopaske, G. T., Bolo, N. R,, Basu, A. C., Renshaw, P. F., and Coyle, J. T. (2013).
Time-dependent effects of haloperidol on glutamine and GABA homeostasis
and astrocyte activity in the rat brain. Psychopharmacology 230, 57-67. doi:
10.1007/s00213-013-3136-3

Maguire, G. A., Nguyen, D. L., Simonson, K. C., and Kurz, T. L. (2020). The
pharmacologic treatment of stuttering and its neuropharmacologic basis. Front.
Neurosci. 14:158. doi: 10.3389/fnins.2020.00158

Maguire, G. A, Riley, G., Franklin, D. L., and Gottschalk, L. A. (2000a). Risperidone
for the treatment of stuttering. J. Clin. Psychopharmacol. 20, 479-482. doi:
10.1097/00004714-200008000-00013

Maguire, G. A., Riley, G. D., Franklin, D. L, Wu, J. C, Ortiz, T., Plon,
L., et al. (2000b). The neuropharmacology of persistent stuttering. Int. J.
Neuropsychopharmacol. 3, S1-5420.

Maguire, G. A, Riley, G. D., and Yu, B. P. (2002). A neurological basis of stuttering?
Lancet Neurol. 1:407. doi: 10.1016/s1474-4422(02)00217-x

Marina, N., Turovsky, E., Christie, I. N., Hosford, P. S., Hadjihambi, A., Korsak, A.,
et al. (2018). Brain metabolic sensing and metabolic signaling at the level of an
astrocyte. Glia 66, 1185-1199. doi: 10.1002/glia.23283

Meyer, K., Ferraiuolo, L., Miranda, C. J., Likhite, S., McElroy, S., Renusch, S.,
et al. (2014). Direct conversion of patient fibroblasts demonstrates non-cell
autonomous toxicity of astrocytes to motor neurons in familial and sporadic
ALS. PNAS 111, 829-832. doi: 10.1073/pnas.1314085111

Miller, S. J. (2018). Astrocyte heterogeneity in the adult central nervous system.
Front. Cell. Neurosci. 12:401. doi: 10.3389/fncel.2018.00401

Nagai, M., Re, D. B., Nagata, T., Chalazonitis, A., Jessell, T. M., Wichterle, H.,
et al. (2007). Astrocytes expressing ALS-linked mutated SOD1 release factors
selectively toxic to motor neurons. Nat. Neurosci. 10, 615-622. doi: 10.1038/
nnl876

Neef, N. E., Anwander, A., Biitfering, C., Schmidt-Samoa, C., Friederici, A. D.,
Paulus, W., et al. (2018). Structural connectivity of right frontal hyperactive
areas scales with stuttering severity. Brain 141, 191-204. doi: 10.1093/brain/
awx316

Neef, N. E., Anwander, A., and Friederici, A. D. (2015). The neurobiological
grounding of persistent stuttering: from structure to function. Curr. Neurol.
Neurosci. Rep. 15:63.

Neumann, K., Euler, H. A., von Gudenberg, A. W., Giraud, A. L., Lanfermann,
H., Gall, V., et al. (2003). The nature and treatment of stuttering as revealed by
fMRI A within- and between-group comparison. J. Fluency Disord. 28, 381-409.
doi: 10.1016/j.jfludis.2003.07.003

Neumann, K., Preibisch, C., Euler, H. A., von Gudenberg, A. W., Lanfermann,
H., Gall, V., et al. (2005). Cortical plasticity associated with stuttering therapy.
J. Fluency Disord. 30, 23-39. doi: 10.1016/j.jfludis.2004.12.002

Oberheim, N. A., Goldman, S. A., and Nedergaard, M. (2012). Heterogeneity of
astrocytic form and function. Methods Mol. Biol. 814, 23-45. doi: 10.1007/978-
1-61779-452-0_3

Oberheim, N. A., Takano, T., Han, X., He, W,, Lin, J. H, Wang, F., et al
(2009). Uniquely hominid features of adult human astrocytes. J. Neurosci. 29,
3276-3287. doi: 10.1523/jneurosci.4707-08.2009

Oberheim, N. A., Wang, X., Goldman, S., and Nedergaard, M. (2006). Astrocytic
complexity distinguishes the human brain. Trends. Neurosci. 29, 547-553. doi:
10.1016/j.tins.2006.08.004

Pelton, E. W., Kimelberg, H. K., Shipherd, S. V., and Bourke, R. S. (1981).
Dopamine and norepinephrine uptake and metabolism by astroglial cells in
culture. Life Sci. 28, 1655-1663. doi: 10.1016/0024-3205(81)90322-2

Frontiers in Neuroscience | www.frontiersin.org

February 2021 | Volume 15 | Article 598949


https://doi.org/10.1097/00004714-199102000-00020
https://doi.org/10.1097/00004714-199102000-00020
https://doi.org/10.3389/fpsyg.2019.03088
https://doi.org/10.3389/fpsyg.2019.03088
https://doi.org/10.1093/cercor/bhr028
https://doi.org/10.1093/cercor/bhr028
https://doi.org/10.1073/pnas.0813361106
https://doi.org/10.1073/pnas.0813361106
https://doi.org/10.1016/j.bandl.2013.05.016
https://doi.org/10.1038/ejhg.2015.22
https://doi.org/10.1016/s0304-3940(01)01671-8
https://doi.org/10.1016/s0304-3940(01)01671-8
https://doi.org/10.1044/jslhr.4304.1038
https://doi.org/10.1044/jslhr.4304.1038
https://doi.org/10.1016/j.jfludis.2003.07.002
https://doi.org/10.1016/j.jfludis.2003.07.002
https://doi.org/10.1073/pnas.1811013115
https://doi.org/10.1073/pnas.1811013115
https://doi.org/10.1293/tox.2019-0004
https://doi.org/10.1038/382158a0
https://doi.org/10.1093/brain/123.10.1985
https://doi.org/10.1093/brain/123.10.1985
https://doi.org/10.1097/00004728-199107000-00020
https://doi.org/10.1097/00004728-199107000-00020
https://doi.org/10.1038/jcbfm.1991.122
https://doi.org/10.1016/j.bandl.2007.04.005
https://doi.org/10.1038/nbt.1957
https://doi.org/10.1038/nbt.1957
https://doi.org/10.1073/pnas.1901480116
https://doi.org/10.1016/s0021-9924(01)00061-2
https://doi.org/10.1006/brln.2000.2351
https://doi.org/10.1006/brln.2000.2351
https://doi.org/10.1007/s00213-013-3136-3
https://doi.org/10.1007/s00213-013-3136-3
https://doi.org/10.3389/fnins.2020.00158
https://doi.org/10.1097/00004714-200008000-00013
https://doi.org/10.1097/00004714-200008000-00013
https://doi.org/10.1016/s1474-4422(02)00217-x
https://doi.org/10.1002/glia.23283
https://doi.org/10.1073/pnas.1314085111
https://doi.org/10.3389/fncel.2018.00401
https://doi.org/10.1038/nn1876
https://doi.org/10.1038/nn1876
https://doi.org/10.1093/brain/awx316
https://doi.org/10.1093/brain/awx316
https://doi.org/10.1016/j.jfludis.2003.07.003
https://doi.org/10.1016/j.jfludis.2004.12.002
https://doi.org/10.1007/978-1-61779-452-0_3
https://doi.org/10.1007/978-1-61779-452-0_3
https://doi.org/10.1523/jneurosci.4707-08.2009
https://doi.org/10.1016/j.tins.2006.08.004
https://doi.org/10.1016/j.tins.2006.08.004
https://doi.org/10.1016/0024-3205(81)90322-2
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Maguire et al.

Risperidone Brain Activity Stuttering

Pool, K. D., Devous, M. D., Freeman, F. J., Watson, B. C., and Finitzo, T. (1991).
Regional cerebral blood flow in developmental stutterers. Arch. Neurol. 48,
509-512. doi: 10.1001/archneur.1991.00530170069022

Potkin, S. G., Basile, V. S., Masellis, M., Badri, F., Keator, D., Wu, J. C,, et al.
(2003). Dy receptor alleles predict PET metabolic correlates of clinical response
to clozapine. Mol. Psychiatry 8, 109-113. doi: 10.1038/sj.mp.4001191

Rappold, P. M., and Tieu, K. (2010). Astrocytes and therapeutics for Parkinson’s
disease. Neurotherapeutics 7, 413-423. doi: 10.2147/tcrm.s4321

Requardt, R. P., Hirrlinger, P. G., Wilhelm, F., Winkler, U., Besser, S., and
Hirrlinger, J. (2012). Ca?* signals of astrocytes are modulated by the
NAD'/NADH redox state. J. Neurochem. 120, 1014-1025.

Riley, G. (1994). Stuttering Severity Instrument, 3rd Edn. Austin, TX: ProEd.

Riley, G., Wu, J., and Maguire, G. (1997). “PET scan evidence of parallel cerebral
systems related to treatment effects,” in Speech Production: Motor Control, Brain
Research, and Fluency Disorders, eds W. Hulstijn, H. F. M. Peters, and P. van
Lieshout (Amsterdam: Elsevier), 321-327.

Rosenberger, P. B., Wheelden, J. A., and Kalotkin, M. (1976). The effect of
haloperidol on stuttering. Am. J. Psychiatry 133, 331-334. doi: 10.1176/ajp.133.
3.331

Samelin, R., Schnitzler, A., Schmitz, F., and Freund, H. J. (2000). Single word
reading in developmental stutterers and fluent speakers. Brain 123, 1184-1202.
doi: 10.1093/brain/123.6.1184

Sheikhbahaei, S., Morris, B., Collina, J., Anjum, S., Znati, S., Gamarra,
J, et al. (2018a). Morphometric analysis of astrocytes in brainstem
respiratory regions. J. Comp. Neurol. 526, 2032-2047. doi: 10.1002/cne.
24472

Sheikhbahaei, S., Turovsky, E. A., Hosford, P. S., Hadjihambi, A., Theparambil,
S. M., Liu, B., et al. (2018b). Astrocytes modulate brainstem respiratory
rhythm-generating circuits and determine exercise capacity. Nat. Commun.
9:370.

Sofroniew, M. V., and Vinters, H. V. (2010). Astrocytes: biology and pathology.
Acta Neuropathol. 119, 7-35. doi: 10.1007/s00401-009-0619-8

Sokoloff, L., Reivich, M., Kennedy, C., Des Rosiers, M. H., Patlak, C. S., Pettigrew,
K. D,, et al. (1977). The [14C]deoxyglucose method for the measurement of
local cerebral glucose utilization: theory, procedure, and normal values in the
conscious and anesthetized albino rat. J. Neurochem. 28, 897-916. doi: 10.1111/
j.1471-4159.1977.tb10649.x

Sommer, M., Koch, M. A., Paulus, W., Weiller, C., and Biichel, C. (2002).
Disconnection of speech-relevant brain areas in persistent developmental
stuttering. Lancet 360, 380-383. doi: 10.1016/s0140-6736(02)09610-1

Szeszko, P. R., Robinson, D. G., Ikuta, T, Peters, B. D., Gallego, J. A., Kane, J., et al.
(2014). White matter changes associated with antipsychotic treatment in first-
episode psychosis. Neuropsychopharmacology 39, 1324-1331. doi: 10.1038/npp.
2013.288

Tavano, A., Busan, P., Borelli, M., and Pelamatti, G. (2011). Risperidone reduces
tic-like motor behaviors and linguistic dysfluencies in severe persistent
developmental stuttering. J. Clin. Pharmacol. 31, 131-134. doi: 10.1097/jcp.
0b013e318205694f

Toro, C. T., Hallak, J. E. C., Dunham, J. S., and Deakin, J. F. W. (2006). Glial
fibrillary acidic protein and glutamine synthetase in subregions of prefrontal
cortex in schizophrenia and mood disorder. Neurosci. Lett. 404, 276-281. doi:
10.1016/j.neulet.2006.05.067

Van Borsel, J., Achten, E., Santens, P., Lahorte, P., and Voet, T. (2003). fMRI of
developmental stuttering: a pilot study. Brain Lang. 85, 369-376. doi: 10.1016/
$0093-934x(02)00588-6

van Passel, R., Schlooz, W. A., Lamers, K. J., Lemmens, W. A., and Rotteveel, J. J.
(2001). S100B protein, glia and Gilles de la Tourette syndrome. Eur. J. Paediatr.
Neurol. 5,15-19. doi: 10.1053/ejpn.2001.0399

Vasile, F., Dossi, E., and Rouach, N. (2017). Human astrocytes: structure and
functions in the healthy brain. Brain Struct. Funct. 222, 2017-2029. doi: 10.
1007/s00429-017-1383-5

Verger, A., and Guedj, E. (2018). The renaissance of functional '*F-FDG PET
brain activation imaging. Eur. J. Nucl. Med. Mol. Imaging 45, 2338-2341. doi:
10.1007/500259-018-4165-2

Watkins, K. E., Smith, S. M., Davis, S., and Howell, P. (2008). Structural and
functional abnormalities of the motor system in developmental stuttering. Brain
131, 50-59. doi: 10.1093/brain/awm241

Wood, F., and Stump, D. (1980). Patterns of regional cerebral blood flow during
attempted reading aloud by stutterers both on and off haloperidol medication:
evidence for inadequate left frontal activation during stuttering. Brain Lang. 9,
141-144. doi: 10.1016/0093-934x(80)90079-6

Wu, J. C., Bell, K, Najafi, A, Widmark, C., Keator, D., Tang, C., et al
(1997a). Decreasing striatal 6-FDOPA uptake with increasing duration of
cocaine withdrawal. Neuropsychopharmacology 17, 402-409. doi: 10.1016/
50893-133x(97)00089-4

Wu, J. C., Maguire, G., Riley, G., Lee, A., Keator, D., Tang, C., et al. (1997b).
Increased dopamine activity associated with stuttering. Neuroreport 8,767-770.
doi: 10.1097/00001756-199702100-00037

Wu, J. C., Maguire, G. A, Riley, G., Fallon, J., LaCasse, L., Chin, S., et al. (1995).
A positron emission tomography [18F]deoxyglucose study of developmental
stuttering. Neuroreport 6, 501-505. doi: 10.1097/00001756-199502000-00024

Xin, W., Schuebel, K. E., Jair, K. W., Cimbro, R., De Biase, L. M., Goldman, D.,
et al. (2019). Ventral midbrain astrocytes display unique physiological features
and sensitivity to dopamine D2 receptor signaling. Neuropsychopharmacol 44,
344-355. doi: 10.1038/s41386-018-0151-4

Yairi, E., and Ambrose, N. (2013). Epidemiology of stuttering: 21st century
advances. J. Fluency Disord. 38, 66-87. doi: 10.1016/j.jfludis.2012.11.002

Yamanaka, K., and Komine, O. (2018). The multi-dimensional roles of astrocytes
in ALS. Neurosci. Res. 126, 31-38. doi: 10.1016/j.neures.2017.09.011

Yun, S. P.,, Kam, T. I, Panicker, N., Kim, S., Oh, Y., Park, J. S., et al. (2018).
Block of Al astrocyte conversion by microglia is neuroprotective in models of
Parkinson’s disease. Nat. Med. 24, 931-938. doi: 10.1038/s41591-018-0051-5

Zhang, Y., and Barres, B. A. (2010). Astrocyte heterogeneity: an underappreciated
topic in neurobiology. Curr. Opin. Neurobiol. 20, 588-594. doi: 10.1016/j.conb.
2010.06.005

Conflict of Interest: GM in the past received a research grant from Janssen which
supported in part the randomized clinical trial linked to this imaging study.
However, the imaging study was funded purely from a philanthropic donation
from RG Kirkup. At this time, the medication, risperidone is generic and Janssen
no longer has exclusivity on the sales of this compound. GM currently has research
grants from Teva and Emalex. GM also serves on the advisory board of Vivera
Pharmaceuticals. In the past year, but no longer continuing, GM also received
speaking honoraria from Otsuka, Sunovion, Janssen, Intracellular, Takeda, and
Eisai.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Maguire, Yoo and SheikhBahaei. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

February 2021 | Volume 15 | Article 598949


https://doi.org/10.1001/archneur.1991.00530170069022
https://doi.org/10.1038/sj.mp.4001191
https://doi.org/10.2147/tcrm.s4321
https://doi.org/10.1176/ajp.133.3.331
https://doi.org/10.1176/ajp.133.3.331
https://doi.org/10.1093/brain/123.6.1184
https://doi.org/10.1002/cne.24472
https://doi.org/10.1002/cne.24472
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1111/j.1471-4159.1977.tb10649.x
https://doi.org/10.1111/j.1471-4159.1977.tb10649.x
https://doi.org/10.1016/s0140-6736(02)09610-1
https://doi.org/10.1038/npp.2013.288
https://doi.org/10.1038/npp.2013.288
https://doi.org/10.1097/jcp.0b013e318205694f
https://doi.org/10.1097/jcp.0b013e318205694f
https://doi.org/10.1016/j.neulet.2006.05.067
https://doi.org/10.1016/j.neulet.2006.05.067
https://doi.org/10.1016/s0093-934x(02)00588-6
https://doi.org/10.1016/s0093-934x(02)00588-6
https://doi.org/10.1053/ejpn.2001.0399
https://doi.org/10.1007/s00429-017-1383-5
https://doi.org/10.1007/s00429-017-1383-5
https://doi.org/10.1007/s00259-018-4165-2
https://doi.org/10.1007/s00259-018-4165-2
https://doi.org/10.1093/brain/awm241
https://doi.org/10.1016/0093-934x(80)90079-6
https://doi.org/10.1016/s0893-133x(97)00089-4
https://doi.org/10.1016/s0893-133x(97)00089-4
https://doi.org/10.1097/00001756-199702100-00037
https://doi.org/10.1097/00001756-199502000-00024
https://doi.org/10.1038/s41386-018-0151-4
https://doi.org/10.1016/j.jfludis.2012.11.002
https://doi.org/10.1016/j.neures.2017.09.011
https://doi.org/10.1038/s41591-018-0051-5
https://doi.org/10.1016/j.conb.2010.06.005
https://doi.org/10.1016/j.conb.2010.06.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Investigation of Risperidone Treatment Associated With Enhanced Brain Activity in Patients Who Stutter
	Introduction
	Methods
	Participants
	Procedure
	Data Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


