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ABSTRACT: The BTBR T+ Itpr3tf/J (BTBR) mouse displays elevated
repetitive motor behaviors. Treatment with the partial M1 muscarinic receptor
agonist, CDD-0102A, attenuates stereotyped motor behaviors in BTBR mice.
The present experiment investigated whether CDD-0102A modifies changes in
striatal glutamate concentrations during stereotyped motor behavior in BTBR
and B6 mice. Using glutamate biosensors, change in striatal glutamate efflux was
measured during bouts of digging and grooming behavior with a 1 s time
resolution. Mice displayed both decreases and increases in glutamate efflux
during such behaviors. Magnitude of changes in glutamate efflux (decreases and
increases) from dorsomedial and dorsolateral striatum were significantly greater
in BTBR mice compared to those of B6 mice. In BTBR mice, CDD-0102A (1.2
mg/kg) administered 30 min prior to testing significantly reduced the magnitude
change in glutamate decreases and increases from the dorsolateral striatum and
decreased grooming behavior. Conversely, CDD-0102A treatment in B6 mice
potentiated glutamate decreases and increases in the dorsolateral striatum and
elevated grooming behavior. The findings suggest that activation of M1
muscarinic receptors modifies glutamate transmission in the dorsolateral striatum
and self-grooming behavior.
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■ INTRODUCTION
Restricted and repetitive behaviors (RRBs) represent one of
two diagnostic criteria for autism spectrum disorders (ASD).1

RRBs involve a range of behaviors that can include compulsive-
like stereotypies, circumscribed interests, and cognitive rigidity
that involves a resistance to change. Current pharmacological
treatments to reduce these features are only modestly
effective.2,3 Efforts to develop improved individualized
therapeutic approaches for RRBs are constrained by a lack of
knowledge about their causes from biochemical to neural
systems and in the integration of knowledge across these levels
of analysis.
Rodent models afford an opportunity to unravel abnormal-

ities at a neural circuit and neurochemical level that contribute
to RRBs in ASD. Like RRBs observed in ASD individuals,
BTBR mice exhibit elevated stereotyped motors behaviors.4−9

Further, BTBR mice also exhibit striatal abnormalities that are
related to stereotyped motor behaviors comparable to

abnormalities in the striatum related to RRBs in ASD.10−13

Less clear is what striatal subregions may contribute to
stereotyped motor behaviors with some findings suggesting
they may result from altered dorsolateral striatal (DLS)
function,14 while other studies suggest that dorsomedial striatal
(DMS) abnormalities may underlie stereotyped, repetitive
behaviors.15 Further unknown are the neurochemical mecha-
nisms in the specific striatal circuitry that lead to RRBs. There
is increasing evidence that an imbalance between excitatory
and inhibitory signaling may be a common pathophysiology
underlying ASD.16,17 Related, several studies have used proton
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magnetic resonance (MR) spectroscopy to examine concen-
trations of the major excitatory neurotransmitter, glutamate, in
the frontal cortex and striatum of individuals with ASD and
rodent models of autism.18−21 In rodent models, frontal cortex
glutamate concentrations have been examined in BTBR mice,
valproic acid-treated mice, 15q11-13 duplication mice, Shank3
knockout mice, as well as neuroligin 3 knock in mice and
neuroligin 3 knockout rats.21 A significant glutamate change in
frontal cortex is only observed in the neuroligin 3 models. In
relation to the striatum, there have been mixed results in ASD
subjects with no change in glutamate concentration,18 an
increase in glutmate,19 and a decrease in glutamate20 reported.
In the BTBR mouse model of autism an increase in both
striatal glutamate and GABA is observed.21 MR spectroscopy is
a powerful technique for measuring neurotransmitter concen-
trations in brain areas, but still unclear is how glutamate
signaling may dynamically change in specific brain circuitry.
This is particularly critical to understand because glutamatergic
transmission may be differentially modulated across striatal
subregions.22

Muscarinic cholinergic receptor stimulation can modify both
glutamatergic and GABAergic signaling in the brain.23 Thus,
targeting muscarinic receptors may be an effective approach for
modifying altered glutamate and/or GABAergic signaling that
underlies an autism phenotype. A recent study in BTBR mice
examined the effects of the partial M1 muscarinic agonist
CDD-0102A on digging behavior in the nesting removal test.24

Acute and subchronic treatment as well as an intrastriatal
infusion of CDD-0102A attenuated elevated digging behavior
in BTBR mice. More specifically, systemic injections of CDD-
0102A at a 1.2 mg/kg dose significantly attenuated elevated
self-grooming behavior and digging behavior.24 In all cases,
CDD-0102A at the 1.2 mg/kg dose reduced stereotyped motor
behavior in BTBR mice without affecting overall locomotor
activity, indicating that the drug effect at 1.2 mg/kg was
selective to the stereotyped motor behavior. This contrasts
with the effect of higher doses that tended to reduce locomotor
activity in both B6 and BTBR mice. Furthermore, the CDD-
0102A effect on self-grooming behavior was blocked by a
selective M1 muscarinic receptor antagonist.24 One possibility
is that stimulation of M1 muscarinic receptors may modify
glutamate transmission in striatal circuits, in part, to reduce
stereotyped motor behaviors.
The present experiment determined whether glutamate

efflux differentially changes in the dorsolateral and/or
dorsomedial striatum during stereotyped motor behaviors
(digging and self-grooming) in BTBR mice compared to that
of C57Bl/6J (B6) mice. In addition, the present study
examined whether CDD-0102A treatment (1.2 mg/kg) alters
striatal glutamate efflux in real-time during the expression of
stereotyped motor behaviors.

■ RESULTS AND DISCUSSION
Histology. Figure 1 displays the biosensor placements in

the dorsolateral and dorsomedial striatum for both strains of
mice that were included in the neurochemical and behavioral
analyses. Three B6 mice were excluded from the neuro-
chemical and behavioral analyses because of biosensor
placements that were dorsal located in the overlying cortex.
Three BTBR mice were also excluded from the neurochemical
and behavioral analyses because of biosensor placements too
ventral located in the nucleus accumbens or ventrolateral
striatum.

Testing. A mouse was restrained, and a glutamate biosensor
was inserted through a guide cannula aimed at the dorsolateral
or dorsomedial striatum. A mouse was then placed in a
rectangular-shaped acrylic container that contained bedding
from their home cage along with 15 g of crinkle-cut paper. A
mouse was left undisturbed for 3 h to allow biosensor
equilibration. After the equilibration period, a mouse received
an intraperitoneal (ip) injection of either saline or CDD-
0102A (1.2 mg/kg) and placed back into the rectangular-
shaped acrylic container for an additional 30 min of
habituation. This dose was chosen because a recent study
showed this was the most effective dose in reducing
stereotyped motor behaviors in BTBR mice.24 After habitu-
ation, crinkle-cut paper was removed and stereotyped motor
behavior (both self-grooming and digging in bedding material)
along with glutamate efflux was recorded for 20 min (see
Figure 2 for experimental timeline and Methods for detailed
information).
Glutamate Changes in Dorsolateral Striatum during

Stereotyped Motor Behavior. To assess whether different
patterns of glutamate efflux from the dorsolateral striatum were

Figure 1. Biosensor electrode placements in the dorsal striatum of B6
and BTBR mice included in the neurochemical and behavioral
analyses. Mouse brain section reproduced with permission from
Paxinos, G.; Franklin, K. B. Paxinos and Franklin’s The Mouse Brain in
Stereotaxic Coordinates, compact 5th ed.; Elsevier Academic Press: San
Diego, CA, 2019.48 The black circles (●) represent biosensor
placements for mice receiving saline treatment. The open circles (○)
represent biosensor placements for mice receiving CDD-0102A
treatment (1.2 mg/kg).
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associated with a self-grooming bout and/or digging bout,
enzyme-mediated biosensor technology was used to measure
changes in glutamate concentration during behavior. For the
test session, a behavioral bout had to occur for a minimum of 3
s to be considered for neurochemical analysis. The glutamate
concentration during the entire duration of a behavioral bout
was compared to the glutamate concentration for the 3 s just
prior to the initiation of the behavioral bout. Because

comparable changes in glutamate were observed during
digging and self-grooming bouts within and between mice,
the two behaviors were combined to conduct a single analysis
for both decrease and increase glutamate changes. In the
dorsolateral striatum (Figure 3A), analysis of the glutamate
concentration changes during behavioral bouts revealed a
significant event (decrease or increase) × strain (B6 or BTBR)
× treatment (saline or CDD-0102A) interaction, F1,337 = 34.40,

Figure 2. Timeline of experimental design illustrating the order of the procedures for biosensor recordings combined with behavioral testing. The
biosensor was first calibrated and demonstrated to be sensitive and selective to varying concentrations of glutamate. Subsequently, a biosensor was
inserted into the dorsal striatum and allowed to equilibrate in the brain for 3 h. After equilibration, a mouse received an intraperitoneal injection of
saline or CDD-0102A (1.2 mg/kg). Thirty minutes after injection the nesting material was removed from the home cage and bouts of digging and
grooming were measured along with glutamate efflux for 20 min. Finally, the biosensor was removed from the brain and a postcalibration of the
biosensor was conducted.

Figure 3. Glutamate changes in the dorsolateral striatum during stereotyped motor behavior. (A) Saline-treated B6 and BTBR mice exhibited both
decreases and increases in glutamate during stereotyped motor behavior with the magnitude change significantly greater in BTBR mice compared
to that of B6 mice. CDD-0102A (1.2 mg/kg) injected intraperitoneally significantly reduced the decreased and increased changes in glutamate for
BTBR mice, while the drug significantly increased the magnitude change in B6 mice. **P < 0.001 vs B6-Saline, #P < 0.05 vs BTBR-Saline. CDD =
CDD-0102A 1.2 mg/kg. (B) The mean decrease in glutamate concentration across the 3 s preceding a behavioral bout (baseline) and first 3 s of a
behavioral bout B6 and BTBR mice. BTBR controls had significantly greater decreases in glutamate efflux vs B6 controls. CDD-0102A treatment
reduced the magnitude decrease at second 3 in BTBR mice and significantly potentiated decrease in the first 2 s in B6 mice. (C) The mean increase
in glutamate concentration across the 3 s preceding a behavioral bout (baseline) and the first 3 s of a behavioral bout in B6 and BTBR mice. BTBR
controls had significantly greater increases in glutamate efflux vs B6 controls. CDD-0102A treatment in BTBR mice significantly attenuated the
glutamate increases in the first 3 s of a bout. (D) Mean decrease in glutamate during stereotyped motor behavior for short duration and long
duration bouts. Short and long bouts were defined as being less than or equal to/greater than the median for that condition, respectively. Changes
in glutamate concentration did not differ between short and long bouts within a treatment for both strains. (E) Mean increase in glutamate during
stereotyped motor behavior for short duration and long duration bouts. Changes in glutamate concentration did not differ between short and long
bouts within a treatment for both strains.
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p < 0.0001. Post-hoc analyses revealed that saline-treated
BTBR mice during behavioral bouts exhibited a significantly
greater magnitude change in glutamate concentration
compared to that of saline-treated B6 mice for both glutamate
decreases (p < 0.001) and increases (p < 0.001). In addition,
CDD-0102A (1.2 mg/kg) treatment compared to that of saline
treatment in B6 mice significantly augmented the magnitude
change in glutamate concentration for decreases during
behavior (p = 0.033), but the elevated change for increases
in glutamate concentrations was not significantly different than
saline during behavior (p = 0.129). In contrast, CDD-0102A
treatment compared to that of saline treatment in BTBR mice
significantly reduced the magnitude of changes in glutamate

concentrations for both decreases (p < 0.001) and increases (p
= 0.046).
To examine whether the differences in glutamate efflux

during stereotyped motor behavior emerged early in a bout, an
analysis was conducted examining changes in glutamate efflux
across the 3 s baseline period and the first 3 s of a behavioral
bout. The analyses of decreases and increases in dorsolateral
striatal glutamate concentrations are shown in Figure 3B and
Figure 3C, respectively. For decreases, the analysis indicated
there was a significant strain × treatment × time interaction,
F5,1122 = 5.35, p < 0.0001. Post-hoc analyses revealed that the
decrease in glutamate efflux was significantly greater across the
beginning 3 s of a bout in BTBR mice injected with saline
compared to that of B6 mice injected with saline (p < 0.001).

Table 1. Median Bout Duration under Each Condition and Mean Short Bout Duration and Mean Long Bout Duration in Each
Condition

strain subregion treatment event median bout duration (s) mean (SEM) short bout duration (s) mean (SEM) long bout duration (s)

B6 dorsolateral saline decrease 10 6.52 ± 0.31 21.81 ± 1.86
B6 dorsolateral saline increase 9 5.67 ± 0.29 20.78 ± 2.82
B6 dorsolateral CDD decrease 19 8.85 ± 0.96 56.90 ± 9.61
B6 dorsolateral CDD increase 18 9.70 ± 1.07 40.92 ± 9.58
BTBR dorsolateral saline decrease 18.5 8.55 ± 1.08 44.00 ± 5.84
BTBR dorsolateral saline increase 13.5 7.00 ± 0.77 63.45 ± 11.93
BTBR dorsolateral CDD decrease 14 5.71 ± 0.67 44.14 ± 10.31
BTBR dorsolateral CDD increase 8 5.00 ± 0.60 27.23 ± 10.43
B6 dorsomedial saline decrease 9 5.87 ± 0.24 19.27 ± 1.88
B6 dorsomedial saline increase 8 5.32 ± 0.19 17.37 ± 1.65
B6 dorsomedial CDD decrease 12 7.80 ± 0.47 50.43 ± 8.49
B6 dorsomedial CDD increase 10.5 7.27 ± 0.74 38.13 ± 6.70
BTBR dorsomedial saline decrease 11 6.41 ± 0.36 41.24 ± 6.29
BTBR dorsomedial saline increase 14 6.86 ± 0.63 35.00 ± 5.13
BTBR dorsomedial CDD decrease 21.5 9.00 ± 1.31 42.47 ± 4.35
BTBR dorsomedial CDD increase 12 6.06 ± 0.53 28.40 ± 4.18

Figure 4. Glutamate changes in the dorsomedial striatum during stereotyped motor behavior. (A) Saline-treated B6 and BTBR mice exhibited both
decreases and increases in glutamate during stereotyped motor behavior with the magnitude change significantly greater in BTBR mice compared
to that of B6 mice. CDD-0102A (1.2 mg/kg) injected intraperitoneally did not affect glutamate changes in either strain. **P < 0.001 vs B6-Saline.
CDD = CDD-0102A 1.2 mg/kg. (B) The mean decrease in glutamate concentration across the 3 s preceding a behavioral bout (baseline) and the
first 3 s of a behavioral bout B6 and BTBR mice. BTBR controls had significantly greater decreases in glutamate efflux vs B6 controls. (C) The
mean increase in glutamate concentration across the 3 s preceding a behavioral bout (baseline) and the first 3 s of a behavioral bout in B6 and
BTBR mice. BTBR controls had significantly greater increases in glutamate efflux vs B6 controls. (D) Mean decrease in glutamate during
stereotyped motor behavior for short duration and long duration bouts. Short and long bouts were defined as being less than or equal to/greater
than the median for that condition, respectively. Changes in glutamate concentration did not differ between short and long bouts within a
treatment for both strains. (E) Mean increase in glutamate during stereotyped motor behavior for short duration and long duration bouts. Changes
in glutamate concentration did not differ between short and long bouts within a treatment for both strains.
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CDD-0102A injection in BTBR mice led to a similar decrease
in glutamate efflux during the initial second of a behavioral
bout compared to that of BTBR saline-injected mice (p >
0.05) and approached significance during second 2 (p =
0.065), and the decrease in glutamate efflux at 3 s was
significantly reduced compared to that of BTBR saline-injected
mice (p = 0.0051). In B6 mice, CDD-0102A treatment
significantly magnified the decrease in glutamate concentration
during the first 2 s of a behavioral bout compared to that of
saline treatment (p < 0.05) but not at the third second (p >
0.05).
The analysis for increases in glutamate concentrations

during the initial 3 s of a bout (Figure 3C) also revealed a
significant strain × treatment × time interaction, F5,900 = 6.99,
p < 0.0001. Post-hoc analyses revealed that the increase in
glutamate efflux was significantly greater across the beginning 3
s of a bout in BTBR mice injected with saline compared to that
of B6 mice injected with saline (p < 0.001). In BTBR mice,
CDD-0102A treatment significantly attenuated the increase in
glutamate efflux during each of the first 3 s of a behavioral bout
compared to that of saline treatment (p < 0.01). In B6 mice,
the difference between drug and saline-treated mice was not
significant in the first 3 s of a behavioral bout (p > 0.05).
Another possibility is that the differences in the glutamate

concentration change may be principally related to the
duration of the behavioral bout. To determine this, a
subsequent analysis was conducted in which the median
duration of bouts was calculated for each condition, with bouts
separated into short duration bouts (less than the median) and
long duration bouts (at or greater than the median). The
median scores for all groups are shown in Table 1. For
decreases in glutamate concentration during behavioral bouts
(Figure 3D), there was no significant main effect for bout,
F1,183 = 0.06, p > 0.05, indicating that the change in glutamate
efflux was similar for short and long duration bouts. There was
a significant strain × treatment interaction, F1,183 = 22.05, p <
0.0001 reflecting that BTBR mice injected with saline had
significantly greater behaviorally induced glutamate decreases
for both short and long duration bouts compared to those of
saline-injected B6 mice. For increases in glutamate concen-
tration during behavioral bouts (Figure 3E), a similar pattern
appeared in which there was not a significant main effect for
bouts, F1,146 = 0.70, p > 0.05. There was a significant strain ×
treatment interaction, F1,146 = 13.70, p < 0.001 reflecting that
the increases in glutamate concentration during behavior were
attenuated by CDD-0102A in BTBR mice, yet potentiated by
CDD-0102A in B6 mice. Taken together, the results indicate

that decreases or increases in glutamate concentration during a
behavioral bout were similar for short and long duration bouts
within the various groups.
Glutamate Changes in Dorsomedial Striatum during

Stereotyped Motor Behavior. In the dorsomedial striatum,
changes in glutamate concentrations were greater in BTBR
mice compared to that of B6 mice (Figure 4A). However,
CDD-0102A treatment had no effect on glutamate concen-
tration changes during stereotyped motor behavior in B6, as
well as in BTBR mice. The analysis of the glutamate
concentration changes revealed a significant event × strain
interaction, F1,397 = 36.84, p < 0.0001, reflecting that the
magnitude of change in glutamate efflux was significantly
greater in BTBR mice compared to that of B6 mice. There was
also a significant event × treatment interaction, F1,397 = 6.39, p
= 0.012 whereby CDD-0102A treatment enhanced decreases
in glutamate concentration across both strains.
Examining the first 3 s of a behavioral bout revealed a similar

pattern of findings compared to measuring the entire bout
duration for both decreases (Figure 4B) and increases (Figure
4C) in glutamate efflux. For decreases, the analysis revealed
that all main effects (time, strain, and treatment) were
significantly different (p < 0.01). In addition, there was a
significant time × strain interaction, F5,1242 = 3.16, p = 0.0078,
reflecting that decreases in glutamate concentrations were
significantly greater during the first 3 s of a behavioral bout
period in BTBR mice compared to that of B6 mice.
Similar to that observed with decreases in glutamate

concentration, increases in glutamate concentration showed a
greater magnitude change during the initial 3 s of a bout in
BTBR mice versus B6 mice. The analysis indicated that all
main effects were significantly different (p < 0.01). In addition,
there was a significant time × strain interaction, F5,1140 = 7.18,
p < 0.0001, whereby BTBR mice displayed significantly greater
glutamate increases during the behavioral bout than those of
B6 mice. There was also a significant time × treatment
interaction, F5,1140 = 2.43, p = 0.034, reflecting that CDD-
0102A treatment led to greater glutamate efflux during the
behavioral bout compared to that of baseline.
An analysis was conducted to examine whether differences in

glutamate concentration change during stereotyped motor
behavior occurred due to the duration of the behavioral bout.
For decreases in glutamate concentration during behavioral
bouts (Figure 4D), there was no significant main effect for
bout, F1,203 = 0.51, p > 0.05, nor a bout interaction with other
factors (strain and treatment) [p > 0.05]. For increases in
glutamate concentration during behavioral bouts (Figure 4E),

Figure 5. CDD-0102A effects on stereotyped motor behavior. (A) CDD-0102A (1.2 mg/kg) significantly reduced grooming behavior in BTBR
mice while significantly increasing grooming behavior in B6 mice. **P < 0.001 vs B6-Saline, ##P < 0.01 vs BTBR-Saline. (B) CDD-0102A (1.2 mg/
kg) effect on mean grooming bout duration. BTBR mice had higher mean grooming bout durations than B6 mice. CDD-0102A treatment did not
affect mean bout duration. (C) CDD-0102A effect on total number of grooming bouts. Drug treatment significantly increased the total number of
grooming bouts in B6 mice and significantly decreased the total number of grooming bouts in BTBR mice. **P < 0.001 vs B6-Saline, #P < 0.05 vs
BTBR-Saline.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.3c00260
ACS Chem. Neurosci. 2023, 14, 2699−2709

2703

https://pubs.acs.org/doi/10.1021/acschemneuro.3c00260?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00260?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00260?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00260?fig=fig5&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a similar pattern of results was observed in which there was no
significant main effect for the bout, F1,186 = 0.01, p > 0.05, nor a
bout interaction with other factors (p > 0.05). Thus, similar to
that observed from the dorsolateral striatum, the results
indicate that decreases or increases in glutamate concentration
during a behavioral bout were similar for short and long
duration bouts across all groups.
CDD-0102A Effects on Stereotyped Motor Behavior.

The results from the 20 min behavioral test following ip
injections of CDD-0102A are shown in Figure 5A. Mice from
each strain that received the same treatment with a biosensor
in the dorsomedial or dorsolateral striatum were combined
into a single group, as a systemic injection had a similar effect
on behavior irrespective of biosensor location (see Figure
S1A,B). Saline-treated B6 mice exhibited digging behavior
(∼160 s) for about 1 min longer than grooming behavior
(∼100 s). In contrast, saline-treated BTBR mice displayed a
greater amount of grooming behavior (∼265 s) than digging
behavior (∼50 s). In B6 mice, CDD-0102A treatment reduced
digging behavior but increased grooming behavior. In BTBR
mice, CDD-0102A slightly increased digging behavior but
reduced grooming behavior by half. The analysis revealed a
significant strain × treatment × behavior interaction, F1,98 =
38.81, p < 0.0001. Post-hoc analyses revealed that grooming
time in saline-treated BTBR mice was significantly greater than
that of saline-treated B6 mice and digging time in saline-
treated BTBR mice (p < 0.01). CDD-0102A treatment
compared to saline treatment in B6 mice significantly increased
grooming duration (p < 0.01). Further, in B6 mice, CDD-
0102A significantly reduced digging time compared to that of
saline treatment (p = 0.042). CDD-0102A treatment compared
to saline treatment in BTBR mice significantly reduced
grooming time (p < 0.01).
As the drug affected the total time spent self-grooming in

both B6 and BTBR mice, subsequent analyses were conducted
to determine whether CDD-0102A treatment affected the
average grooming bout time and/or number of grooming
bouts. The results from the mean duration of grooming bouts
for the various groups are shown in Figure 5B. CDD-0102A
treatment led to an increase in grooming bout duration for B6
mice, but the drug did not affect bout duration in BTBR mice.
However, a two-way ANOVA indicated that the only
significant effect was for strain, F1,45 = 7.46, p = 0.009,
reflecting that grooming bout duration was higher in BTBR
mice compared to that of B6 mice. For the total number of
grooming bouts (Figure 5C), the analysis indicated there was a
significant strain × treatment interaction, F1,49 = 19.64, p <
0.0001. Post-hoc analyses indicated that in B6 mice, CDD-
0102A treatment significantly increased the number of
grooming bouts compared to saline treatment (p < 0.01).
Conversely, in BTBR mice, CDD-0102A treatment signifi-
cantly reduced the number of grooming bouts compared to
that following a saline injection (p = 0.021). Thus, the
predominant effect of CDD-0102A on grooming time in both
strains was through changes in the number of grooming bouts.

■ CONCLUSIONS AND DISCUSSION
The present experiments demonstrate that glutamate concen-
trations from the dorsal striatum lead to both decreases and
increases in glutamate concentrations during stereotyped
motor behavior. The specific stereotyped motor behaviors
measured included digging and self-grooming which are
commonly observed to be elevated in mouse models of

autism.11,14,24 Neither the direction nor the magnitude of
change in glutamate concentration was related to the specific
behavior expressed (digging or self-grooming). In addition,
neither the direction nor magnitude of change was related to
behavioral bout duration. The dynamic changes in striatal
glutamate concentrations during stereotyped motor behavior
are comparable to dynamic changes in rat hippocampus for
glutamate and GABA during various behaviors using biosensor
technology.25 A past study using in vivo microdialysis found
that glutamate efflux from the dorsolateral striatum in deer
mice selectively increased during stereotyped motor behavior,
i.e., jumping and grooming, particularly when rearing behavior
preceded the jumping and grooming behavior.14 One
possibility is that the difference in a unidirectional change in
dorsolateral striatal glutamate versus bidirectional change
observed in the present study is due to a difference in
mouse strains used. An alternative possibility is that the
biosensor technique used in the present study has 1 s
resolution and thus provides a clear temporal separation
between the initiation and termination of a stereotyped motor
behavior, thereby more definitively identifying dynamic
changes in glutamate concentration than in vivo microdialysis
methods afford. Future studies using the biosensor approach to
examine glutamate changes from the striatum, as well as other
brain areas, in additional mouse models of autism could help
elucidate whether comparable changes in glutamate output
occur during stereotyped motor behavior.
While both B6 and BTBR mice displayed decreases and

increases in glutamate concentrations during stereotyped
behavior, the magnitude of changes was significantly greater
in the dorsolateral and dorsomedial striatum for BTBR mice
compared with that of B6 mice. This pattern suggests that
glutamate signaling in these areas is dysregulated in BTBR
mice. Despite the greater magnitude of changes in glutamate
concentration, a systemic injection with the partial M1
muscarinic agonist CDD-0102A significantly dampened the
magnitude of change in the BTBR dorsolateral striatum but
not the dorsomedial striatum. A past study that selectively
ablated striatal cholinergic interneurons in the dorsal striatum
found this led to increased stereotyped motor behavior and
perseverative responding in mice.26 The same loss of striatal
cholinergic interneurons resulted in significantly enhanced
evoked responses from the dorsolateral striatum when
stimulating premotor and prelimbic cortical areas, but the
same cortical stimulation did not affect evoked responses when
recording from the dorsomedial striatum.26 Thus, loss of
striatal cholinergic interneurons increased stereotyped motor
behavior and altered corticostriatal functional connectivity
selectively in the dorsolateral striatum. Related to the present
findings, BTBR mice may have altered functional connectivity
from cortical areas that project to the dorsolateral striatum due
to compromised striatal cholinergic interneuron activity,
leading to dysregulated glutamate signaling and stereotyped
motor behaviors. Further, stimulating M1 muscarinic receptors
with M1 muscarinic partial agonists like CDD-0102A may be
able to concomitantly attenuate the dysregulated glutamate
signaling in the dorsolateral striatum and stereotyped motor
behavior.
For BTBR mice compared to that of B6 mice, baseline

muscarinic receptor activity may be lower in striatal circuits
that leads to increased stereotyped motor behaviors in which a
partial M1 muscarinic agonist such as CDD-0102A enhances
muscarinic receptor activity to more effectively modulate
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striatal glutamate efflux and affect stereotyped motor behavior.
Because of the possible differences in baseline muscarinic
receptor responses, an effective dose of CDD-0102A, i.e., 1.2
mg/kg, in BTBR mice may not be effective in B6 mice.
In contrast to BTBR mice, CDD-0102A treatment in B6

mice led to greater decreases and increases in dorsolateral
striatal glutamate efflux during stereotyped motor behavior.
This was unexpected as a recent experiment showed that
CDD-0102A 1.2 mg/kg, as used in the present study, did not
significantly affect digging or grooming behavior in B6 mice
when nesting material was removed.24 However, it became
clear that mice being restricted of movement with the
biosensor apparatus changed the phenotype for both mouse
strains. More specifically, when mice are untethered in the
nesting removal test, the predominant behavior expressed is
digging behavior with a minimal amount of self-grooming
behavior exhibited.24,27 In the current study, B6 controls
displayed self-grooming behavior that approached a total of 2
min in duration, while BTBR controls exhibited self-grooming
behavior for approximately 4 min. Treating B6 mice with
CDD-0102A magnified the glutamate changes selectively in
the dorsolateral striatum during behavioral bouts and shifted
mice to express self-grooming behavior significantly more than
digging behavior. This combined pattern was comparable to
that observed with saline-treated BTBR mice, particularly
when measuring glutamate efflux from the dorsolateral
striatum. One possibility is that the pattern observed in B6
mice resulted from an interaction of stress and M1 muscarinic
receptor activation. This is because stress can increase
stereotyped motor behavior15,28,29 and either decreasing or
increasing cholinergic signaling in the dorsolateral striatum
interacts with stress to affect stereotypies. A future experiment
could further investigate this idea by determining whether a
selective M1 muscarinic receptor antagonist has the opposite
effects of CDD-0102A in these conditions. In addition, to
more completely characterize the effects of M1 muscarinic
receptor activity on glutamate efflux and behavior, it will be
important to examine in future studies a range of CDD-0102A
doses in B6 and BTBR mice.
Although both decreases and increases in striatal glutamate

efflux occurred during behavioral bouts in all groups, for most
bouts a decrease or increase did not last for the entire bout but
would fluctuate, to varying degrees, across the behavioral bout.
At the same time, when stereotyped motor behavior had an
accompanying decrease or increase in glutamate efflux, the
direction change emerged early in a bout when examining the
first 3 s of a bout. This was the case for all groups, including
CDD-0102A effects on glutamate efflux changes in the
dorsolateral striatum for both mouse strains. Thus, the initial
direction change in striatal glutamate efflux during a behavioral
bout was reflective of the direction of change for the overall
bout duration.
Glutamate content in the striatum can originate from various

cortical and thalamic inputs30 but also from interneurons.31 It
is unclear to what degree the various sources of glutamate
contribute to the neurochemical signal detected by the
biosensor. Previous results have shown that stimulation of
corticostriatal synapses can lead to increased glutamate efflux
while stimulation of thalamostriatal synapses produces
decreases in glutamate output.32 Another study stimulating
distinct thalamic inputs to the striatum found opposite effects
on paired-pulse ratios,30 suggesting that different inputs may
lead to decreases or increases in glutamate transmission in the

striatum. Taken together, this raises the possibility that specific
inputs from the cortex and/or thalamus to the striatum may
lead to increases or decreases in glutamate efflux that
predominate during the expression of stereotyped motor
behavior.
A different but potentially complementary explanation for

why decreases and increases in striatal glutamate content
occurred during stereotyped motor behavior may be related to
the mouse activity during the baseline period. In particular,
mice during a baseline period (3 s prior to initiation of
stereotyped motor behavior) were either stationary, turning,
moving, or coming back down from rearing. These behaviors
during baseline recording periods were observed for bouts that
resulted in decreases and increases in glutamate efflux,
suggesting that the behavior a mouse transitioned from was
not predictive of the change in glutamate direction.
The present results suggest that activation of M1 muscarinic

receptors with CDD-0102A modifies glutamate efflux in the
dorsolateral striatum to affect self-grooming behavior. Because
M1 muscarinic receptors are expressed in both cerebral cortex
and thalamus,33,34 one possibility is that CDD-0102A
principally acts in these brain areas to affect dorsolateral
striatal glutamate efflux. Muscarinic cholinergic receptor
stimulation of cerebral cortex increases synchronization in
local cortical circuits among both pyramidal neurons and
interneurons that are blocked by a M1 muscarinic receptor
antagonist.23 Related to the CDD-0102A effect in BTBR mice,
M1 muscarinic receptor activation may dynamically synchron-
ize excitatory inputs to the striatum that originate from the
cortex and/or thalamus to attenuate changes in glutamate
efflux during self-grooming behavior. An alternative is that
CDD-0102A principally affects striatal activity directly to
influence glutamate efflux and self-grooming behavior. This is
because a previous study found that direct injection of CDD-
0102A into the dorsal striatum attenuates stereotyped motor
behavior24 and M1 muscarinic receptors are highly expressed
on medium spiny output neurons. Moreover, M1 muscarinic
receptor activation enhances synchronization of a large number
of medium spiny neurons.35 This modification of striatal
output activity may ultimately regulate the excitatory input to
the dorsolateral striatum to change the expression of self-
grooming behavior. Still another possibility is that CDD-
0102A stimulates M1 muscarinic receptors along multiple
nodes in cortico-basal ganglia-thalamic networks to concom-
itantly regulate striatal glutamate signaling and stereotyped
motor behavior.
While a CDD-0102A injection significantly reduced self-

grooming time in BTBR mice, the drug did not affect the
average duration of a self-grooming bout. Conversely, CDD-
0102A increased self-grooming time in B6 mice. Although not
statistically significant, the average duration of a self-grooming
bout doubled in B6 mice. Consistent across both strains is that
the drug significantly affected the number of bouts. Specifically,
CDD-0102A treatment significantly enhanced the number of
grooming bouts in B6 mice and decreased the number of
grooming bouts in BTBR mice. This finding may relate to the
partial agonist properties of CDD-0102A. A partial agonist
would enhance muscarinic cholinergic activity under con-
ditions where baseline activity is low yet suppress muscarinic
cholinergic activity in conditions when such activity is elevated.
Further, this pattern of results might suggest that M1
muscarinic receptors play a role in setting a “threshold” for
the initiation of a self-grooming bout. In the case of BTBR
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mice, CDD-0102A dampening the magnitude change in
dorsolateral striatal glutamate efflux may not reduce bout
duration if initiated but instead decrease the probability that a
bout occurs.
CDD-0102A acts at the orthosteric site of the M1 muscarinic

receptor. Drugs that selectively target the allosteric site for M1
muscarinic receptors also exist that have the potential of
effectively treating core features in ASD.36,37 Importantly, there
are different positive allosteric modulators selective for the M1
muscarinic receptor.36,38 The impact of allosteric modulation
can be complicated, however, by the type of allosteric
modulator. If a positive allosteric modulator works mainly by
increasing the affinity (and thus potency) of acetylcholine, it
may be more effective under conditions where muscarinic
receptor activity is high. If a positive allosteric modulator works
mainly by increasing the efficacy (maximal responses) of
acetylcholine, it may elevate acetylcholine responses in systems
with low baseline activity yet have minimal effects in systems
with higher levels of activity. These different mechanisms of
positive allosteric modulators can help elucidate the muscarinic
receptor pathophysiology underlying behavioral deficits, as well
as provide different options for most effectively treating
disorders affected by M1 muscarinic receptor dysfunction.
The present study found that increasing M1 muscarinic

receptor stimulation dynamically affected striatal glutamate
efflux. The idea that an imbalance between excitatory and
inhibitory signaling in the brain may underlie autism has
garnered significant attention.16,17 The hypothesis might
suggest that glutamate efflux is either increased or decreased
with expression of a repetitive motor behavior but not both.
Because significant changes in both decreases and increases in
striatal glutamate efflux were observed in the BTBR mouse
model of autism, the findings suggest that homeostatic
mechanisms may be compromised leading to elevated
stereotyped motor behavior.16 Moreover, stimulation of M1
muscarinic receptors attenuated the magnitude of the bidirec-
tional change in striatal glutamate efflux, along with repetitive
motor behavior in BTBR mice. These results suggest that
activating M1 muscarinic receptors improves a functional
homeostasis16 in the striatum and related circuitry to affect
repetitive motor behaviors.
Subchronic treatment with CDD-0102A also attenuates

repetitive motor behaviors.24 Future studies that investigate
how subchronic treatment with CDD-0102A and other M1
muscarinic agonists or positive allosteric modulators impact
striatal glutamate efflux and repetitive behaviors could help
determine whether repeated dosing produces similar or distinct
effects as compared to acute treatment. In addition,
dorsomedial striatal glutamate efflux in BTBR mice is also
dysregulated compared to that of B6 mice despite CDD-0102A
treatment not modifying dorsomedial striatal glutamate efflux
during repetitive motor behaviors. However, there is significant
evidence that the dorsomedial striatum supports behavioral
flexibility39−42 and M1 muscarinic receptors in the dorsomedial
striatum play a role in behavioral flexibility.43,44 In addition,
BTBR mice exhibit behavioral flexibility impairments com-
parable to ASD individuals4,5,7,45 and CDD-0102A treatment
can alleviate the behavioral flexibility deficit in BTBR mice.24

Thus, dysregulated glutamate signaling in the dorsomedial
striatum of BTBR mice may contribute to a behavioral
flexibility deficit in which treatment with CDD-0102A may
concomitantly modify dorsomedial striatal glutamate efflux and
behavioral flexibility impairment. Overall, a more comprehen-

sive investigation of how stimulating M1 muscarinic receptors
affects brain glutamate signaling during a range of autism-like
behaviors can advance an understanding of whether targeting
M1 muscarinic receptors is an effective therapeutic strategy for
alleviating RRBs in ASD.

■ METHODS
Subjects. Experiments were conducted with male and female

C57BL/6J (B6) along with male and female BTBR T+ Itpr3tf/J
(BTBR) mice (10−12 weeks of age). Mice were bred in the
laboratory with initial breeders acquired from Jackson Laboratory
(Bar Harbor, ME). Mice were individually housed in plastic cages (28
cm wide × 17 cm long × 12 cm high) in a humidity (32%) and
temperature (23 °C) controlled room and maintained on a 12 h light/
dark cycle (lights on at 7:30 a.m.). Animal care and experiments were
followed in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals and were approved by
the Institutional Laboratory Animal Care and Use Committee of the
University of Illinois Chicago.
Surgical Procedure. Biosensor technology was used to measure

the real-time change of glutamate release in the dorsal striatum of
freely moving mice. Mice aged 8−10 weeks received stereotaxic
surgery to implant a cannula aimed at the dorsomedial or dorsolateral
striatum.

Prior to surgery, each mouse received an intraperitoneal injection
of ketamine (100 mg/kg) and xylazine (10 mg/kg). A plastic guide
cannula was stereotaxically implanted aimed at the dorsomedial
striatum (0.8 mm anterior to the bregma, +1.8 mm lateral, 1.2 mm
below the skull) or the dorsolateral striatum (0.8 mm anterior to the
bregma, +2.3 mm lateral, 1.2 mm below the skull). A grounding screw
attached to a headmount connector (Pinnacle Technology, Lawrence,
KS, USA) was inserted slightly anterior to the interaural line. The
guide cannula and head mount connector were secured in place with
dental cement. To minimize pain or discomfort, mice received
subcutaneous administration of meloxicam after surgery and for 2
days subsequently. Mice were allowed at least 8 days to recover prior
to the start of glutamate biosensor recording with behavioral testing.
Behavioral Testing with Biosensor Recording. The glutamate

biosensor (model 7004, Pinnacle Technology Inc., Lawrence, KS,
USA) description and setup have been reported in detail previously.46

Before biosensor insertion, each biosensor was calibrated in vitro to
verify the glutamate sensitivity and interference rejection from
ascorbic acid. Subsequently, a mouse was restrained and the biosensor
inserted through the guide cannula. A mouse was then placed in a
rectangular-shaped acrylic container (22 cm W × 32 cm L × 32 cm
H) that contained approximately 120 g of Sani-chips bedding (Teklad
7090, Madison, WI, USA) from the home cage of the mouse and 15 g
of crinkle-cut paper nesting material (The Andersons, Maumee, OH,
USA). Data acquisition started after insertion of the biosensor. The
sensor signal was processed by the Sirenia software system for data
acquisition, storage, and analysis as part of the Pinnacle biosensor
system. Changes in glutamate concentration were recorded as current
(nA) every second. A mouse was left undisturbed for 3 h to allow
biosensor equilibration. After the equilibration period, a mouse
received an ip injection of either saline or CDD-0102A (1.2 mg/kg)
and placed back into the rectangular-shaped acrylic container for an
additional 30 min of habituation. CDD-0102A is the hydrochloride
salt of 3-ethyl-5-(1,4,5,6-tetrahydropyrimidin-5-yl)-1,2,4-oxadiazole. It
was synthesized using slight modifications of methods reported
previously.47 The sample was provided by Dr. William S. Messer, Jr.
from the University of Toledo. The dose was chosen based on a
previous study showing that 1.2 mg/kg CDD-0102A significantly
reduced digging and grooming behavior in BTBR mice.20 Directly
preceding the 20 min behavioral test, 120 g of additional fresh
bedding was added to the rectangular-shaped acrylic container, and
the nesting material was removed. Then stereotyped motor behavior
(i.e., digging and grooming) and glutamate activity were recorded for
20 min in vivo. Digging was defined as a mouse repetitively moving
their forepaws or hind legs into the bedding to displace it underneath
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the body or to the side. Grooming included any of the following:
paw/tail/genital licking, snout/face/head washing, body grooming, or
scratching body with any limb. Two different individuals scored the
durations of digging and grooming bouts for all mice: one during the
experimental test and one subsequently using the video recording.
Any discrepancies in scoring a bout were reexamined together to
resolve scoring differences. Scorers were not blind to the treatment.
After completion of the experiment, the biosensor was calibrated
again to ensure continued sensitivity to glutamate while rejecting
ascorbic acid.

For the dorsolateral striatal study, the following groups were
included: (1) B6 saline, n = 8; (2) B6 CDD-0102A, n = 5; (3) BTBR
saline, n = 8, and (4) BTBR CDD-0102A, n = 5. In the dorsomedial
striatal study, the groups were as follows: (1) B6 saline, n = 8; (2) B6
CDD-0102A, n = 5; (3) BTBR saline, n = 7, and (4) BTBR CDD-
0102A, n = 7.
Histology. Following the completion of the experiment, mice

received a lethal dose of sodium pentobarbital (50 mg/kg). Mice were
transcardially perfused with phosphate buffered saline followed by
neutral buffered formalin (10%). Fixed brains were sectioned on a
cryostat (40 μm), and sections containing the biosensor tract were
identified under light microscopy with assistance from a mouse brain
atlas.48

Data and Statistical Analyses. A linear regression analysis was
applied to determine the current to glutamate conversion factor.
Glutamate concentrations were calculated based on postcalibration
data. To determine the glutamate response during digging or self-
grooming behavior, the baseline current value (calculated by
averaging the 3 s period immediately prior to digging or self-
grooming behavior) was subtracted from the value during the
duration of a digging or self-grooming bout. A bout had to occur for a
minimum of 3 s to be included in the analysis. For a small number of
bouts, a mouse’s headmount tapped against a wall of the cage, causing
a rapid deflection of the glutamate signal. These bouts were not
included in the glutamate concentration analyses but still included in
the behavioral analyses. All analyses for glutamate concentrations, raw
glutamate data, and behavioral data are available at DOI: 10.6084/
m9.figshare.c.6597052. A three-way analysis of variance (ANOVA)
was employed to determine whether there were significant differences
in glutamate concentration changes among strain, treatment, and
event (decrease vs increase in glutamate) factors. A separate three-way
ANOVA was conducted for biosensors in the dorsolateral striatum
and dorsomedial striatum. To determine if there were differences
between strains and/or treatment on the duration of a stereotyped
motor behavior bout, the median bout duration was determined for
each group with bouts shorter than the median considered short
bouts and bouts at the median or longer considered long bouts. A
three-way ANOVA examined whether there were significant differ-
ences in glutamate concentration across strain, treatment, and bout
duration. Separate three-way ANOVAs were conducted for decreases
and increases in glutamate concentration in the dorsolateral and
dorsomedial striatum. In addition to the glutamate measurements, the
total time a mouse spent digging and grooming was calculated. A
three-way ANOVA determined whether there were significant
differences among strain, treatment, and behavior type (grooming
or digging). Separate two-way ANOVAs were conducted to elucidate
whether there were significant differences across strain and treatment
for the average grooming bout duration and total grooming bouts.
Post-hoc tests using a Holm−Sidak correction for multiple
comparisons were used to determine the significance between specific
groups for the analyses described above.

To determine whether changes in glutamate concentration during a
behavioral bout emerged during the first 3 s, a three-way ANOVA
with repeated measures examined changes in glutamate concentration
across the 3 s baseline period and the first 3 s of a bout differed by
strain and/or treatment. Separate analyses were conducted for
decreases and increases in the dorsolateral and dorsomedial striatum.
Post-hoc Tukey tests were conducted to determine whether specific
groups significantly differed at specific time points.
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