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Stuttering is a common neurodevelopmental disorder that has
been associated with mutations in genes involved in intracellular
trafficking. However, the cellular mechanisms leading to stuttering
remain unknown. Engineering a mutation in N-acetylglucosamine-1-
phosphate transferase subunits α and β (GNPTAB) found in humans
who stutter into the mouse Gnptab gene resulted in deficits in the
flow of ultrasonic vocalizations similar to speech deficits of humans
who stutter. Here we show that other human stuttering mutations
introduced into this mouse gene, Gnptab Ser321Gly and Ala455Ser,
produce the same vocalization deficit in 8-day-old pup isolation calls
and do not affect other nonvocal behaviors. Immunohistochemistry
showed a marked decrease in staining of astrocytes, particularly
in the corpus callosum of the Gnptab Ser321Gly homozygote mice
compared to wild-type littermates, while the staining of cerebellar
Purkinje cells, oligodendrocytes, microglial cells, and dopaminergic
neurons was not significantly different. Diffusion tensor imaging
also detected deficits in the corpus callosum of theGnptab Ser321Gly
mice. Using a range of cell type-specific Cre-drivers and a Gnptab
conditional knockout line, we found that only astrocyte-specific
Gnptab-deficient mice displayed a similar vocalization deficit. These
data suggest that vocalization defects in mice carrying human stut-
tering mutations in Gnptab derive from abnormalities in astrocytes,
particularly in the corpus callosum, and provide support for hypoth-
eses that focus on deficits in interhemispheric communication in
stuttering.

stuttering | astrocytes | white matter | mouse vocalization | Cre-drivers

Stuttering is a common neurodevelopmental disorder charac-
terized by disruptions in the fluent flow of speech (1), typi-

cally in the absence of other neurological deficits. Stuttering
displays high heritability (2), and recent studies have identified
mutations in the GNPTAB, GNPTG, NAGPA, and AP4E1 genes
that are associated with this disorder (3–5). The products of these
genes interact with each other in vivo and in vitro (3, 4), and
participate in the control of intracellular trafficking, deficits in
which are recognized in a wide range of neurological disorders (6).
A primary goal for stuttering research has been to understand

the neuropathology underlying this disorder. Imaging studies
have identified differences in the brains of individuals who
stutter (7–10). However, such studies have been limited by the
difficulty of determining whether these differences are the cause
of stuttering or the result of stuttering, and by the fact that they
do not provide resolution at the cellular and molecular level. The
identification of mutations in specific genes associated with hu-
man stuttering has allowed the construction of mouse models of
the disorder. Mice display rich, context-specific ultrasonic vocali-
zations (USVs) that have become increasingly well characterized
(11–14) and have been found to be under substantial genetic
control (15–17). In addition, the brain anatomy and circuitry for

vocalization in the mouse has been shown to share similarities with
those of humans (18). In addition, mice carrying mutations in
FoxP2, a gene mutated in human developmental verbal dyspraxia,
have been shown to have abnormalities in a range of vocalization
phenotypes (19, 20), supporting the view that mice can serve as a
valid model for investigating central nervous system functions
associated with the control of vocalization. Aided by our increasing
understanding of mouse vocalization, we have generated a mouse
model of stuttering by engineering a common stuttering mutation
in the Gnptab gene encoding N-acetylglucosamine-1-phosphate
transferase subunits α and β (21) into the mouse germline.
While the ultrasonic pup isolation calls of such mice display many
normal features, they have abnormally long pauses in their stream
of vocalization compared to their wild-type littermates, and these
abnormal pauses are similar to those observed in the speech of the
humans who carry such mutations (22).
In this study, we sought to confirm and expand our under-

standing of the effects of GNPTAB mutations found in human
stuttering on mouse USV, and to use such mutant mice to in-
vestigate the neuropathology present in these animals. To do this,
we introduced additional human stuttering mutations in Gnptab
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into mice and tested the USVs in these mice. We performed
immunohistochemistry studies of the brains of these animals, fo-
cusing on cell types and brain regions previously suggested to be
involved in human stuttering. To obtain orthogonal evidence re-
garding the role of brain regions and cell types in the disordered
vocalizations of mice carrying human stuttering mutations, we
selectively knocked out theGnptab gene in specific brain cell types
or lineages using a range of neuronal Cre-driver mouse strains (23,
24), and tested the USVs in these animals.

Results
Abnormal USVs in Knockin Mice Carrying Mutations Found in Human
Stuttering. A previous study of mice carrying the human stut-
tering mutation GNPTAB Glu1200Lys in the orthologous mouse
Gnptab gene showed that vocalization anomalies of mutant mice
were most pronounced at postnatal days 3 to 8 (P3 to P8) (22).
We recorded these pup isolation calls at P8 and analyzed their
rates, spectral characteristics, and timing. Barnes et al. (22) found
differences in the timing of vocalizations between homozygote
mutant (mut/mut) and their wild-type littermates, with increased
pauses between bouts of syllables in mutant mice and abnormally
long pauses in the stream of their vocalization that are similar to
those detected using a quantitative analysis of the vocalizations of
humans who stutter carrying such mutations (22). In addition, the
entropy of their vocalization temporal sequencing was reduced,
consistent with increased stereotypy in their vocalizations.
To confirm and extend these results, we constructed mouse

lines carrying other mutations found in human stuttering, in-
cluding the Ser321Gly and Ala455Ser mutations in Gnptab
(constructions detailed in SI Appendix, SI Materials and Methods
and Fig. S1). With these mice, we first focused on analyses of
pause durations in their USVs at P8. We calculated the mean
pause lengths in each individual animal and compared the average
of the individual mean pause lengths in each genotype group.
Pause lengths were classified into 2 types, interbout and

intrabout pauses (SI Appendix, Fig. S2A). Interbout pauses are
long pauses between groups of consecutive syllables (bouts), while
intrabout pauses are short pauses between vocalization syllables
within bouts (22). Interbout and intrabout pauses were deter-
mined by cutoffs calculated according to histograms of pause
distributions (SI Appendix, Fig. S2B) (11, 22, 25). Previous studies
showed that a key factor contributing to the increased pause du-
rations in the vocalizations of Gnptab mut/mut animals is an in-
crease in the interbout pause durations (22). In Ser321Gly mut/
mut animals, the interbout pause durations were significantly
longer than those of wild-type littermates (P = 0.00056, n of syl-
lables > 15) (Fig. 1A). Animals with very low levels of vocalization
overall produced data with very large apparent interbout pause
values. To address potential bias from the inclusion of such ani-
mals, we also analyzed the USV recording data using a higher
syllables cutoff value. A significant increase in pause durations was
detected in mut/mut animals compared to wild-type littermates
using this higher syllable cutoff as well (P = 0.040, n of syllables >
50) (Fig. 1B). As expected from the increase in the duration of
long pauses, the number of bouts per recording was significantly
decreased in the mut/mut animals compared to their wild-type
littermates (SI Appendix, Fig. S3 A and D). However, in contrast
to previous studies, we also found that the Ser321Gly mut/mut
mice showed a small but significant increase in the duration of
short pauses within vocalization bouts, known as intrabout pauses
[mean of +/+ = 0.149, mut/mut = 0.156, P = 0.010 for n of sylla-
bles > 15 (Fig. 1E); mean of +/+ = 0.149, mut/mut = 0.154, P =
0.040 for n of syllables > 50 (Fig. 1F)]. The total number of syl-
lables produced by Ser321Gly mut/mut animals was significantly
less than that of their wild-type littermates (SI Appendix, Fig. S3 B
and E). This was due to longer pause lengths between vocaliza-
tions, because vocalization durations (syllable lengths) did not
differ between mutant and wild-type groups (SI Appendix, Fig. S3

C and F). Increased pause durations were observed in the mut/
mut animals in 4 replicate trials. Measures of increased duration
displayed a trend toward significance in trials 2 and 4, and reached
significance in trials 1 and 3 (SI Appendix, Fig. S4), supporting the
conclusion that Gnptab Ser321Gly mut/mut mice produce vocali-
zations with longer pauses.
The vocalizations of the Gnptab Ala455Ser mice displayed a

slightly different phenotype. They did not show a significant
difference when we used 15 as the minimal syllable cutoff value
(Fig. 1C), although this value did become significantly different
when we used 50 as syllables as our cutoff (P = 0.0027) (Fig. 1D).
Intrabout pause duration analysis did not reach statistical sig-
nificance (Fig. 1 G and H).
In addition to differences in vocalization timing, our previous

study showed that Gnptab mut/mut mice exhibit higher stereo-
typy in the temporal sequencing of their vocalizations, as revealed
by reduced temporal entropy in their vocalizations (22). To test
whether Ser321Gly mut/mut mice also have such vocalization
abnormalities, we analyzed both the usage and temporal sequenc-
ing of syllable types as categorized by an established classification
scheme based on presence and size of abrupt pitch jumps (Fig. 2A)
(11). As in the previous study, we found no statistically significant
differences in the syllable types and their rates of usage between
Ser321Gly mut/mut and their wild-type littermates (Fig. 2B). We
tested the temporal diversity of the sequence of vocalizations using
a first-order Markov process model, which compares the entropy
present in the temporal structure of these vocalizations. We found
significantly decreased entropy in the temporal structure in
Ser321Gly mut/mut compared to wild-type (P = 0.0064) (Fig. 2C),
which indicates that the Ser321Gly mut/mut mice exhibit greater
stereotypy in temporal sequence, consistent with findings in pre-
vious studies. A higher degree of stereotypy in vocalizations can
result from an increased repetition of syllables. We found no
significant increase in the presence of doublet repetitions in the
vocalizations of Ser321Gly mut/mut. However, there may be a
trend toward an increased percentage of such doublets in the
Ser321Gly mutant animals (P = 0.13, mean of +/+ = 0.591, mut/
mut = 0.638) (Fig. 2D). A similar analysis was performed on the
vocalizations of the Ala455Ser mice. These analyses showed that
the mut/mut animals also displayed slightly reduced temporal
entropy, although this difference did not reach statistical signifi-
cance (SI Appendix, Fig. S5).
Taken together, the above findings indicate that mice carrying

human stuttering-associated mutations produce vocalizations
with longer pauses between syllables or bouts of syllables, and
exhibited higher stereotypy in the temporal sequence of their
vocalizations compared to wild-type littermates. These findings
are consistent with the abnormal vocalization phenotype previously
found in mutant mice carrying a different human stuttering-
associated mutation (22). Because the vocalization phenotype in
the Ser321Gly is more pronounced than that in Ala455Ser mouse,
we focused on Ser321Gly mice for subsequent studies on the
neuropathology of stuttering caused by this mutation.

Plasma Levels of Several Acid Hydrolases Are Elevated in Gnptab
Ser321Gly Mice. In humans, homozygous loss-of-function muta-
tions in GNPTAB cause mucolipidosis types II and III, in which
the lack of the mannose 6-phosphate targeting signal results in
abnormal accumulation of lysosomal enzymes in the plasma (26,
27). Mice totally deficient in GlcNAc-1-phosphotransferase ac-
tivity display several symptoms similar to those seen in humans
with mucolipidosis types II and III. For example, Gnptab
knockout mice exhibit a 7- to 14-fold increase in plasma levels
of lysosomal acid hydrolases when the ability to synthesize the
Man-6-P recognition marker is missing (27). To assess whether
missense mutations found in human stuttering give rise to a similar
phenotype in mice, the activity of 5 acid hydrolases was measured
in the plasma of the Ser321Gly mice and compared with wild-type
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(Table 1). Although not as high as that in knockout mice, Gnptab
Ser321Gly animals displayed a significant 1.26- to 3.3-fold increase
in the plasma activity level of over that in wild-type mice for
β-hexosaminidase, α-mannosidase, and β-mannosidase in both
male and female groups (Table 1). There was no significant dif-
ference in the plasma activity levels of β-galactosidase and
β-glucuronidase between Ser321Gly and wild-type mice. These data
indicate that these missense mutations have functional effects on the
biological activity of the lysosomal targeting function in these mice.

Nonvocal Behaviors in Gnptab Ser321Gly Mice. To examine whether
Ser321Gly mut/mut mice exhibit any phenotypic anomalies be-
yond impaired vocalizations, we performed a battery of non-
vocalization behavioral tests on adult animals. First, we measured
spontaneous locomotion and exploratory behaviors in a 1-h open-
field test. In previous studies, it was shown that Gnptab Glu1179-
Lys homozygous mutant mice exhibited changes on 2 nonvocal
behavioral measures, spontaneous locomotion and olfactory ex-
ploration (22), although these were not significantly different from
controls when a Bonferonni correction was applied for the multi-
ple behavioral tests performed. Here, we first measured sponta-
neous locomotion and exploratory behaviors in a 1-h open-field
test. We found no significant genotypic differences in locomotor
activity in Ser321Gly and wild-type animals (Fig. 3A). Measures of

grip strength and prepulse inhibition of acoustic startle response
also failed to show any significant differences between genotypes
(Fig. 3 B and E). To measure balance and motor function, accel-
erating rotarod tests were performed over 3 successive days. Two-
way ANOVA revealed no significant genotype effect (P = 0.28)
(Fig. 3C), and the Kolmogorov–Smirnorv test also showed no
significant difference between the 2 genotype groups (P = 0.16).
We then measured nose poking and olfactory exploration of

Ser321Gly mice for both empty and odorant-containing holes
compared to wild-type littermates (22), using chambers having
both novel and familiar odorants. The duration of time spent with
home-cage materials (familiar odor) or coconut (novel odor) was
calculated and compared between wild-type and mutant mice.
Two-way ANOVA revealed that both wild-type and Ser321Gly
mice spent more time exploring the familiar odor than the novel
odor (P < 0.0001), but this preference did not differ by genotype
(Fig. 3D). These data suggest that this stuttering-causal mutation
does not have any effect on exploratory activity guided by olfactory
function.
We next examined social preference in our mice by measuring

their preference for social compared to nonsocial stimuli in a 3-
chamber experiment. We found that Ser321Gly and wild-type
mice both robustly preferred interacting with a novel mouse
placed in a containment cup compared to an identical cup that

Fig. 1. Increased pause durations in the vocalizations of Gnptab Ser321Gly (S321G) and Ala455Ser (A455S) compared to wild-type littermates. All graphs
indicate pause lengths in vocalizations of individual animals (1 point = 1 animal). The average of individual mean pause lengths in each genotype group was
compared by t test calculating 2-tailed P value. Green represents wild-type (+/+), blue represents heterozygous knockin (+/mut), red represents homozygous
knockin (mut/mut). All P values depicted in the figures are comparison between +/+ and mut/mut. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Error bars indicate the
SEM. (A) Interbout pause duration analysis in S321G animals displaying n > 15 syllables. Sample sizes (n) of +/+ = 46, n of +/mut = 75, n of mut/mut = 40. (B)
Interbout pause duration analysis with animals displaying total n > 50 syllables. The n of +/+ = 45, n of +/mut = 71, n of mut/mut = 32. (C) Interbout pause
duration analysis in A455S animals displaying n > 15 syllables. The n of +/+ = 31, n of +/mut = 63, n of mut/mut = 30. (D) Interbout pause duration analysis in A455S
animals displaying n > 50 syllables. The n of +/+ = 29, n of +/mut = 62, n of mut/mut = 30. (E) Intrabout pause duration analysis in S321G animals displaying total n >
15 syllables. The number of animals of each genotype are the same as that inA. (F) Intrabout pause duration analysis in S321G animals displaying total n > 50 syllables.
The number of animals of each genotype are the same as that in B. (G) Intrabout pause duration analysis in A455S animals displaying total n > 15 syllables. The
number of animals of each genotype are the same as that in C. (H) Intrabout pause duration analysis in A455S animals displaying total n > 15 syllables. The number of
animals of each genotype are the same as that in D. Degrees of freedom (DF) in A and E is 84, in B and F is 75, in C and G is 59, in D and H is 57.
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did not contain a mouse, but there was no significant difference
of interacting period between wild-type and mut/mut mice (Fig.
3F). Together, these results suggest that Ser321Gly does not cause
global motor or cognitive deficits that could contribute to the
impaired vocalizations that we observed.

Neuropathology Studies and Reduced Astrocyte Staining Density in
Gnptab Ser321Gly Mice. Given the reproducible vocalization phe-
notype present in mice carrying different Gnptab mutations ini-
tially identified in humans who stutter, we sought to identify a
specific neuropathology in these mice. Because the vocalization
phenotype in the Ser321Gly is more pronounced than that in the
Ala455Ser mice, we focused on Ser321Gly mice for subsequent
studies of neuropathology associated with the vocalization deficit

caused by this mutation. Because a histopathologic survey of brain
and other tissue sections stained with H&E revealed no striking
differences between homozygous mutant animals and wild-type,
we investigated the brains of Ser321Gly mut/mut mice using im-
munohistochemistry with cell type-specific antibodies. These were
chosen to interrogate major brain cell types and brain areas pre-
viously suggested to be sites of the primary neurological deficit in
stuttering. Our first hypothesis was chosen based on imaging
studies of the brains of humans who stutter, which have detected
associations between stuttering and white matter deficits, in-
cluding altered connectivity (10, 28, 29). White matter contains no
neuronal cell bodies or synapses but does contain tightly packed
glial cells, including oligodendrocytes (which produce myelin),
astrocytes, and microglia. Astrocytes have been associated with
developmental white matter disorders (30, 31), and pathological
studies of Gnptab knockout mice showed demyelination (32) and
microgliosis (32, 33). Based on this, we investigated the 3 glial cell
types—astrocytes, oligodendrocytes, and microglial cells—in our
Gnptab Ser321Gly mut/mut mice. Another major hypothesis re-
garding the genesis of stuttering involves functions of the basal
ganglia (34, 35). Dopaminergic neurons form a major component
of this brain region, and dopaminergic agents, such as risperidone
and olanzapine, have been reported to improve fluency in some
subjects who stutter (36–38). To investigate this, we studied DRD2+

dopaminergic neurons in our mice. Yet another area of interest is
the cerebellum, which is involved in fine motor control, and there
have been reports that the cerebellum is involved in the neural
pathway for speech production (39–41). In addition, a mouse model
of developmental verbal dyspraxia caused by a mutation of Foxp2
has been shown to have deficits of cerebellar Purkinje cells (42).
Based on these findings, we also investigated cerebellar Purkinje
cells in our mice. Brain tissues were stained with antibodies that
include anti-glial fibrillary acidic protein (Gfap) to visualize astro-
cytes, anti-myelin basic protein (MBP) to visualize oligodendro-
cytes, anti-ionized calcium binding adaptor 1 (Iba1) to identify
microglial cells, anti-calbindin (Calb1) to identify Purkinje cells of
the cerebellum, and anti-tyrosine hydroxylase (TH) to identify do-
paminergic neurons in the basal ganglia.
Astrocytes visualized by immunostaining with an anti-Gfap

antibody were studied in the corpus callosum (CC) and hippo-
campal areas, which are known to have abundant astrocyte
populations. To provide an anatomical landmark that allowed
us to match the sectional position across brains, we compared
hippocampal pyramidal layer staining in each brain section, and
chose sections with similar morphology between mutant and
wild-type (SI Appendix, Fig. S6). Coronal sections of brains from
5 mutant and wild-type pairs of P8 mice were used for staining
and quantitation. We found the anti-Gfap–stained area, which
represents the amount of astrocytes, was significantly reduced in

Fig. 2. Reduced entropy in the sequence of vocalizations of Gnptab
Ser321Gly mice compared to wild-type littermates. (A) Sonograms of dif-
ferent syllable types. Syllable types were defined as previously described
(20). (B) Percentage of times that 1 syllable type was followed by the same
syllable type. Each color represents 1 syllable type as defined in A. (C) Di-
versity of vocalization sequences as quantified by the entropy of the cor-
responding first-order Markov process as previously described (20). (D)
Proportion of repeated syllables (%). (B−D) Analyses of animals with syllable
n > 15. The +/+ and mut/mut were compared by t test calculating 2-tailed P
value in C and D. Error bars indicate the SEM. **P ≤ 0.01. Samples sizes of
each genotype are the same as that in Fig. 1 A and C. DF in C and D is 84.
Mean entropy of +/+ in C is 1.29 and that of mut/mut in C is 1.09.

Table 1. Lysosomal enzyme activity in the plasma of Gnptab Ser321Gly mice

Animal group β-Galactosidase β-Glucuronidase β-Hexosaminidase β-Mannosidase α-Mannosidase

Male
Wild-type (n = 9) 24.95 ± 5 9.20 ± 1.8 206.73 ± 20 52.26 ± 3.7 117.33 ± 20.9
Ser321Gly (n = 8) 23.00 ± 6 7.72 ± 1.4 260.88 ± 35 112.39 ± 22.9 279.34 ± 77.1
P value 0.46 0.09 0.001 <0.0001 <0.0001

Female
Wild-type (n = 7) 24.49 ± 3.9 8.70 ± 1.1 237.32 ± 17.3 36.12 ± 1.7 83.51 ± 10.8
Ser321Gly (n = 7) 28.00 ± 5.5 10.20 ± 2.0 390.81 ± 105.8 90.78 ± 11.1 272.3 ± 22.7
P value 0.19 0.12 0.0025 <0.0001 <0.0001

Merged
Wild-type 24.75 ± 4.5 8.98 ± 1.6 220.11 ± 24.2 45.20 ± 8.8 102.53 ± 24.1
Ser321Gly 25.34 ± 5.9 8.87 ± 2.1 321.51 ± 99.5 102.30 ± 21.0 276.05 ± 56.6
P value 0.38 0.44 <0.001 <0.0001 <0.0001

Activity is expressed as nanomole 4-methyumbelliferone cleaved per hour per milliliter of plasma.
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the CC of the Ser321Gly mut/mut mice compared to that of wild-
type littermates in all 5 pairs tested (SI Appendix, Fig. S7A; see
also Fig. 5A). Quantification of the stained images shows that the
difference in anti-Gfap–stained area between mutant and wild-
type group is significant in both the left and right CC (fold-
change in left: 26.3%; P = 0.013, fold-change in right: 19.5%, P =
0.017) (Fig. 4A). The anti-Gfap–stained area in the hippocampal
subfield CA1 of Ser321Gly mut/mut was also lower than in wild-
types, but this difference was smaller than that in the CC. (SI
Appendix, Fig. S7B)
Because homozygous GNPTAB deficiency in humans and

mice leads to progressive degenerative effects on the nervous
system (32, 33), we performed the same anti-Gfap immunos-
taining in 3 pairs of older (16 mo of age) Ser321Gly mut/mut
animals and their wild-type littermates, to see if there were any
age-associated degenerative effects on the amount of astrocyte
staining. Results from these 3 brain pairs showed a lower amount
of astrocyte staining in CC of Ser321Gly mut/mut animals com-
pared to wild-type, and this difference was highly significant (Fig.

4B and SI Appendix, Fig. S8). This difference was greater than that
in P8 mice, suggestive of an astrocyte deficit that worsens with age
in these mice.

No Differences in Staining of Other Brain Cells in Gnptab Ser321Gly
Mice.Next, we measured the density of microglial cells in the CC
and hippocampal areas of P8 mice using immunostaining with
anti-Iba1 antibody. Anti-Iba1 staining area in the CC was similar
to that in the hippocampus (SI Appendix, Fig. S9) and there was
no difference in the cell area stained between Ser321Gly mut/mut
and wild-type littermates (Fig. 5A and SI Appendix, Fig. S9). We
also studied these tissues in adult animals (16 mo of age) and
found no difference in the amount of anti-Iba1 staining area be-
tween the mutant and wild-type groups (SI Appendix, Fig. S10A).
Anti-MBP antibody was used to stain myelin-containing oli-

godendrocytes in the CC area. We found no significant differ-
ence in the area stained with anti-MBP between P8 homozygous
mutant animals and their wild-type littermates (Fig. 5B). In adult
mice, the anti-MBP staining was too saturated (SI Appendix, Fig.
S10B) to quantify. To address this, we also used Luxol fast blue
staining to visualize myelin in adult mouse brains and found no
significant difference in these areas between mutant and wild-
type mice (SI Appendix, Fig. S10C).

Fig. 4. Reduced astrocyte staining in the CC of Gnptab Ser321Gly mouse
brains. Perfusion-fixed coronal cryosections (10-μm thickness) were used for
immunostaining using anti-Gfap staining for astrocytes in the CC area.
Quantification of the stained area was done using ImageJ software and
paired t tests were used to test statistical significance of staining differences
between genotype groups by calculating 2-tailed P values. (A) Immunos-
taining and quantitation of the stained area in P8 mice. Sample sizes (n)
of +/+ = 10, n of mut/mut = 10, DF is 9 for both hemispheres. (B) Immunostaining
and quantitation of the stained area in 16-mo-old mice. The n of +/+ = 8, n
of mut/mut = 8, DF is 7 for left hemispheres. The n of +/+ = 9, n of mut/
mut = 8, DF is 8 for right hemispheres. (Scale bars, 100 μm.) Error bars
indicate the SEM. *P ≤ 0.05; ***P ≤ 0.001; ****P ≤ 0.0001.

Fig. 3. Nonvocal behavioral tests of Gnptab Ser321Gly mice. Sixteen 7-mo-
old Ser321Gly mut/mut mice and equal numbers of sex and age-matched +/+

mice were used for 5 different nonvocal behavior tests, and 26 mut/mut and
equal number of age-matched +/+ mice were used for rotarod test. Black
squares or bars indicate wild-type and gray squares or bars indicate Gnptab
Ser321Gly mut/mut homozygotes. (A) One-hour open-field locomotive ac-
tivity. (B) Grip strength. (C) Rotarod test with accelerating speed. (D) Ol-
factory discrimination. (E) Prepulse inhibition. (F) Social interaction. Error
bars indicate the 95% confidence interval except for 1-h open-field loco-
motive activity test which has SD as error bars. DF is 50 for the rotarod test
and 30 for all of the other tests.
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Because stuttering represents a specialized motor control prob-
lem, we also examined cerebellar structures. We compared num-
bers of cerebellar Purkinje cell bodies in mutant and wild-type
animals using immunostaining with anti-Calb1 antibody. A
granular layer in the same lobule (the junction between lobule
IV-V and the simple lobule, http://atlas.brain-map.org) of the
cerebellum was chosen for comparison between mutant and wild-
type. The number of anti-Calb1-stained cell bodies was counted
and compared between mutant and wild-type pairs. The num-
ber of Purkinje cell bodies showed no difference between the 2
genotype groups in both P8 (Fig. 5C) and adult mice (SI Ap-
pendix, Fig. S10D).
Finally, dopaminergic neurons in striatum were stained with

anti-TH antibody in P8 mice. Because the staining tended to be
saturated across a network of nerve cells in this tissue, it was
difficult to identify a difference at the level of light microscopy
between the 2 genotype groups. However, quantification analysis
showed no significant difference of staining area between the 2
genotypic groups in both P8 (Fig. 5D) and adult mice. (SI Ap-
pendix, Fig. S10E).

Detection of a White Matter Deficit in Gnptab Ser321Gly Mice. Be-
cause diffusion tensor imaging (DTI) has been shown to be
sensitive to subtle differences in the white matter tissue envi-
ronment, and because DTI scalars are known to change during
postnatal white matter development and maturation in humans
and rodents (43), we performed high-resolution, high-quality
14.1 Tesla DTI mapping in whole-brain fixed tissue specimens
from P8 Ser321Gly mut/mut mice and their wild-type littermates.
Details of DTI scanning and analysis procedures were described
in SI Appendix, SI Materials and Methods. There were no gross
morphologic differences between Ser21Gly mut/mut and wild-
types by brain qualitative inspection (SI Appendix, Fig. S11),
and most of DTI values—such as fractional anisotropy, trace,

axial diffusivity, and radial diffusivity after registration were not
significantly different between mut/mut and +/+ littermates (Fig.
6). However, the template-based region-of-interest (ROI) anal-
ysis of LogJ showed significantly reduced local volume of the
genu of the CC (mean ± SEM in +/+ = −0.017 ± 0.011, mut/
mut = −0.16 ± 0.012, P = 0.025) and no significant difference of
the anterior commissure (P = 0.26), the splenium (P = 0.67), and
the hippocampus (P = 0.97) of mut/mut brains compared to those
of their +/+ littermates (Fig. 6).

Abnormal Vocalization in Astrocyte-Specific Gnptab Knockout Mice.
Our immunostaining data suggested that mice that carry human
stuttering mutations and have abnormal vocalizations also have
alterations specifically in their brain astrocytes. To indepen-
dently test this hypothesis, we knocked out the Gnptab gene in
specific brain cell types using mice that express Cre recombinase
under the control of different brain cell type-specific promoters.
We constructed an astrocyte-specific knockout ofGnptab as well as
oligodendrocyte-specific, Purkinje cell-specific, and dopaminergic
neuron-specific knockouts of Gnptab, and measured the vocaliza-
tions in P8 animals carrying these cell type-limited mutations.
We chose brain-specific Cre-driver mouse lines from the

GENSAT Project at The Rockefeller University as follows:
Gfap-Cre for astrocyte-specific expression of Cre, Adroa2a-Cre
for dopaminergic Drd2 receptor-specific neurons in striatum,
Pcp2-Cre for expression of Cre in cerebellar Purkinje cells, and
Plp1-Cre for Cre expression in oligodendrocytes. Expression of
the Cre recombinase in each mouse line was previously confirmed
using an enhanced green fluorescent protein reporter in P7 mice
and reported in the GENSAT database (http://www.gensat.org/
cre.jsp) (SI Appendix, Fig. S12).
We constructed conditional knockout mice carrying the loxP

sequence in the 5′ and 3′ flanking regions of exon 2 of Gnptab.
The Gnptab with floxed exon 2 was designed to be located on

Fig. 5. No significant effect of the Gnptab Ser321Gly mutation on immunoreactivities in nonastrocyte cell types. (A) Immunostaining of microglial cells in the
CC area with anti-Iba1 and quantitation of stained area. Sample sizes (n) of +/+ = 5, n of mut/mut = 5, DF is 4. (B) Immunostaining of oligodendrocytes in CC
area with anti-MBP and quantitation of stained area. The n of +/+ = 6, n of mut/mut = 6, DF is 5. (C) Immunostaining of cerebellar Purkinje cells with anti-
Calb1 and quantitation of stained area. The n of +/+ = 6, n of mut/mut = 6, DF is 5. (D) Immunostaining of dopaminergic neurons with anti-TH and quan-
titation of stained area. The n of +/+ = 8, n of mut/mut = 8, DF is 7. (Scale bars, 100 μm.) Age of all mice is P8. All data were obtained from left hemispheres of
coronal sections. Error bars indicate the SEM.
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one chromosome, while the other chromosome had either the wild-
type or fully deleted exon 2 in order to maximize the recombinase
efficiency for deletion of the exon in the specific cells (SI Appendix,
Fig. S13). Pup isolation calls at day P8 were recorded and analyzed
using the same methods used for those of Ser321Gly and Ala455Ser
knockin mice.
Gfap-specific Gnptab knockout mice showed significantly in-

creased interbout pause durations in the conditional heterozy-
gote knockouts (cHET) (P = 0.05), and a trend toward increased
interbout durations in conditional homozygote knockouts
(cHOM), although this difference did not reach statistical sig-
nificance (P = 0.09, mean of wild-type = 2.33, cHOM = 3.04)
(Fig. 7A). To confirm the astrocyte-specific knockout of Gnptab
in mutant mice, we examined the colocalization of anti-Gnptab
staining and anti-Gfap staining in P8 mice of cHOM and wild-
type. In wild-type mice, anti-Gnptab staining labeled 36.6 ± 3.1%
of the Gfap-staining area, but the anti-Gnptab staining labeled
15.3 ± 2.4% of the Gfap-staining area in cHOM mice (Fig. 7E).
This difference between wild-type and cHOM was highly signifi-
cant (P = 0.0001) (Fig. 7E), and supports the conclusion that
Gnptab was selectively knocked out in the astrocytes of these mice.
We found no significant differences in interbout pause dura-

tions between oligodendrocyte, Drd2 neuron, and Purkinje cell-
specific Gnptab knockout mice and their wild-type littermates
(Fig. 7 B–D). Thus, 2 different experimental approaches, im-
munohistochemistry and brain cell type-specific expression of
Gnptab mutations, indicate that a deficit in astrocytes, and not in
other brain cell types previously proposed to be involved in the
etiology of stuttering, underlies the altered vocalizations in mice
carrying human stuttering mutations.

Discussion
Stuttering is characterized by interruptions in the flow of speech.
The temporal characteristics of pauses in USVs of mutant mice
are similar to those identified in the speech of humans who
stutter and carry mutations in the GNPTAB gene (22). We show
here that, in addition to the single mutation studied previously, 2
otherGnptab mutations initially identified in humans who stutter
(Ser321Gly and Ala455Ser) also result in abnormal pauses in the
USV of mice who carry them. These mice also display reduced
temporal entropy in their vocalizations, consistent with increased
stereotypy in these vocalizations. Thus, mice carrying human
stuttering mutations in Gnptab present an animal model that

recreates 2 core phenotypic features of human stuttering. Mouse
models of other inherited speech disorders have been created,
for example using mutations in FOXP2, and these mutations cause
an absence of vocalizations in pups (42, 44). More recent work has
shown that a Foxp2 mutation can produce a vocalization syntax
deficit in adult male mice, with deficits in the production of more
complex USV sequences in social contexts, and that this is ac-
companied by a shift in the position of the laryngeal motor cortex
layer-5 neurons in these animals (19). Humans and song-learning
birds share characteristic features that include a forebrain system
for vocal modification and auditory feedback (45). Because mice
have been shown to possess limited vocal modification ability and
some neuroanatomical features found in humans and song-
learning birds (18), these findings and the present study show
that mice can be used as model animals to investigate human
speech disorders and also suggest a deep evolutionary conserva-
tion of some of the neural mechanisms involved in vocalization.
In humans, homozygous loss-of-function mutations in GNPTAB

cause mucolipidosis types II and III, which are lysosomal storage
disorders characterized by an abnormal presence of lysosomal
hydrolases in the circulating plasma (46–48). In our Gnptab
Ser321Gly mice, we found abnormal plasma levels in 3 of the ly-
sosomal hydrolases tested. In contrast to mucolipidosis patients,
humans who stutter and carry mutations in this gene typically
have missense mutations and do not display any symptoms of
mucolipidosis (3, 4). Although the mice carrying the missense mu-
tation displayed moderate elevations of these lysosomal hydrolases,
there were no signs of mucolipidosis in a wide range of tissues, and
other than their USVs, their behavior was normal in a wide range of
behavioral assays.
We have investigated the pathology that underlies the vocal-

ization deficit in these mice at molecular, cellular, and anatomic
scale. While an animal-wide pathology evaluation failed to show
a difference in the Gnptab knockin animals by traditional H&E
staining, a more detailed immunohistochemical study of the brains
of these animals revealed one significant difference between them
and their wild-type littermates, which was a deficit in staining with
an anti-Gfap antibody, a classic marker of astrocytes. This deficit
was especially prominent in the CC. Notably, we found no dif-
ference in staining with anti-Calb1, which is specific for Purkinje
cells that are a major component the cerebellum. Deficits in this
brain region, which plays a major role in the control of motor
function, are prominent in mice carrying FOXP2 mutations (42).
The normal staining of Purkinje cells in our mice further rein-
forces the view that stuttering is both genetically (49) and patho-
logically distinct from developmental verbal dyspraxia, such as that
associated with FOXP2 mutations.
The involvement of an abnormality in astrocytes in the mouse

vocalization deficit was supported by our studies of neural Cre-
driver lines. We generated 4 such conditional knockout lines that
expressed this Gnptab mutation solely in astrocytes, oligodendro-
cytes, Purkinje cells, or dopaminergic neurons, respectively. Of
these, only the astrocyte-specific Gnptab knockout displayed a
vocalization phenotype that was significantly different from their
wild-type littermates. This phenotype consisted of more pauses and
abnormally long pauses in their vocalizations, similar to the vo-
calization deficit in the whole-animal Gnptab knockin mutations.
Astrocytes have a wide range of critical roles in brain ho-

meostasis (50), which include nutrient support for neurons (51),
uptake and modulation of synaptic transmitter such as glutamate
(52, 53), regulation of potassium concentration of extracellular
space (54), and nervous system repair (55). While astrocyte
deficits have not previously been suggested to be associated with
stuttering, recent results have shown that these cells play an active
role in the pathogenesis of neurological disorders (30, 31, 56). One
of these studies reported that astrocytes are involved in patho-
logical activation of lysosomal disorders by a noncell-autonomous
functional pathway (30), which would be consistent with astrocytes

Fig. 6. Detection of a subtle white matter abnormality in Gnptab Ser321Gly
mice by DTI. Quantitative analysis of template-based ROI values for frac-
tional anisotropy (FA), Trace, and LogJ in the anterior commissure (AC), genu,
splenium, and hippocampus are shown. Lines connect littermate pairs with the
same sex and different genotype in the study. Three +/+ and mut/mut pairs
were marked as square, triangle, and circle. Paired t-tests were used to test
significance by calculating 2-tailed P values. LogJ at the genu was significantly
different between +/+ and mut/mut. *P ≤ 0.05. DF of each analysis is 2.
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being involved in pathogenesis of human stuttering caused by a
deficit in lysosomal targeting functions. Previous studies have
shown that levels of astrocytes and microglial cells are increased in
adult mice carrying a knockout mutation of Gnptab, which is
model of mucolipidosis type II (32, 33). These studies demon-
strated that astrogliosis and inflammation causing neurodegeration
are activated by this complete knockout of Gnptab, which is as-
sociated with systemic pathologies. However, our data showed that
astrocyte levels of 16-mo-old mutant mice carrying Gnptab
Ser321Gly are still lower than those in wild-type littermates. This
result suggests that partial deficit of lysosomal targeting function
caused by a missense mutation in Gnptab is not associated with
increased astrogliosis and inflammation, but rather is associated
with a loss of other physiological functions of astrocytes.
The most prominent location of astrocyte pathology we observed

by immunohistochemistry was in the CC. The CC connects the
2 hemispheres of the brain, and abnormalities in interhemispheric
functions has been previously suggested to be associated with
stuttering (57). DTI analysis also suggested a potential reduction in
local volume of the CC in Gnptab Ser321Gly mice. A location for
the site of the functional deficit in the CC in our mutant mice is

consistent with recent results from brain structural imaging studies
in children who stutter, a recent study of which showed abnor-
malities of connectivity in the CC. These were particularly notable
in children with persistent rather than recovered stuttering (29).
The human subjects with documented GNPTAB mutations to date
all have persistent stuttering (3, 4). In addition, studies of our an-
imal models show that astrocyte pathology persists into adulthood
in these animals. Thus, human genetic findings (2), animal model
studies, and independent human brain imaging studies (3, 4) now
all support a role for a cellular deficit in the CC in the genesis of
persistent developmental stuttering.
The present study suggests astrocytes as a previously unsus-

pected site of the pathophysiology underlying human stuttering.
Because Gnptab is universally expressed in brain cells and tissues
(49, 58, 59), a current question is why astrocytes present an in-
creased susceptibility to pathology from partial loss of function
mutations in Gnptab compared to other brain cell types. We
note that our data do not completely rule out the possibility
that other brain cells are involved in pathogenesis of stutter-
ing associated with mutations in Gnptab (22). Also unknown
are the precise mechanisms by which this Gnptab functional

Fig. 7. Pause duration analysis in the vocalizations of brain cell type-specific Gnptab knockout mice compared to wild-type littermates. The average of
individual mean pause lengths in each genotype group was compared by t test calculating 2-tailed P value. *P ≤ 0.05; ****P ≤ 0.0001. Error bars indicate the
SEM. (A) Interbout pause duration analysis In Gfap Cre-driver (astrocyte-specific) Gnptab knockout mice. Sample sizes (n) of wild-type animals = 29, n of cHET
animals = 13, and n of cHOM animals = 15. (B) Interbout pause duration analysis in Plp1 Cre-driver (oligodendrocyte-specific) Gnptab knockout mice. The n of
wild-type animals = 10, n of cHET animals = 8, n of cHOM animals = 10. (C) Interbout pause duration analysis in Adora2a Cre-driver (Drd2 neuron-specific)
Gnptab knockout mice. The n of WT animals = 12, n of cHET animals = 8, n of cHOM animals = 11. (D) Interbout pause duration analysis in Pcp2 Cre-driver
(Purkinje cell-specific) Gnptab knockout mice. The n of WT animals = 8, n of cHET animals = 9, n of cHOM animals = 8. Number of syllables cutoff for A–D is 15.
(E) Immunostaining of CC area with anti-Gfap (red) and anti-Gnptab (green) in cHOM (Bottom) and wild-type littermates (Top) and quantification of stained
area. White color indicates areas of colocalization, which was analyzed using the “Colocalization” plugin (https://imagej.nih.gov/ij/plugins/colocalization.html)
in ImageJ software with default threshold. Quantification of immunostaining area in which ratio of colocalization area versus Gfap staining area was calculated.
(Scale bars, 100 μm.) Sample size for quantification of immunostaining is depicted on top of each bar graph.
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deficit leads to our observed difference in astrocyte cellular
density. However, our evidence for the involvement of this cell
type and specific brain structure present new avenues for the
understanding of cause of stuttering at anatomic, cellular, and
molecular scales within the brain.

Materials and Methods
Animal Subjects. Mice were housed with 1 to 5 animals per cage in standard
plastic home cages on a 12-h light/dark cycle, and all vocal or nonvocal be-
havioral experiments were performed during the light phase. All mice used in
this study have C57BL/6J strain background. All experiments and mainte-
nance of mice were conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals, and were
carried out under the National Institute on Deafness and other Communi-
cation Disorders Animal Care and Use Committee protocol #1318-16. One to
5 mice were housed per cage. In case of 5 males in a cage, they were sep-
arated into multiple cages at sexual maturity (6 to 8 wk) to prevent fighting.

Mouse Vocalization Recording and USV Analysis. USVs of mice were recorded
on P8 using a recording system from Avisoft Bioacoustics (https://www.avisoft.
com). A heterozygote × heterozygote breeding strategy was used to en-
sure the availability of wild-type littermate controls with matched pre- and
postnatal environment. Foot tattoos were applied for temporary identification
of pups 1 to 3 d before recording, prior to genotyping the animals. Animal
vocalizations were recorded and vocalization data were analyzed blind to ge-
notype. Before recording of pups, the dam mice were removed from their pups
and the cage was kept on a warm heating pad during experiments. After an
initial 10-min equilibrium period on the heating pad, the pup was transferred to
the recording chamber and the body temperature of each pup was measured
using an infrared thermometer. Vocalization recordings of each pup were done
in a plastic 12.4-cm × 12.4-cm × 13.8-cm chamber for 5 min. After identification
using the foot tattoo and measuring body weight, pups were returned to the
dam. The pups were genotyped after weaning on P21. The USV data were
analyzed using Matlab (Mathworks, https://www.mathworks.com/) including
the signal-processing toolbox, image-processing toolbox, statistics and machine
learning toolbox. For quantitative analysis, Matlab codes originally developed
by T. Holy (11) and subsequently modified by T. Barnes (22) were used. Mean
pause lengths between syllables (intrabout) or groups of syllables (interbout) in
vocalizations of each genotype group were compared by t test and 2-tailed P
value was used in each analysis. All experiments were done in 4 different stages,
and both data of each stage and combined analysis data are shown.

Nonvocalization Related Behavior. Thirty-two mice, 16 Gnptab Ser321Gly mut/
mut and 16 wild-type littermates, were tested at 7 mo of age on a battery of
nonvocalization-related behaviors to assess spontaneous locomotion, fore-
limb strength, motor coordination, novelty seeking and aversion, social
recognition memory, and paired-pulse inhibition. For the rotarod test, 10
Gnptab Ser321Gly mut/mut and 10 wild-type littermates were additionally
tested. Experimental procedures for behavior tests are similar to previously
described methods (22). Because mouse behaviors have been shown to be
comparable in both light and dark phase (60), vocalization and behavioral
tests were carried out exclusively in light phase to reliably standardize light
exposure across all tests. The results are shown in Fig. 4 in the order that the
tests were performed. Details of test procedures are described in SI Ap-
pendix, SI Materials and Methods.

Assay of Plasma Lysosomal Hydrolase Levels. Lysosomal hydrolase activities in
plasma samples were determined by fluorometric enzyme assays as described
previously (27). In brief, plasma samples were incubated with 5 mM 4-
methylumbelliferyl-coupled specific substrates in a 50 mM citrate buffer
containing 0.5% Triton X-100, pH 4.5, at 37 °C. Reactions were stopped by
addition of 0.1 M glycine-NaOH solution, pH 10.3, and the fluorescence read
at 495 nm. The plasma activities are expressed as nanomoles of hydrolyzed
methylumbelliferone per hour per milliliter of plasma.

Antibodies and Immunostaining.Mice of the indicated ages were anesthetized
and perfused through the heart with PBS and 4% paraformaldehyde (Elec-

tron Microscopy Sciences) and postfixed by immersion in 4% paraformaldehyde
overnight at 4 °C. The brains were cryoprotected with PBS solution containing
sucrose for 2 d (4 h in 10%, overnight in 20%, 24 h in 30% sucrose). Brain tissue
mounts were prepared for cryosectioning using OCT media with isopentane
solution chilled on dry ice. Ten-millimeter tissue sections were obtained using
Cryostat (Leica CM3050S), mounted on positively charged glass slides (Superfrost
Plus Gold; Thermo Fisher Scientific), then dried at room temperature for 20 min.

The tissue sections were stored at −80 °C until usage. Reagents for
immunostaining were prepared according to methods described in IHC-
World (http://www.ihcworld.com/protocol_database.htm). The following
antibodies and dilutions were used for the immunostaining: rabbit anti-Gfap
antibody (ab7260, 1:5,000; Abcam), rabbit anti-MBP antibody (ab40390,
1:1,000; Abcam), rabbit anti-Iba1 antibody (NBP2-19019, 1:100; Novus Bio-
logicals), rabbit anti-TH antibody (ab112, 1:500; Abcam), rabbit anti-Calb1
antibody (ab49899, 1:100; Abcam), rabbit anti-Gfap antibody (BS-13476R,
1:200; Bioss Antibodies), chicken anti-Gfap antibody (ab4674, 1:4,000;
Abcam), goat anti-Rabbit IgG H&L (Alexa Fluor 488) preadsorbed (ab150081,1:200;
Abcam), and goat anti-chicken IgY H&L (Alexa Fluor 647) preadsorbed
(ab150175,1:200; Abcam). Blocking agent treatment was performed for
30 min, followed by 16-h incubation with the primary antibodies. The anti-
bodies were washed with PBS containing 0.05% Tween20 3 times in glass
coplin jar (5 min, 15 min, 5 min). Slides were then incubated with the sec-
ondary antibody for 1 h and then washed with PBS 3 times (5 min, 15 min,
5 min). Vectashield HardSet Antifade mounting medium containing Dapi
(H-1500, Vector Laboratory) was used for final mounting after staining. An
LSM780 microscope (Zeiss) was used for the fluorescence microscopy. Quan-
tification of images was done with ImageJ (https://imagej.nih.gov/ij). Because
these samples represented both technical and biological replicates using a
littermate of the same sex, a paired t test was used to test statistical signifi-
cance in difference of quantified data between genotype groups by calcu-
lating 2-tailed P values.

Breeding Strategy for Brain-Cell Specific Gene Knockout Mice. To generate
conditional knockout of Gnptab in specific brain cell types, embryonic stem
cells carrying the loxP sequence fragment (ATAACTTCGTATAGCATA-
CATTATACGAAGTTAT) in the flanking regions of exon 2 of Gnptab was
purchased from EUCOMM [European Conditional Mouse Mutagenesis Pro-
gram, https://www.mousephenotype.org, Allele name: Gnptabtm1a(EUCOMM)Wtsi]
(61) and germline transmission was achieved in collaboration with
TAMC, as described above. B6.FVB background B6 (C3)-Tg(Pgk1-FLPo)10Sykr/J
mice were mated with mice carrying the targeted gene cassette to remove
the neomycin cassette. Transgenic mice expressing Cre recombinase under
the control of different promoters (so called Cre-driver lines) were purchased
from Jackson Laboratory [B6.Cg-Tg(Gfap-cre)77.6Mvs/2J, B6.129-Tg(Pcp2-
Cre)2Mpin/J, B6.Cg-Tg(Plp1-cre/ERT)3Pop/J] or MMRRC [B6.FVB(Cg)-
Tg(Adora2a-cre)KG139Gsat/Mmucd]. The GENESAT database (http://www.
gensat.org/searchgenes.jsp) was used to check the targeted gene expression
induced by each of the Cre-drivers (SI Appendix, Fig. S10). Heterozygote
Gnptab whole knockout mice carrying Cre gene cassette were mated with
homozygotes carrying a floxed exon 2 of Gnptab to get cell type-specific
knockout on a single chromosome, which results in 4 different genotypes (SI
Appendix, Fig. S13). USVs were tested with P8 pups using methods described
above, and genotyping and USV analysis was done after weaning.
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