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Abstract

DYT1 dystonia is an inherited movement disorder without obvious neurodegeneration. Multiple
mutant mouse models exhibit motor deficits without overt “dystonic” symptoms and
neurodegeneration. However, some mouse models do. Among the later models, the N-CKO mouse
model, which has a heterozygous 7orlal DytI knockout (KO) in one allele and Nestin-cre-
mediated conditional KO in the other, exhibits a severe lack of weight gain, neurodegeneration,
overt “dystonic” symptoms, such as overt leg extension, weak walking, twisted hindpaw and stiff
hindlimb, and complete infantile lethality. However, it is not clear if the overt dystonic symptoms
were caused by the neurodegeneration in the dying N-CKO mice. Here, the effects of improved
maternal care and nutrition during early life on the symptoms in N-CKO mice were analyzed by
culling the litter and putting wet food to examine whether the overt dystonic symptoms and severe
lack of weight gain are caused by malnutrition-related neurodegeneration. Although the N-CKO
mice in this study replicated the severe lack of weight gain and overt “dystonic” symptoms during
the lactation period regardless of culling at postnatal day zero or later, there was no significant
difference in the brain astrocytes and apoptosis between the N-CKO and control mice. Moreover,
more than half of the N-CKO mice with culling survived past the lactation period. The surviving
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Appendix Fig. 1

(A) A representative immunohistochemical image of a CT (Nestin-cre+/- Dyt1 loxP+/-) mouse brain slice stained with anti-GFAP
antibody and DAB. (B) A negative control image of the brain slice from the same mouse without primary antibody. The images were
taken with 2.5x objective lens. The scale bars indicate 1 mm.
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adult N-CKO mice did not display overt “dystonic” symptoms, whereas they still showed small
body weight. The results suggest that the overt “dystonic” symptoms in the N-CKO mice were
independent of prominent neurodegeneration, which negates the role of neurodegeneration in the
pathogenesis of DYT1 dystonia.
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1. Introduction

DYT1 early-onset generalized torsion dystonia (dystonia 1: OMIM: #128100) is a hereditary
movement disorder characterized by abnormal torsion posture and repeated movements
without apparent neurodegeneration [1]. The symptoms initially affect the limbs in
childhood or adolescence and often become generalized [2]. The symptoms can vary
depending on the patients [3]. DYT1 dystonia is mainly the result of a heterozygous in-
frame trinucleotide deletion (AGAG) in DYT1/TORI1A, resulting in a glutamic acid loss in
torsinA, with 30-40% penetrance [4]. Other mutations in the gene were also reported in rare
cases [5-8]. Moreover, a two-month-old boy with a homozygous nonsense mutation in the
gene showed severe arthrogryposis, developmental delay and dystonic movements [9].

Heterozygous Dyt1/Torla AGAG knock-in (DytI KI) mice, which have the corresponding
trinucleotide deletion, exhibit long-term depression (LTD) deficits in the cortico-striatal
pathway [10], abnormal sustained co-contractions of agonist and antagonist muscles [11],
and motor deficits in the hindlimbs during the beam-walking test [12], which are
ameliorated by trihexyphenidyl, one of the frontline treatments for DYT1 dystonia [10, 11].
Motor deficits were also reported in another line of KI mice [13], suggesting that the motor
deficits were reproducible in these independent lines. Although the DytZ KI mice have
subtle anatomical alterations in the amygdala and cerebellum [12, 14, 15], they do not have
apparent neurodegeneration. The Dyt7 AGAG mutation may cause a partial loss of torsinA
function [16-18]. Moreover, both the heterozygous Dyt KI mice and the heterozygous
Dyt1 KO mice exhibit deficits in the presynaptic release [19, 20] and abnormal brain
metabolism as detected by brain imaging [21, 22]. Both the heterozygous Dyt KO mice
[20] and the Dyt knock-down (KD) mice [23] show motor deficits similar to the
heterozygous Dyt1 K1 mice. Moreover, the cerebral cortex-, the striatum-, the cholinergic
cell-, and the dopamine receptor 2-expressing-cell-specific Dyt conditional KO mice (cKO,
sKO mice, ChKO, d2KO, respectively) show motor deficits [24-27]. On the other hand, the
cerebellar Purkinje cell-specific Dyt1 conditional KO in both the wild-type and the K
background show improved motor performance [28], suggesting that torsinA loss in distinct
neurons affects motor performance differently. Motor deficits without overt dystonic
symptoms were also reported in other genetic mouse models [29, 30], such as models for
DYT11 [31, 32], DYT12 [33], and DYT25 dystonia [34]. Moreover, the homozygous Dyt1
KI mice show neonatal lethality [12, 35]. Similarly, the homozygous DytZ KO mice cannot
suckle milk and die soon after birth [24].
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In contrast with the heterozygous Dyt Kl, Dyt1 cKO, and Dyt1 sKO mice, which show
mild motor deficits without obvious neurodegeneration, several other mutant and transgenic
mouse models show neurodegeneration and overt “dystonic” symptoms. An example is the
forebrain-specific DIx-CKO mouse, which has a heterozygous 7orla Dyt1 knockout (KO) in
one allele and D/x5/6-Cre-mediated conditional KO in the other [36], exhibits a selective
loss of dorsolateral striatal cholinergic interneurons and overt “dystonic” symptoms.
However, Dyt1 d2KO mice show a decreased number of striatal cholinergic interneurons and
motor deficits without overt “dystonic” symptoms, suggesting that the decreased number of
striatal cholinergic interneurons itself does not cause overt “dystonic” symptoms [27].
Moreover, cerebellar microinjection of AAVs expressing ShRNAs against torsinA mRNA
induces abnormal firing of cerebellar neurons, neuronal death within the deep cerebellar
nuclei, and overt “dystonic” symptoms [37].

Additionally, an N-CKO mouse model presents severe growth retardation,
neurodegeneration, overt “dystonic” symptoms, such as overt leg extension, weak walking,
twisted hindpaw and stiff hindlimb, and complete infantile lethality by postnatal day 16
(P16) [38]. In the deep layers of the sensorimotor cortex, ventral posterior thalamus, globus
pallidus (GP), deep cerebellar nuclei (DCN), red nucleus (RN), and facial nerve nucleus
(7N), immunohistochemistry with antibodies against either Glial Fibrillary Acidic Protein
(GFAP), an intermediate filament protein composing cytoskeleton in astrocytes [39], and
Cleaved-Caspase-3 (CC3), a marker for apoptosis, shows that the N-CKO mice at P10 have
increased neurodegeneration and apoptosis, respectively. However, the contributions of the
increased astrocytes and CC3-expressing cells detected in the N-CKO mouse brains to the
overt “dystonic” symptoms are questionable because the N-CKO mice were moribund,
presumably had multiple organ failures and tissue deterioration. The smaller N-CKO mice
may suffer malnutrition, due to their disadvantage in the competition for milk with their
larger littermates and resultant poor-nursing, and then exhibit neurodegeneration and die.
Here, the effects of improved maternal care and nutrition during early life on the symptoms
in the N-CKO mice were analyzed by culling the newborn litters and putting wet food on the
cage floor.

2. Materials and methods

2.1. Generation of N-CKO mice

All experiments were conducted in compliance with the USPHS Guide and approved by the
University of Florida Institutional Animal Care and Use Committee. Mice were housed with
ad libitum access to food and water under the condition of 12 hours-light and 12 hours-dark.
Wet food was also put on the cage floor to facilitate accessing the food. DytI loxP —/-
female mice, which have floxed Dyt1 exons 3—4, were prepared as previously described
[24]. Recombination between these two /oxPsites leads to the loss of torsinA expression
[16]. Heterozygous DytI KO (Dyt1 +/A) mice were prepared from the Dyt1 loxP mice as
previously described [24]. Nestin-cre +/- mice [40] were obtained from the Jackson lab
[B6.Cg-Tg(Nes-cre)1KIn/J, Strain 003771]. Nestin-cre mice can delete the floxed gene in
neurons and glial cells. Nestin-cre +/- Dyt1 +IA male mice were obtained from crossing
Nestin-cre +/- and Dyt1 +/A mice. Nestin-cre +/— Dyt1 +/A male mice were then crossed
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with Dyt1 JoxP /- female mice to generate Nestin-cre +/— Dyt loxP—IA (N-CKO) mice
and control (CT) littermates. Nestin-cre genotype was identified by PCR with the primer set
specific for Nestin-cre (Nestin-5: 5’-CCGCTTCCGCTGGGTCACTGT-3’; Nestin-2: 5’-
CTGAGCAGCTGGTTCTGCTCCT-3’; Nestin-3: 5°-
GACCGGCAAACGGACAGAAGCA-3"). Dyt1 A, Dyt1 foxP- and DytI+ loci were
genotyped as previously described [24].

2.2. Western blot analysis

Brain, liver, heart and spinal cord were dissected from N-CKO (n=2) mice and CT
littermates (Dyt1 loxP +/-; n=2) from a litter at PO and homogenized in ten volume of ice-
cold lysis buffer [16]. Brains were homogenized in glass Dounce tissue grinders (7ml;
Kontes) with 20 strokes. Livers and spinal codes were homogenized with a Pellet pestle
motor (Kontes) for 30 sec. Hearts were homogenized with tissue tearor (Biospec Products,
Inc.) for 30 sec. Each homogenate was sonicated, and the proteins were extracted in 1%
Triton X-100 lysis buffer as previously described [16]. Protein concentration was measured
by Bradford assay [41] with Bio-rad protein assay dye reagent concentrate and bovine serum
albumin as a standard. Twenty pg of the protein extract was used for 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred onto Millipore Immobilon—FL
transfer PVDF membranes. The membranes were washed with 0.1 M phosphate-buffered
saline and processed as previously described [42]. After blocking the membrane in LI-COR
Odyssey blocking buffer, torsinA and calnexin levels were detected with a combination of
rabbit anti-torsinA antibody (Abcam, ab34540; 1:1,000 dilution) and IRDye 680RD donkey
anti-rabbit 1gG (H+L) (LI-COR, 926-68073; 1:15,556 dilution), and a combination of
mouse anti-calnexin antibody (Chemicon, MAB3126; 1:1,000 dilution) and IRDye 800CW
donkey anti-mouse 1gG (H+L) (LI-COR, 926-32212; 1:15,556 dilution), respectively. The
signals were captured with an LI-COR Odyssey imaging system and analyzed with Image
Studio Lite Ver. 5.2. TorsinA/calnexin signal ratio of N-CKO mice was normalized to that of
Dyt1 loxP+/-mice and expressed in percentage.

2.3. Genotyping of N-CKO mice without culling

To analyze the survival ratio of N-CKO mice without culling at around weaning age, N-
CKO mice and their CT littermates were generated according to the breeding scheme shown
in Figure 1A. Eighteen pups were obtained from two litters, and their tails were cut at P7 for
genotyping. Other seventeen pups from 4 litters were alive at weaning age of P21. Their tails
were cut at around two weeks of age for genotyping. PCR was performed as described above
to genotype the two batches.

2.4. Growth and survival analysis of N-CKO mice with culling

Body weights were measured in two other batches of N-CKO and CT littermates with
culling. In the first batch, four pups were randomly selected from each litter without
genotyping and marked with tattoo ink at PO. Thirty-six pups were selected from 9 litters at
PO and returned to their mothers. Six pups died, and their bodies were lost before
genotyping, and therefore they were removed from growth analysis. The remaining 30 pups
were genotyped [N-CKO (n=6; 5 males; 1 female), Nestin-cre +/- Dyt1 loxP+/- (n=6; 4
males; 2 females), Dyt1 loxP —IA (n=8; 3 males; 5 females), and Dyt1 loxP +/- (n=10; 2
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males; 8 females) from nine litters] and their body weights were monitored daily (longest
cutoff at P74). Two N-CKO (n=2; 1 male at P11; 1 female at P11), three Nestin-cre +/- Dytl
loxP +/- mice (n=3; 1 male at P14; 2 females at P58, P66), four Dyt1 loxP—IA mice [n=4; 4
females at P11, P58, P65, P66], and six DytI loxP+/- mice [n=6; 2 males at P43, P65; 4
females at P40, P65 (n=2), P66] were removed from the study at the indicated ages. The
pups were weaned at P21. Representative movies were taken at P10 for some of these pups.

The second batch of 39 mice was generated from five litters in the same breeding scheme.
The second batch of mice was genotyped during the early lactation period before culling.
The batch consisted of N-CKO (n=13; 10 males; 3 females), Nestin-cre +/- Dyt1 loxP +/-
(n=8; 5 males; 3 females), Dyt loxP-IA (n=7; 1 male; 6 females), and Dy¢I loxP +/-
(n=11; 6 males; 5 females) mice before culling. Extra control littermates were removed after
P9 to increase the access of N-CKO mice to their mother. Three Nestin-cre +/1- Dyt1 loxP +/
- mice (n=3; 3 males at P9, P10, P13), five Dyt loxP—/A mice [n=5; 1 male at P13; 4
females at P9 (n=1) and P10 (n=3)], and three Dyt¢I JoxP +/- mice (n=3; 1 male at P13; 2
females at P20) were removed. The pups were weaned at P21. Moreover, one Nestin-cre +/-
Dyt1 loxP +/- mouse (n=1; 1 female at P47), two DytI JoxP —/A mice (n=2; 2 females at
P47), and three Dyt1 JoxP +/— mice (n=3; 1 male at P26; 2 females at P47) were removed.
The body weight of this batch was measured for 90 days (cutoff at P47 for Dyt1 +/1).

Immunohistochemistry with GFAP and CC3 antibodies

N-CKO and CT mice were prepared as described above with or without culling at P0O. To
produce the first group of mice with culling, extra littermates were removed at PO, and four
mice were maintained in each litter until P10. Moreover, a wild-type (WT) mouse at P10
was prepared as an additional CT mouse. To produce the second group of mice without
culling, another litter was generated and kept with their mother until P10 without culling or
additional wet food on the floor. The first group, which consists of N-CKO (n=3) and
control (n=3; Dyt1 loxP-IA, Nestin-cretl— Dyt1 loxP+/-, and WT) mice, and the second
group, which consists of N-CKO (n=2) and control [n=5; Dyt1 loxP+/- (n=3), Dyt1 loxP
—IA (n=1), Nestin-cre+/- Dyt loxP+/- (n=1)] mice, were deeply anesthetized and perfused
with 0.1 M phosphate buffer (PB; pH 7.4) and following 4% paraformaldehyde/0.1 M PB.
The brains were dissected and put in 4% paraformaldehyde, 0.1 M PB overnight. The brains
were put in 30% sucrose/0.1 M PB until the brains sunk to the bottom. The brains were
frozen with dry ice powder and sliced sagittally with a Histoslide 2000 sliding-microtome
(Reichert-Jung) at 30 um thickness. Every other sixth slice was analyzed for each brain.
Twelve slices were selected among them for each brain and blocked with serum according to
the manufacturer’s instruction (Vectastain). The twelve slices from each genotype were
treated with rabbit polyclonal GFAP antibody (Dako; Cat. No. Z0334; 1:1,000 dilution).
Another set of slices were prepared and treated with serum and rabbit monoclonal Cleaved
Caspase-3 (Aspl75) (5ALE) antibody (Cell Signaling; Cat. No. #9664; 1:100 dilution). As a
negative control, four brain slices from a Nestin-cret/—- Dyt1 loxP+/— mouse were treated
with the blocking serum without primary antibody. All slices were then treated with
Vectastain ABC kit for peroxidase rabbit IgG and DAB substrate (Vector; SK-4100). The
brain slices were mounted on Superfrost/Plus microscope slides (Fisher Scientific) and dried
overnight, and then covered with Permount (Fisher Scientific) or DPX (Fluka) and cover
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glasses. The representative images were captured with a Zeiss Axiophot RZGF-1
microscope [10x (for the samples) or 2.5x (for the negative control) plan-NEOFLUAR
objective lens] and Neurolucida program (MBF Bioscience). GFAP-expressing cells or CC3-
expressing cells were examined in the hippocampus, cerebellum, and six sensorimotor
regions, /.e., cerebral sensorimotor cortex, ventral posterior thalamus, globus pallidus (GP),
deep cerebellar nuclei (DCN), red nucleus (RN) and facial nerve nucleus (7N). Each stained
region was evaluated as level 0 (no positive cells), 1 (a few positive cells), 2 (moderate
numbers of positive cells), or 3 (many positive cells) and the maximal level of the region
among the examined slices in each mouse was used for the analysis by a nonparametric
statistics.

2.6. Statistics

Statistical analysis was performed with the R program version 3.5 in most cases except the
proportional hazards model for survival analysis, which was analyzed by the SAS program.
Student’s t-test was used to analyze western blot data. Fisher’s exact test was used to
analyze the numbers of the surviving mice and the mice showing obvious dystonic
symptoms. Analysis of variance was used to compare body weights in the growth curves.
Paired and Welch’s t-tests were used to compare the growth rates before and after weaning
for the first batch culling at PO and the second batch with culling later (after P9),
respectively. Kaplan-Meier curve was used to plot the survival ratio. The body weights of
the mice at P10 without culling or putting additional wet food on the floor were compared
by using a R liner mixed model (Im) concerning genotype and sex. Wilcoxon rank sum test
was used to analyze the immunohistochemistry. Significance was assigned at p < 0.05.

3. Results

3.1. Generation of N-CKO mice

Nestin-cre +/- Dyt1 +IA male mice were crossed with Dyt loxP —/- female mice to
generate Nestin-cre +I- Dyt1 JoxP -/ (N-CKO) mice and CT littermates including Nestin-
cre+I— Dyt1 loxP +/-, Dyt1 loxP—IA, and Dyt1 loxP+/— mice (Figure 1A). The pups were
genotyped by PCR with tail DNA, and the primer sets specific for Nestin-cre, Dyt1 A, Dyt1
loxP- and Dyt1 wild type (+) loci (Figure 1B). The torsinA and calnexin levels in the brain,
spinal cord heart, and liver were measured in N-CKO and CT (Dyt1 loxP+/-) littermates at
PO (Figure 1C, n=2 each). The torsinA levels normalized to calnexin were significantly
reduced in the brain and spinal cord of N-CKO mice compared to those of CT mice (means
+ standard errors; brain: CT: 100 £ 11 %; N-CKO: 13 + 5 %; p= 0.019; spinal cord: CT: 100
+ 3 %; N-CKO: 14 + 2 %; p=0.0019; Figure 1D). On the other side, the normalized torsinA
levels in the heart and liver of N-CKO mice were reduced to approximately half of those in
the CT mice, as predicted from the heterozygous KO in these tissues (heart; CT: 100 * 5 %;
N-CKO: 45 + 2 %; p= 0.010; liver; CT: 100 £ 6 %; N-CKO: 42 + 1 %; o= 0.012; Figure
1D).
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3.2. Infant lethality, overt dystonic symptoms, and lack of weight gain in N-CKO mice
without culling

Mice were generated according to the breeding scheme shown in Figure 1A. Eighteen pups
were obtained from two litters and their tails were cut at P7 and genotyped [n=18; N-CKO
(n=7), Nestin-cre +I- Dyt1 loxP +/- (n=6), Dyt1 loxP—IA (n=4), Dyt1 loxP+/- (n=1)]. The
other seventeen pups from 4 litters were surviving at weaning age of P21. Their tails were
cut around 2 weeks of age for genotyping [n=17; N-CKO (n=0), Nestin-cre +/- Dyt1 loxP+/
- (n=8), Dyt1 loxP—-IA (n=7), Dyt1 loxP+/- (n=2)]. The surviving mouse ratios of N-CKO
mice versus CT mice, which include all three control genotypes, were significantly different
between two batches (p=0.0076). The results suggest that N-CKO mice die before weaning
age. This is reminiscent of the complete lethality by P16 as reported in another line of N-
CKO mice (n=25) [38].

Consistent with the earlier report, small body size and overt “dystonic” symptoms, such as
explicit leg extension, weak walking, twisted hindpaw and stiff hindlimb, were observed in
all the N-CKO mice. These obvious symptoms were only shown in N-CKO mice, and
therefore the appearance of these symptoms was significantly high in N-CKO mice (P7; CT:
n=11; N-CKO: n=7; p=3.1 x 107°) and suggests that these phenotypes were reproduced in
the current N-CKO mouse line. The small N-CKO mice were easily outcompeted by their
control littermates and had difficulty gaining access to the mother; stayed away from the
mother without nursing and died. This observation hinted that the complete neonatal
lethality of the small N-CKO mice might be a consequence of malnutrition due to the
disadvantage in the competition for milk with their larger littermates.

3.3. Improved survival of N-CKO mice by culling

To examine if an improvement in nutrition and nursing from birth attenuates the symptoms
in N-CKO mice, the pup numbers were reduced by culling the litters. Four pups were
randomly selected from each litter and left with their mother at PO, and wet food was
provided continuously on the cage floor. A total of 30 pups [N-CKO mice (n=6), Nestin-cre
+/- Dyt1 loxP+/- (n=6), Dyt1 loxP-IA (n=8), and Dyt1 JoxP+/— (n=10)] from nine litters
were weighed until P74. There was a trend, but no significant difference, in their body
weight at PO (p=0.075; Figure 2A). N-CKO mice were significantly underweight from P4
(P4: p=0.024; Figure 2A) to P66 (P66: p=0.049; Figure 2B). The lactation period in this
study was defined as the postnatal period before weaning the pups at P21. There was no
significant difference between the growth rate before (PO to P21; n=3; mean + standard
error: 0.13 £ 0.00 g/day) and after the weaning (P22 to P43; n=3; 0.27 + 0.06 g/day, p=0.12)
in N-CKO mice. Moreover, there was no significant difference in the survival ratios among
the four genotypes (p=0.8; Figure 2C).

To examine whether litter culling during the lactation period is enough to increase the
survival ratio of the N-CKO mice, pups from other litters were genotyped during the early
lactation period, and extra CT littermates were removed after P9. Wet food was put on the
floor to support the nutrition of the pups. Consistent with the above observations, there was a
trend, but no significant difference in body weight at PO [N-CKO mice (n=13), Nestin-cre+/
— Dyt1 loxP+I- (n=8), Dyt1 loxP-IA (n=7), and DytI loxP+/- (n=11) from five litters;
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p=0.052; Figure 2D]. Extra CT littermates were removed from P9 to P47 to improve the
survival of the N-CKO mice. The N-CKO mice presented as significantly underweight from
P2 (p=0.0004; Figure 2D) to P90 (p=0.0009; Figure 2E). There was a significant increase of
the growth rate after the weaning (PO to P21; n=10; mean =+ standard error: 0.11 + 0.01 g/day
vs P22 to P43; n=9; 0.40 + 0.02 g/day; p=3.7x10~"), suggesting that lower body weight in
the N-CKO mice during the lactation period was more acute, although low body weight
continued into adulthood. Moreover, there was a significant difference in the survival ratios
among the four genotypes (o = 0.014; Figure 2F).

The body weights described above were further compared between the two batches of N-
CKO mice from PO to P10 (Figure 2G). Although there were significant differences in the
body weights between these batches at P6 (p=0.036) and P7 (p=0.022), there was no
significant difference at other ages (£>0.05). Moreover, the growth curves between the two
batches of N-CKO mice after P10 showed no significant difference (£>0.05; Figure 2H).
The results suggest that low body weight during the examined period was not influenced by
the timing of the culling.

In addition to the survival ratios between the N-CKO mice and CT mice shown in Figure 2C
and 2F, the actual numbers of N-CKO mice in both batches are plotted in Figure 21. Two out
of four N-CKO mice (50%) in the first batch with culling at PO survived during the observed
period up to P74, which is in contrast to the complete lethality by P16 in the previously
reported N-CKO mice (n=25) [38]. Since two N-CKO mice were removed from monitoring
at P11, the percentage of survived mice was calculated without them. The survival ratio of
N-CKO mice was significantly improved compared to the prior reported case (£=0.015).
Moreover, nine out of thirteen N-CKO mice (69%) in the second batch, with culling
occurring later, survived during the observed period up to P90 in contrast to the lethality
previously reported in N-CKO mice (n=25) [38]. The survival ratio of N-CKO mice was also
significantly improved compared to the prior reported case (p=4.4 x 1075). Overall, eleven
out of seventeen N-CKO mice (65%) in the two batches with culling survived during the
observed periods. Since all N-CKO mice without culling are supposed to die before weaning
as shown in 3.2, the survival ratio of the N-CKO mice with culling in this study can be
estimated to be significantly improved (£=8.7 x 1075). The results suggest that the
improvement of nutrition and nursing during the lactation period increased the survival ratio
of the N-CKO mice.

3.4. Overt “dystonic” symptoms during the lactation period in N-CKO mice with culling

The overt “dystonic” symptoms were also observed in all examined N-CKO mice with the
culling of littermates at PO in the first batch shown in Figure 2A—-C [Supplemental movies
were taken at P10; 1: CT (Dyt1 loxP-/A) mouse; 2: N-CKO mouse from a batch with culling
at PO]. Moreover, the overt “dystonic” symptoms were observed in all examined N-CKO
mice with culling occurring later as shown in Figure 2D-F. The overt “dystonic” symptoms
were not observed in the surviving adult N-CKO mice in both batches. The numbers of
obvious dystonic mice between the N-CKO and CT mice were compared in both infantile
(P10) and adult (P60) ages for each batch. In the first batch with culling at PO, all N-CKO
mice (n=5) showed overt dystonic symptoms, and no CT mice (n=23) showed overt dystonic
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symptoms at P10. The appearance of overt dystonic symptoms was significantly high in N-
CKO mice (p=1.0 x 107°). On the other hand, no N-CKO (n=2) and CT (n=16) mice showed
overt dystonic symptoms at P60 (p=1). In the second batch with culling later, all N-CKO
mice (n=13) showed overt dystonic symptoms, and no CT mice (n=24) showed overt
dystonic symptoms at P10. The appearance of overt dystonic symptoms was significantly
high in N-CKO mice (p=2.8 x 10719), Significantly, no N-CKO (n=9) and CT (n=9) mice
showed overt dystonic symptoms at P60 (p=1). These results suggest the appearance of overt
“dystonic” symptoms during the lactation period only in N-CKO mice, regardless of culling
at PO or later, and significant improvement of overt dystonic symptoms in the surviving adult
N-CKO mice in both batches.

3.5. No evident changes of neurodegeneration or apoptosis in N-CKO mouse brains with

culling

Brains from CT (n=3) and N-CKO (n=3) mice with culling at PO were stained at P10 with a
GFAP antibody to examine the distribution of astrocytes in the six sensorimotor regions, the
hippocampus, and the cerebellum (Figure 3). There was no significant difference between
N-CKO mice and CT mice in the appearance of the GFAP-positive cells in each brain
region, /.e., cerebral cortex (median level: CT: 1, N-CKO: 2; p=0.62; Figure 3A, B),
thalamus (CT: 1, N-CKO: 1; p=0.30; Figure 3C, D), GP (CT: 2, N-CKO: 2; p=0.81: Figure
3E, F), DCN (CT: 2, N-CKO: 2; p=1: Figure 3G, H), RN (CT: 1, N-CKO: 1; p=0.30; Figure
31, J), and 7N (CT: 2, N-CKO: 3, p=0.19; Figure 3K, L). GFAP-positive cells in the
hippocampus and cerebellum were also observed in both CT and N-CKO mice (Figure 3M—
P). Overall, there was no obvious difference between CT and N-CKO mice in the
appearance of GFAP-positive cells in any of the brain regions examined, in contrast with the
previous report [38]. The present results are consistent with another report showing a broad
distribution of GFAP-expressing cells in the mouse brain [43] and multiple previous studies
showing astrogenesis during the lactation period [44]. The results also suggest that the
detected astrocytes in both genotypes were generated as part of the normal brain
developmental process.

Brain sections from the same set of mice with culling at PO were also stained with CC3
antibody to examine whether N-CKO mice exhibit increased apoptosis. However, very few
CC3-positive cells were detected in both genotypes (Figure 4). There was no significant
difference between N-CKO and CT mice in the appearance of CC3-positive cells in each
brain region, 7.e., cerebral cortex (median level: CT: 0, N-CKO: 0; p=0.51; Figure 4A, B),
thalamus and GP (CT: 0, N-CKO: 0; /=NA: no positive cell in both genotypes; Figure 4C-
F), DCN (CT: 1, N-CKO: 0; p=0.20; Figure 4G, H), RN (CT: 0, N-CKO: 0; p=0.51, Figure
41, J), and 7N (CT: 1, N-CKO: 1; p=0.68; Figure 4K, L). The representative
immunohistochemical images with anti-CC3 antibody in the hippocampus and cerebellum
are also shown (Figure 4M-P). Contrary to the previous report [38], the results suggest that
N-CKO mice with culling at PO did not show increased apoptosis at P10.
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3.6. No significant changes of neurodegeneration or apoptosis in N-CKO mouse brains
without culling

Another batch of N-CKO and CT mice without culling was prepared by the same breeding
scheme and fed only by their mother without special treatments such as culling or putting
additional wet food on the floor. N-CKO mice without culling showed small body size,
abnormal movements, and died during eary infant age. The body weights of survifing N-
CKO and CT mice from a litter without culling were measured at P10. The N-CKO mice
were significantly lighter than CT mice (mean £ SE; CT: n=5, 7.02 + 0.19 g; N-CKO: n=2,
2.55 +0.10 g; p=0.00034).

Distributions of astrocytes and apoptotic cells in the corresponding brain regions were
examined at P10 between N-CKO and CT mice from the litter without culling. The brains
were stained with GFAP antibody, and the six sensorimotor regions, the hippocampus and
the cerebellum were examined (Figure 5). GFAP-positive cells were detected in these
multiple brain regions regardless of the genotype. There was no significant difference
between N-CKO mice and CT mice in the appearance of the GFAP-positive cells in each
brain region, /.e., cerebral cortex (median level: CT: 3, N-CKO: 2.5; p=1; Figure 5A, B), GP
(CT: 2, N-CKO: 2.5; p=0.62: Figure 5E, F), DCN (CT: 2, N-CKO: 1.5; p=0.21: Figure 5G,
H), RN (CT: 2, N-CKO: 2; p=0.46; Figure 5I, J), and 7N (CT: 2, N-CKO: 2, p=NA because
all compared data were same; Figure 5K, L). On the other hand, there was a trend of
increased GFAP in the thalamus of N-CKO mice, but it was not statistically significant (CT:
1, N-CKO: 3; p=0.052; Figure 5C, D). GFAP-positive cells in the hippocampus and
cerebellum were also observed in both CT and N-CKO mice (Figure 5M-P). Overall, there
was no significant difference between CT and N-CKO mice in the appearance of GFAP-
positive cells in the most of the examined brain regions, in contrast with the previous report
[38]. The present results are mostly consistent with the CT and N-CKO mice with culling as
described above. The results suggest that the detected astrocytes in both genotypes were
generated as part of the normal brain developmental process.

Brain sections from the same set of mice without culling were also stained with CC3
antibody to examine whether N-CKO mice exhibit specific apoptosis or not. CC3-positive
cells were detected in both genotypes (Figure 6). There was no significant difference
between N-CKO and CT mice in the appearance of CC3-positive cells in each brain region,
1.e., cerebral cortex (median level: CT: 2, N-CKO: 2; p=0.46; Figure 6A, B), thalamus
(median level: CT: 1, N-CKO: 1.5; p=0.19; Figure 6C, D), GP (CT: 1, N-CKO: 1; p=0.46;
Figure 6E, F), DCN (CT: 2, N-CKO: 2; p=NA, Figure 6G, H), RN (CT: 2, N-CKO: 2;
P=NA; Figure 61, J), and 7N (CT: 1, N-CKO: 2; p=0.26; Figure 6K, L). The representative
immunohistochemical images with anti-CC3 antibody in the hippocampus and cerebellum
are also shown (Figure 6M-P). CC3-positive cells were detected in both genotypes at similar
levels. Contrary to the previous report [38], the results suggest that N-CKO mice did not
show significantly increased apoptosis at P10.

Finally, the detection of GFAP or CC3-positive cells were verified using the brain slices
treated without primary antibody (Appendix Fig. 1).
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Since both CT mice and N-CKO mice showed similar distributions of the GFAP and CC3-
positive cells in most of the examined brain regions at P10 regardless of culling or not, the
GFAP-positive cells in both mice were most likely the astrocytes generated by normal
astrogenesis during development, and not the glial scar of neurodegeneration. On the other
hand, a trend of increased GFAP was observed in the thalamus of N-CKO mice without
culling, but not in N-CKO mice with culling. The trend of increased GFAP may be related to
the starvation caused by the disadvantage of smaller N-CKO mice without culling in
competing against bigger CT mice because thiamine deficiency induces thalamic
neurodegeneration in mice [45]. Since N-CKO mice showed abnormal postures regardless
culling or not, the overt dystonic symptoms was likely not caused by neurodegeneration of
thalamus.

4. Discussion

Consistent with the previous N-CKO mouse line [38], the present N-CKO mice showed
lower body weight and infant lethality before weaning age. Moreover, the N-CKO mice with
culling and control mice in this study showed the same distribution of astrocytes as reported
in another line of N-CKO mice, suggesting that the detected astrocytes were most likely
generated by astrogenesis rather than glial scars generated by neurodegeneration.
Additionally, CC3-positive apoptotic cells were scarcely detected in both N-CKO mice with
culling and CT mice, suggesting no significant increase of apoptotic cells in N-CKO mice
with culling. Consistently, there was no significant difference in the distributions of
astrocytes and CC3-positive apoptotic cells between N-CKO and CT mice without culling at
P10. In this study, the N-CKO mice regardless of culling or not showed dystonic symptoms
without alterations of distributions of astrocytes and apoptotic cells in the brains, suggesting
that the dystonic symptoms were not directly related to prominent neurodegeneration. These
neurodegeneration-independent “dystonic” symptoms are consistent with clinical studies of
DYT1 dystonia in humans [46]. Finally, low body weight and overt “dystonic” symptoms,
such as overt leg extension, weak walking, twisted hindpaw and stiff hindlimb as reported in
another line of N-CKO mice [38], were reproduced in the present N-CKO mouse line during
the lactation period, regardless of culling at PO or later. These results suggest that these
phenotypes are related to the pan-neuronal and glial KO of Dyt1/Torlawith combination of
heterozygous KO in the whole body.

In contrast to the reported case [38], the present study N-CKO mice and CT mice showed
the same distribution of GFAP-positive cells in the corresponding brain regions at P10
regardless of culling or not. This suggests that the astrocytes detected in the N-CKO mice
were generated by astrogenesis during the developmental step [44, 47-52] rather than glial
scars generated by reactive astrogliosis after brain injury [39, 53] or neurodegeneration [54].
Since N-CKO mice showed overt dystonic symptoms and severe lack of weight gain without
significant increase of GFAP-expressing cells in the specific brain regions, the overt dystonic
symptoms and severe lack of weight gain in N-CKO mice were not accompanied by brain-
region-specific neurodegeneration, at least in the present study. Although both the reported
and the present N-CKO mice seem to have some malnutrition during the lactation period, it
is known that malnutrition does not affect astrogliosis in many cases. For example, GFAP
expression is not influenced by protein malnutrition during the developmental stage in rats

Behav Brain Res. Author manuscript; available in PMC 2021 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yokoi et al.

Page 12

[55]. Furthermore, protein malnutrition affects cerebellar development without alteration of
GFAP expression [56]. It should be noted that a subtle alteration of GFAP expression in the
suprachiasmatic nucleus was reported with malnutrition during rat brain development [57]
and neurodegeneration is induced by thiamine deficiency in mice [45]. Since the present N-
CKO mice regardless of culling or not showed the same distribution of GFAP-positive cells
observed in CT mice, malnutrition in these N-CKO mice seems mostly not to affect GFAP
expression in the brain except thalamus. Because thiamine deficiency induces thalamic
neurodegeneration in mice [45], the trend of increased GFAP may be related to the
starvation and thiamine deficiency caused by the disadvantage of smaller N-CKO mice
without culling in competing against bigger CT mice.

In contrast to the brain-region-specific increases of CC3-positive cells in the previously
reported N-CKO mice [38], the present study N-CKO mice regardless of culling or not did
not show brain-region-specific increases of CC3-positive cells. Therefore, overt dystonic
symptoms and severe lack of weight gain were not accompanied by the brain-region-specific
apoptosis, at least in the present N-CKO mice. The results suggest that the increased CC3-
positive cells in the N-CKO mice of the previous study may not directly relate to the overt
dystonic symptoms, but rather to the dying process.

Here, wet food was added on the floor to support nutrition for the pups which had difficulty
getting milk. Culling and putting wet food on the floor should improve nutrition for the
pups. In addition to nutrition, increased mother-offspring interaction also could have played
a role to rescue pups from complete lethality before weaning. The complete infantile
lethality in N-CKO mice seems to be attenuated by culling and providing wet food on the
cage floor, which suggests that the complete lethality may be an artefact caused by the
failure of the pups to get enough milk and nutrition, and inadequate nursing. The lethality in
N-CKO mice resembles Dyt KO mice, which have no milk in their stomachs and die on the
day of birth [24]. Significant loss of torsinA seems to lead to malnutrition because of the
pups’ inability to latch and suckle milk from the mother. After weaning, the N-CKO mice
with culling significantly gained weight accompanied by the disappearance of the overt
“dystonic” symptoms, suggesting that these symptoms before weaning were likely affected
by malnutrition and poor-nursing during the lactation period, which does not commonly
occur in DYT1 dystonia patients. Taken together, the results support neither the N-CKO
mice as an appropriate model nor neurodegeneration as the pathogenesis of DY T1 dystonia.

5. Conclusion

Although torsinA hypofunction mice exhibited severe lack of weight gain and overt
“dystonic” symptoms without obvious neurodegeneration, these symptoms were improved
by nutrition and nursing. Since obvious neurodegeneration was not detected, the results
suggest that the overt dystonic symptoms observed in the N-CKO mice were most likely not
caused by neurodegeneration.
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Refer to Web version on PubMed Central for supplementary material.
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one allele and DIx5/6-Cre-mediated conditional knock-out
in the other

cholinergic cell-specific Dyt1 conditional knock-out mice
cerebral cortex-specific DytI conditional knock-out mice

dopamine receptor 2-expressing-cell-specific Dyt1
conditional knock-out mice
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HIGHLIGHTS
Culling during the lactation improved the survival of the underweight N-CKO mice.
Surviving adult N-CKO mice did not show overt “dystonic” symptoms.
N-CKO mice with culling showed normal distributions of astrocytes & apoptotic cells.
Neurodegeneration likely is not involved in the pathogenesis of DYT1 dystonia.

N-CKO mouse is not an appropriate model of DYT1 dystonia.
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Figure 1.
(A) Breeding scheme to generate N-CKO mice. Nestin-cre (N-cré) +/—- Dyt +/A male mice

were crossed with Dyt loxP—/- female mice to generate N-cre +/- Dyt1 loxP—IA (N-
CKO), N-cre+/- Dyt1 loxP +/-, Dyt1 loxP—-IA, and Dyt1 JoxP +/- mice. Notations; Dyt +
and Dyt1 JoxP +: wild-type of Dyt1 (Torla) allele; Dyt loxP-: floxed Dyt1 allele, before
conditionally knocked-out; DytI A: constitutive knock-out of Dyt1 allele (instead of AGAG).
(B) PCR-based tail DNA genotyping of Nestin-cre, Dyt1 A, Dyt1 loxP- and DytI + loci.
Lane 1: Nestin-cre +/- Dyt1 loxP +/-; lanes 2, 3, 6: Dyt1 loxP+/-; lanes 4, 5: Nestin-cre +/
— Dyt1 loxP—-IA (N-CKO); lane 7: Dyt1 foxP —IA. (C) Western blot analysis of torsinA and
calnexin in the brain (Br), spinal cord (Sc), heart (Ht) and liver (Lv) from CT (DytZ loxP +/
-) and N-CKO mice at PO. (D) Quantification of the western blot data. The torsinA level in
each sample was standardized with calnexin level and normalized to that in CT mice. Means
+ standard errors are shown. *p< 0.05, **p < 0.01.
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Figure 2.
(A-C). N-CKO and CT littermate mice with culling at PO. (A) Neonatal growth curve. Body

weight of each genotype mice was plotted. (B) Growth curve for 74 days. (C) Survival ratio
of the first batch shown in A and B. (D-F). Mice culled after P9. (D) Neonatal growth curve.
Body weight of each genotype was plotted. (E) Growth curve for 90 days. (F) Survival ratio
of the second batch. CT mice contain three control genotypes, i.e. N-cre +/- Dyt1 loxP +/-,
Dyt1 loxP+/-, and Dyt1 loxP —IA mice, shown in D and E. (G-1) Comparison of N-CKO
mice between the first batch with culling at PO (red) and the second batch with culling later
(after P9; black). (G) Comparison of the neonatal growth curves between the first batch (red)
and the second batch (black). (H) Comparison of the growth curves between the first batch
(red) and the second batch (black) for 74 days. (1) The numbers of N-CKO mice in the first
batch (red) and the second batch (black). Means * standard errors are shown in A, B, D, E,
G, H. *p<0.05, **p< 0.01, ***p< 0.001.
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Figure 3.
Representative images of the GFAP-positive cells in CT and N-CKO mice with culling. (A)

CT, the cerebral cortex. (B) N-CKO, the cerebral cortex. (C) CT, thalamus. (D) N-CKO,
thalamus. (E) CT, globus pallidus (GP). (F) N-CKO, GP. (G) CT, deep cerebellar nuclei
(DCN). (H) N-CKO, DCN. (I) CT, red nucleus (RN). (J) N-CKO, RN. (K) CT, facial nerve
nucleus (7N). (L) N-CKO, 7N. (M) CT, hippocampus. (N) N-CKO, the hippocampus. (O)
CT, cerebellum. (P) N-CKO, cerebellum. WT mouse is shown as a representative CT. The
images were taken with 10x objective lens. The scale bars indicate 250 um.
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Figure 4.
Representative images of the CC3-positive cells in CT and N-CKO mice with culling. (A)

CT, the cerebral cortex. (B) N-CKO, the cerebral cortex. (C) CT, thalamus. (D) N-CKO,
thalamus. (E) CT, globus pallidus (GP). (F) N-CKO, GP. (G) CT, deep cerebellar nuclei
(DCN). (H) N-CKO, DCN. (I) CT, red nucleus (RN). (J) N-CKO, RN. (K) CT, facial nerve
nucleus (7N). (L) N-CKO, 7N. (M) CT, hippocampus. (N) N-CKO, hippocampus. (O) CT,
cerebellum. (P) N-CKO, cerebellum. WT mouse is shown as a representative CT. The
images were taken with 10x objective lens. The scale bars indicate 250 um.
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Figure 5.
Representative images of the GFAP-positive cells in CT and N-CKO mice without culling.

(A) CT, the cerebral cortex. (B) N-CKO, the cerebral cortex. (C) CT, thalamus. (D) N-CKO,
thalamus. (E) CT, globus pallidus (GP). (F) N-CKO, GP. (G) CT, deep cerebellar nuclei
(DCN). (H) N-CKO, DCN. (I) CT, red nucleus (RN). (J) N-CKO, RN. (K) CT, facial nerve
nucleus (7N). (L) N-CKO, 7N. (M) CT, hippocampus. (N) N-CKO, the hippocampus. (O)
CT, cerebellum. (P) N-CKO, cerebellum. Dy foxP+/- mouse is shown as a representative
CT. The images were taken with 10x objective lens. The scale bars indicate 250 um.

Behav Brain Res. Author manuscript; available in PMC 2021 March 02.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Yokoi et al.

Page 24

Figure 6.
Representative images of the CC3-positive cells in CT and N-CKO mice without culling.

(A) CT, the cerebral cortex. (B) N-CKO, the cerebral cortex. (C) CT, thalamus. (D) N-CKO,
thalamus. (E) CT, globus pallidus (GP). (F) N-CKO, GP. (G) CT, deep cerebellar nuclei
(DCN). (H) N-CKO, DCN. (1) CT, red nucleus (RN). (J) N-CKO, RN. (K) CT, facial nerve
nucleus (7N). (L) N-CKO, 7N. (M) CT, hippocampus. (N) N-CKO, hippocampus. (O) CT,
cerebellum. (P) N-CKO, cerebellum. Dyt1 JoxP+/- mouse is shown as a representative CT.
The images were taken with 10x objective lens. The scale bars indicate 250 um.
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