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Arginine vasopressin neuronal loss results from
autophagy-associated cell death in a mouse model
for familial neurohypophysial diabetes insipidus

OPEN

D Hagiwara', H Arima*, Y Morishita', L Wenjun', Y Azuma', Y Ito', H Suga', M Goto', R Banno', Y Sugimura', A Shiota’,
N Asai’, M Takahashi® and Y Oiso'

Familial neurohypophysial diabetes insipidus (FNDI) characterized by progressive polyuria is mostly caused by mutations in the
gene encoding neurophysin Il (NPII), which is the carrier protein of the antidiuretic hormone, arginine vasopressin (AVP).
Although accumulation of mutant NPIl in the endoplasmic reticulum (ER) could be toxic for AVP neurons, the precise
mechanisms of cell death of AVP neurons, reported in autopsy studies, remain unclear. Here, we subjected FNDI model mice to
intermittent water deprivation (WD) in order to promote the phenotypes. Electron microscopic analyses demonstrated that, while
aggregates are confined to a certain compartment of the ER in the AVP neurons of FNDI mice with water access ad libitum, they
were scattered throughout the dilated ER lumen in the FNDI mice subjected to WD for 4 weeks. It is also demonstrated that
phagophores, the autophagosome precursors, emerged in the vicinity of aggregates and engulfed the ER containing scattered
aggregates. Immunohistochemical analyses revealed that expression of p62, an adapter protein between ubiquitin and
autophagosome, was elicited on autophagosomal membranes in the AVP neurons, suggesting selective autophagy induction at
this time point. Treatment of hypothalamic explants of green fluorescent protein (GFP)-microtubule-associated protein 1 light
chain 3 (LC3) transgenic mice with an ER stressor thapsigargin increased the number of GFP-LC3 puncta, suggesting that ER
stress could induce autophagosome formation in the hypothalamus of wild-type mice as well. The cytoplasm of AVP neurons in
FNDI mice was occupied with vacuoles in the mice subjected to WD for 12 weeks, when 30-40% of AVP neurons are lost. Our data
thus demonstrated that autophagy was induced in the AVP neurons subjected to ER stress in FNDI mice. Although autophagy
should primarily be protective for neurons, it is suggested that the organelles including ER were lost over time through
autophagy, leading to autophagy-associated cell death of AVP neurons.
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Arginine vasopressin (AVP), an antidiuretic hormone, is
synthesized in the magnocellular neurons in the supraoptic
nucleus (SON) and paraventricular nucleus of the hypotha-
lamus.' The AVP gene encodes the signal peptide, AVP,
neurophysin Il (NPII), which is the carrier protein of AVP, and
glycoprotein. The AVP precursor (preproAVP) is converted to
proAVP by the removal of the signal peptide within the
endoplasmic reticulum (ER), followed by proAVP folding.
AVP, NPII and glycoprotein are cleaved from proAVP in the
vesicle and are transported to the posterior pituitary, from
where AVP is released into the systemic circulation.?
Familial neurohypophysial diabetes insipidus (FNDI) is an
autosomal dominant disorder caused by mutations in the AVP
gene locus, mostly in the NPIl-coding region, and patients with
FNDI manifest progressive polyuria several months or years
after birth.® There are several lines of evidence to suggest that

the mutant AVP precursors are trapped in the ER,*® and our
previous studies demonstrated that inclusion bodies were
formed in the lumen of ER in a FNDI mouse model.”® The
accumulation of aggregates in the ER would finally lead to
cellular loss of AVP neurons, as previous autopsy studies
reported AVP neuronal loss in the hypothalamus of patients
with FNDI.®>"" However, the mechanisms by which AVP
neurons are lost remain to be clarified.

Although ER stress, which could be caused by the
accumulation of misfolded proteins in the ER, has
been implicated in many diseases,'? there are only limited
numbers of animal models for diseases, such as «4-antitrypsin
deficiency,'® familial encephalopathy with neuroserpin inclu-
sion body,'* neonatal diabetes mellitus'® and FNDI, in which
aggregate accumulation in the ER lumen is visible. These
animal models would therefore be useful to study how the ER
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stress is related to cellular dysfunction and finally causes cell
death. However, life spans of animals could be a barrier to
study the cell death in vivo. This is also the case with the FNDI
mouse model: while the FNDI mice recapitulated the
phenotype of patients with FNDI by showing progressive
polyuria because of deficiency of AVP, the AVP neuronal loss
is minimal, if any, even at the age of 12 months.” In order to
explore the mechanisms of cell death in vivo, it would be also
important to synchronize neurons toward cell death: to
analyze the mechanisms of cell death would be difficult if
cells are lost gradually over time.

In this study, we subjected the FNDI mice to intermittent
water deprivation (WD), in order to promote the accumulation
of mutant AVP precursors and possibly accelerate the
phenotypes, and examined the process and mechanisms of
AVP neuronal loss under ER stress in FNDI mice.

Results

The phenotype of FNDI mice is accelerated under
WD. There were no significant differences in urine volumes
between ad libitum and WD groups in wild-type (WT) mice
(Figure 1a). On the other hand, urine volumes were
significantly increased in the WD group compared with the
ad libitum group in FNDI mice at 5-12 weeks after starting WD
(Figure 1a). Urine AVP in the WD group was significantly
increased compared with the ad libitum group in WT mice at
12-week (Figure 1b), a possible response to chronic dehydra-
tion. In contrast, urine AVP in the WD group was significantly
decreased than that in the ad libitum group in FNDI mice at
12-week (Figure 1c). Thus, WD accelerated the phenotype of
polyuria because of AVP deficiency in the FNDI mice.

Aggregates confined to a certain compartment of the ER
in AVP neurons of FNDI mice are scattered throughout
the dilated ER under WD. Although round inclusion bodies
were observed in AVP neurons of the SON in both ad libitum
and WD groups in 3-month-old FNDI mice, the sizes were
smaller in the mice subjected to WD for 4 weeks (Figure 2a).
The number of inclusion bodies with a diameter >4.5 um, the
mean size of inclusion bodies in the ad libitum group, was
also decreased in the FNDI mice subjected to WD
(Figure 2b), suggesting that the inclusion body formation is
hampered under WD. Electron microscopic analyses showed
massive and round-shaped electron-dense aggregates in the
AVP neurons in FNDI mice with water access ad libitum
(Figure 3a), as reported previously,” while the lumen of the
ER adjacent to the massive aggregates was preserved intact
(Figure 3b). There were also irregular-shaped aggregates
confined to some compartments of the ER (Figure 3c), which
communicate with intact ER lumen (Figure 3d, arrowheads).
These observations suggest that aggregates are confined to
a certain compartment of the ER in the AVP neurons of FNDI
mice with water access ad libitum. In contrast, smaller-sized
aggregates were scattered throughout the dilated ER lumen
in AVP neurons in the FNDI mice subjected to WD for 4
weeks (Figures 3e and f). It is also demonstrated that
phagophores, the autophagosome precursors, emerged in
the vicinity of aggregates and engulfed the ER containing
scattered aggregates (Figures 3g and h).
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Confined aggregate formation alleviates ER stress in
AVP neurons of FNDI mice. Despite the presence of
massive aggregates formed in a sub-compartment of the
ER Ilumen of AVP neurons in FNDI mice, there was no
significant difference in the expression levels of immunoglo-
bulin heavy chain binding protein (BiP) mRNA between FNDI
and WT mice with water access ad libitum (Supplementary
Figure S1a). On the other hand, the expression levels of BiP
mRNA were significantly increased in FNDI mice compared
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Figure 1  Changes in urine volume and AVP. (a) Urine volumes in WT (dashed
line) and FNDI mice (solid line) with water access ad libitum (ad lib, open circles) or
subjected to WD (closed circles). (b and ¢) Urine AVP in ad liband WD groups in WT
(b) and FNDI mice (c). Results are expressed as means+ S.E. *P<0.05,
**P<0.01 compared with ad ib group at each corresponding time point. n=5-6
animals per group. % BW, percent body weight
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Figure 2 Effects of WD on inclusion body formation in AVP neurons of FNDI
mice. (a) Toluidine blue staining of the SON in 3-month-old FNDI mice with water
access ad libitum (ad lib) or WD for 4 weeks (WD4). (b) The number of inclusion
bodies with a diameter >4.5 um in the SON. The data of 3-month-old FNDI mice
with water access ad libitum (ad lib) and of those subjected to WD for 1, 2, and 4
weeks (WD1, 2, 4) are shown. Results are expressed as means * S.E. **P<0.01
compared with ad lib group. n=>5-7 animals per group. Scale bars, 10 um



Figure 3 Electron microscopic analysis in AVP neurons of 3-month-old FNDI
mice. AVP neurons of the SON in 3-month-old FNDI mice with water access ad
libitum (a—d) and of those subjected to WD for 4 weeks (e-h). Higher magnification
images of boxed areas in (a, ¢, e and g) are shown in (b, d, f and h), respectively.
The arrowheads in (d) indicate irregular-shaped aggregates confined to some
compartments of the ER, which seem to communicate with intact ER lumen, and
those in (h) indicate phagophores engulfing the ER, which contains scattered
aggregates. Scale bars, 2 um (a, e and g), 1 um (c)

with those in WT mice subjected to WD for 4 weeks
(Supplementary Figures S1a and b).

Autophagy is induced while ubiquitinated proteins are
not accumulated in AVP neurons of FNDI mice under
WD. Although virtually no green fluorescent protein (GFP)
signals were detected in AVP neurons of the SON in FNDI/
GFP-microtubule-associated protein 1 light chain 3 (LC3)
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Figure 4 Autophagosome formation and p62 expression in AVP neurons of
FNDI/GFP-LC3 mice. (a) Immunofluorescence staining for GFP (green) and mutant
NPII (magenta) in the SON of 3-month-old FNDI/GFP-LC3 mice with water access
ad libitum (ad lib) and of those subjected to WD for 4 weeks (WD4). (b)
Immunofluorescence staining for p62 (magenta) and NPII (green) in the SON of
3-month-old FNDI mice in ad lib and WD4 groups. (¢) Immunofluorescence staining
for p62 (magenta) and GFP-LC3 (green) in the SON of 3-month-old FNDI/GFP-LC3
mice in WD4 group. Scale bars, 10 um (a and b), 5 um (c)

mice with water access ad libitum, GFP signals were elicited
in the AVP neurons in the mice subjected to WD for 4 weeks
(Figure 4a). p62/sequestosome-1 is an adapter protein that
binds to LC3 and ubiquitin, and is therefore thought to be a
receptor for ubiquitinated cargos to deliver to the autophago-
somes in selective autophagy.'® Immunofluorescence
images revealed that p62 expression was elicited in AVP
neurons of the SON in FNDI mice subjected to WD for 4
weeks (Figure 4b). Furthermore, the majority of enhanced
fluorescence signals of p62 were colocalized with GFP
signals in FNDI/GFP-LC3 mice subjected to WD for 4 weeks
(Figure 4c). On the other hand, GFP signals were barely
detected in AVP neurons of FNDI/Ub®7®V-GFP mice with
water access ad libitum or subjected to WD (Supplementary
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Figure 5 Autophagosome formation and p62 expression under ER stress in
mouse hypothalamic slice explants. (a) Immunofluorescence staining for GFP in
hypothalamic slice explants of GFP-LC3 transgenic mice cultured with vehicle
(control) and 1 uM thapsigargin for 24 h. (b) The number of GFP-LC3 puncta per
cell. GFP-LC3 puncta in 60-70 cells were counted in each group in a series of
equally acquired images. (¢) Quantitative real-time RT-PCR analysis for p62 mRNA
in hypothalamic slice explants of WT mice cultured with vehicle (veh) and 1 M
thapsigargin for 6, 12 and 24 h. (d) Immunoblot analysis of protein lysates from
hypothalamic slice explants of WT mice immunolabeled for p62. Explants were
incubated with vehicle (veh) and 1 M thapsigargin for 6, 12 and 24 h. Results are
expressed as means + S.E. *P<0.05, ***P<0.001 compared with vehicle-treated
explants. Scale bars, 10 um

Figure S2a), while they were elicited in hypothalamic slice
explants of Ub®"®V-GFP transgenic mice treated with a
proteasome inhibitor MG-132 (Supplementary Figure S2b).
These data suggest that ubiquitinated proteins were not
accumulated in the AVP neurons in FNDI mice.

ER stress induces autophagosome formation in mouse
hypothalamic slice explants. The findings in electron
microscopic analyses and FNDI/GFP-LC3 mice suggest that
ER stress induced autophagy in the AVP neurons of the SON
in FNDI mice subjected to WD. To determine whether or not
this is a phenomenon only seen in the AVP neurons in FNDI
mice, we treated hypothalamic explants of GFP-LC3
transgenic mice with an ER stressor thapsigargin. Immuno-
fluorescence staining revealed that the number of GFP-LC3
puncta was increased in explants exposed to thapsigargin
(Figures 5a and b). In addition, p62 expression was
increased at both mRNA and protein levels in the hypotha-
lamic explants treated with thapsigargin (Figures 5c and d).
These findings suggest that ER stress could lead to
autophagosome formation and increase p62 expression in
the hypothalamus of WT mice as well.

AVP neuronal loss is promoted under WD in FNDI
mice. The number of AVP neurons in the SON of 5-month-
old FNDI mice subjected to WD for 12 weeks was decreased
30-40% compared with that of the FNDI mice with water
access ad libitum (Figures 6a—f). On the other hand, the AVP
heteronuclear RNA (hnRNA) grains per cell in 5-month-old
FNDI mice subjected to WD for 12 weeks were significantly
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increased compared with those in the FNDI mice with water
access ad libitum (Figures 6g-i), suggesting that the
transcriptional activities in the residual AVP neurons were
preserved even at this stage when AVP neurons are dying.
Terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling (TUNEL) assay in the
SON in 5-month-old FNDI mice subjected to WD for 12
weeks was negative (data not shown).

AVP neuronal loss is associated with autophagy in FNDI
mice. Electron microscopic analyses in 5-month-old FNDI
mice with water access ad libitum showed massive and
round-shaped aggregates, as seen in 3-month-old FNDI
mice with water access ad libitum (Figure 7a). However, the
lumen of ER was dilated throughout the cells at this age
(Figure 7b). There were also scattered aggregates in dilated
ER lumen (Figures 7c and d), a finding similar to that seen in
the AVP neurons of 3-month-old FNDI mice subjected to
WD. In FNDI mice subjected to WD for 12 weeks, there were
vacuoles in the cytoplasm while the nuclear structure was
relatively preserved (Figures 7e and f). In some cells, huge
vacuoles with aggregates inside were observed (Figures 79
and h).

Discussion

In this study, we promoted the phenotypes of FNDI mice by
subjecting them to intermittent WD, and succeeded in making
an animal model to analyze how ER stress leads to cell death
in mice.

Electron microscopic analyses in this study clearly demon-
strated that, while there were massive aggregates in a sub-
compartment of ER lumen of AVP neurons in the FNDI mice
with water access ad libitum, there was intact ER lumen
adjacent to the aggregates. Certain misfolded secretory or
transmembrane proteins (destined to be degraded) are
reportedly segregated into specialized sub-compartments of
ER in yeast'” or cell lines.'®2" Such structures have
been called Russell body,'® quality control compartment,’®
ER-derived protective organelle®' or ER-associated compart-
ment'” (hereafter, referred to as ERAC). It is shown that
ERAC formation does not perturb processing of normal
secretory and transmembrane proteins nor induce unfolded
protein response in yeast expressing a mutant Ste6p, a
multispanning membrane protein,'” or in hepatoma cell lines
expressing a mutant o4-antitrypsin.2® Consistent with these
previous studies, our data demonstrated that, in spite of the
presence of massive aggregates in the ER of AVP neurons in
FNDI mice, the expression levels of BiP mRNA were similar
between FNDI and WT mice with water access ad libitum,
suggesting that ERAC formation alleviates ER stress possibly
caused by the accumulation of mutant proteins in AVP
neurons in FNDI mice. Our data also demonstrated that
aggregates were scattered throughout the dilated ER lumen in
AVP neurons in the 3-month-old FNDI mice subjected to WD.
As similar findings were found in 5-month-old (in this study)
and 12-month-old FNDI mice with water access ad libitum,” it
is suggested that such phenomena could occur over time
even in FNDI mice with water access ad libitum. Failure to
confine aggregates to a sub-compartment of ER lumen
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Figure 6 AVP neuronal loss in FNDI mice subjected to WD. (a and b) Immunohistochemistry for NPl in the SON of 5-month-old FNDI mice with water access ad libitum
(ad lib) and of those subjected to WD for 12 weeks (WD12). (c) The number of NPIl-expressing cells in the SON counted with immunohistochemistry. (d and e) In situ
hybridization for AVP hnRNA in the SON of 5-month-old FNDI mice in ad liband WD12 groups. (f) The number of AVP hnRNA-expressing cells in the SON counted with in situ
hybridization. (g and h) Higher magnification images of boxed areas in (d and e), respectively. (i) The numbers of AVP hnRNA grains per cell are shown. Results are
expressed as means  S.E. “P<0.05, ***P<0.001 compared with ad lib group. n=5-8 animals per group. Scale bars, 100 xm (a and b), 50 um (d and e), 20 um (g and h)

resulted in increases in ER stress as demonstrated by
increases in BiP mRNA expression in FNDI mice compared
with WT mice subjected to WD.

Possible involvement of autophagy in the pathogenesis of
FNDI has been suggested in previous studies both in vitro®>2*
and in vivo.2®2® In this study, we clearly demonstrated that
autophagy is induced when ERAC failed to form, thereby
resulting in increased ER stress. The hypothesis that ER
stress per se triggered autophagy in AVP neurons in vivo was
supported by the findings that an ER stressor induced
autophagy in hypothalamic organotypic cultures in GFP-LC3
transgenic and WT mice. It is also of note that the targets of
autophagy include the ER of AVP neurons in FNDI mice. It is
reported that ER stress induced autophagy in yeast®” and
mammalian cell lines.?® Furthermore, autophagy targeting for
ER, called ER-phagy, is also shown to be induced in yeast by
ER stressors®® and in mammalian cell lines expressing
mutant o4-antitrypsin.®®3! However, this is the first report
showing ER-phagy was induced in the neurons in vivo, to the
best of our knowledge.

In general, aberrant or misfolded proteins in the ER are
degraded by the ER-associated degradation, in which
substrates are retrotranslocated to the cytoplasm and
degraded by the ubiquitin—proteasome system (UPS).%2 On
the other hand, it is also suggested that ubiquitinated proteins
are degraded via autophagic machinery as well, which is
called selective autophagy.®® Crosstalk between UPS and
autophagy is provided by autophagic adapter proteins such as
p62, which bind ubiquitin and autophagosome membrane
LCS. It is known that p62 accumulation could be induced by

inhibition of proteasome®*®° or autophagy.®® However, the

experiments using FNDI/UbS"®V-GFP mice in this study
demonstrated that the proteasomal degradation is intact in
the AVP neurons in FNDI mice. Furthermore, p62 was
upregulated at mRNA levels by an ER stressor in hypotha-
lamic explants of WT mice, and autophagy in the AVP neurons
seemingly continued in the FNDI mice subjected to WD for 12
weeks, as discussed below. Thus, it is suggested that p62
expression in the FNDI mice subjected to WD for 4 weeks was
transcriptionally upregulated by ER stress, as has been
reported in a previous study.*”

The intermittent WD for 12 weeks resulted in 30-40% AVP
neuronal loss in FNDI mice in this study. The types of cell
death are classified into three groups based on the morpho-
logy: apoptosis, necrosis and autophagic cell death.3®°
TUNEL assay in the SON was negative in these mice and
electron microscopic analyses revealed that the nuclear
structure was relatively preserved. Increases in AVP hnRNA
expression, an indicator of gene transcription, in FNDI mice
subjected to WD for 12 weeks also suggest that transcriptional
activity is relatively preserved even at this stage. Altogether, it
is unlikely that neuronal loss was induced by apoptosis.
Necrosis, characterized by a gain in cell volume, swelling of
organelles, plasma membrane rupture and subsequent loss of
intracellular contents,®® is also unlikely as there were no
findings to support it on morphology. On the other hand,
autophagic cell death is morphologically defined as the
absence of chromatin condensation with massive autophagic
vacuolization of the cytoplasm.*® The electron microscopic
analyses in this study showed that there were vacuoles in the
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Figure 7 Electron microscopic analysis in AVP neurons of 5-month-old FNDI
mice. AVP neurons of the SON in 5-month-old FNDI mice with water access ad
libitum (a-d) and of those subjected to WD for 12 weeks (e-h). Higher magnification
images of boxed areas in (a, ¢ and e) are shown in (b, d and f), respectively. Scale
bars, 2 um (a, e, g and h), 1 um (c)

cytoplasm with aggregates inside. As our data also showed
that autophagy was induced in AVP neurons in FNDI mice at
least 4 weeks after starting WD, it is suggested that the cell
death is associated with autophagy.

Although many studies showed that autophagy could cause
cell death in non-mammalian organisms and mammalian cell
lines,*" it has not been clear whether this type of cell death is
related to the pathogenesis of any disease in humans. ER-
phagy as well as selective autophagy shown in this study
should primarily be a protective and adaptive mechanism by
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Figure 8 Possible mechanisms of cell death of AVP neurons in FNDI mice.
Aggregates are confined to a sub-compartment of the ER, so-called ERAC, in AVP
neurons of the SON in FNDI mice. Failure of ERAC formation leads to autophagy.
When autophagy continues, the organelles including ER are lost over time, leading
to autophagy-associated cell death

which misfolded proteins are degraded in the AVP neurons in
FNDI mice. However, our data suggest that, if such autophagy
is induced excessively and continues over time in order to
cope with misfolded proteins, substantial amount of ER could
be lost. Under these conditions, it would be difficult to maintain
the ER homeostasis, and organelles other than ER would also
be damaged and degraded through autophagy. Indeed, our
data showed that the cytoplasm of some AVP neurons is
almost entirely occupied with vacuoles in FNDI mice of 5
months old, when 30-40% AVP neurons are lost. We
interpreted these data that AVP neurons are lost through
‘autophagy-associated cell death’,*® a term that is more
appropriate than ‘autophagic cell death’ because of the
original role of autophagy in the AVP neurons. Figure 8
illustrates the possible process and mechanisms of cell death
of AVP neurons in FNDI mice.

The Brattleboro rat, another animal model for inherited
neurohypophysial diabetes insipidus, carries a single-



nucleotide deletion in the NPII-coding sequence of the AVP
gene, which causes a frameshift mutation.*? The altered
downstream region lacks the translational stop codon, and
the mutant AVP precursor has a C-terminal polylysine stretch
because of continued translation into the mRNA poly (A) tail. In
contrast to FNDI mice, the trait in the Brattleboro rats is
recessive and only homozygous rats manifest the phenotype of
polyuria, without apparent loss of AVP neurons.*® Although the
mutant AVP precursor is not processed properly***® and
reportedly retained within the ER,*® aggregates are barely
detected in the ER of AVP neurons of Brattleboro rats.*”#®
Thus, whether or not aggregates are formed in the ER may
depend on conformational changes caused by mutant AVP
precursors.

In conclusion, our data suggest that ERAC is formed in the
AVP neurons of FNDI mice in order to maintain ER function or
cell viability, and that failure of the compartmentation could
lead to autophagy followed by autophagy-associated cell
death in the AVP neurons in FNDI mice.

Materials and Methods

Animals. FNDI mice that were heterozygous for mutant gene (Cys98stop) were
generated previously.” GFP-LC3 transgenic mice (strain GFP-LC3#53) carrying a
rat LC3-enhanced GFP fusion construct under control of the chicken p-actin
promoter with the cytomegalovirus immediate early enhancer®® were obtained
from the RIKEN BioResource Center (Tsukuba, Japan). Ub®"¢V-GFP transgenic
mice (strain B6.Cg-Tg(CAG-Ub*G76V/GFP)2Dant/J) harboring a mutant ubiquitin
moiety (Ub®7®)-GFP fusion construct under control of the chicken p-actin
promoter with the cytomegalovirus immediate early enhancer®® were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA). FNDI mice were mated with
GFP-LC3 or Ub®"®V-GFP transgenic mice to generate FNDI/GFP-LC3 or FNDI/
UbS7V-GFP mice. C57BL/6J mice were purchased from Chubu Science Materials
(Nagoya, Japan). Mice were maintained under controlled conditions
(23.0£0.5°C, lights on 0900 to 2100 hours), and male mice were used in the
experiments except for hypothalamic organotypic cultures, in which both male and
female pups were used. All procedures were approved by the Animal
Experimentation Committee of the Nagoya University Graduate School of
Medicine, and performed in accordance with the institutional guidelines for animal
care and use.

Water deprivation. Two-month-old male mice were divided into ad libitum
and WD groups. Mice in the ad libitum group had free access to water throughout
the experiments, whereas those in the WD group were subjected to intermittent
WD, which consists of repeated cycles of a continuous WD for 48 h followed by
recovery period for 5 days (with free access to water). The intermittent WD was
reported to accelerate the phenotype of FNDI model rats.>® Mice in the WD group
were decapitated immediately after the last 48-h WD.

Measurements of urine volume and AVP. Mice were housed in
metabolic cages, and the 24-h pooled urine was collected and measured on the
fourth and fifth day of each recovery period (with free access to water). Urine AVP
was measured using the Vasopressin RIA (Blihimann Laboratories, Schdnenbuch,
Switzerland). The mean values of urine volumes and AVP were shown in each
week.

Brain collection for immunohistochemistry and in situ hybridi-
zation. Mice were deeply anesthetized and transcardially perfused with a cold
fixative containing 4% paraformaldehyde (PFA) in PBS, pH 7.4. After fixation,
brains were removed and immersed in the same fixative for 2 h at 4 °C. The brains
were kept in PBS containing 10-20% sucrose at 4 °C for cryoprotection. They
were embedded in Tissue-Tek O.C.T. compound (Sakura Finetechnical, Tokyo,
Japan) and stored at — 80 °C until sectioning. Brains were cut into 16 um sections
on a cryostat at — 20 °C, thaw mounted on Superfrost Plus microscope slides
(Matsunami, Tokyo, Japan), and stored at —80°C until either immunohisto-
chemistry or in situ hybridization.
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Immunohistochemistry. The frozen sections were washed with PBS and
0.3% Triton X-100 in PBS, followed by blocking with a mixture of 5% normal goat
serum and 3% bovine serum albumin in PBS for 1 h at room temperature (RT). For
immunohistochemical studies, the sections were incubated with rabbit anti-mutant
NPII (Cys98stop) antibody, which was generated previously” ovemight at 4 °C.
Primary antibody was probed using biotinylated goat anti-rabbit IgG (H+L)
(1:200; BA-1000; Vector Laboratories, Burlingame, CA, USA) for 3h at RT. After
being washed, the sections were incubated with avidin-biotin complex solution
(1:100; Vectastatin ABC kit; Vector Laboratories) for 90 min at RT, and then
immersed in PBS containing 0.1% 3,3'-diaminobenzidine dihydrochloride (Sigma-
Aldrich, St. Louis, MO, USA). Antibody-binding sites were made visible by adding
0.004% hydrogen peroxide. For immunofluorescence staining, sections were
incubated with rabbit anti-mutant NPII (Cys98stop) antibody (1 : 1000), mouse anti-
normal NPII antibody (1 : 100; kindly provided by Dr. H Gainer, National Institutes
of Health, Bethesda, MD, USA), rabbit anti-p62 antibody (1:1000; PMO045;
Medical and Biological Laboratories, Nagoya, Japan) and mouse anti-GFP
antibody (1:1000; A11120; Invitrogen, San Diego, CA, USA) overnight at 4 °C.
The sections were then treated with Alexa Fluor 488-conjugated goat anti-mouse
IgG (H + L) highly cross-adsorbed (1:1000; A-11029; Invitrogen) and Alexa Fluor
568-conjugated goat anti-rabbit IgG (H+L) highly cross-adsorbed (1:1000;
A-11036; Invitrogen) for 1h at RT. Fluorescence images were acquired with a
laser-scanning confocal microscope (LSM 5 Pascal; Carl Zeiss, Oberkochen,
Germany) or a fluorescence microscope (BZ-9000; Keyence, Osaka, Japan) and
processed using Adobe Photoshop CS5 (Adobe Systems, San Jose, CA, USA).
TUNEL assay was performed using Apoptosis in situ Detection Kit (Wako Pure
Chemical Industries Ltd, Osaka, Japan) according to the manufacturer's
instructions.

In situ hybridization and quantification. The AVP intronic probe for
hnRNA was constructed from a 685-bp fragment containing bases 171-855 of the
mouse AVP intron 1 as described previously.® The BiP exonic probe was created
from a 922-bp fragment containing bases 852-1773 of the mouse BiP cDNA as
previously reported.>' Highly specific antisense probes of AVP hnRNA and BiP
mRNA were synthesized using 55uCi [®°SJUTP and 171uCi [®S|CTP
(PerkinElmer Life Sciences, Natick, MA, USA), the Riboprobe Combination
System (Promega, Madison, WI, USA), 15 units of RNasin, 1 g of linearized
template and 15 units of SP6 RNA polymerase. After 60 min of incubation at
42°C, the cDNA templates were digested with DNase for 10min at 37 °C.
Radiolabeled RNA products were purified using Quick Spin Columns for
radiolabeled RNA purification (Roche Diagnostics, Indianapolis, IN, USA),
precipitated with ethanol, and resuspended in 100 ul of 10mM Tris-HCI, pH
7.5, containing 20 mM dithiothreitol. Prehybridization, hybridization and posthy-
bridization procedures were performed as described previously.5' The sections
were exposed to Kodak BioMax MR film (Kodak, Rochester, NY, USA) for various
periods yielding appropriate signal intensities. The expression level of BiP mRNA
in the SON was quantified by measurements of the integrated optimal densities
(optic densities x area) of the film images using ImageJ software (version 1.44k;
http://rsbweb.nih.gov/ij/). The sections hybridized with AVP hnRNA probe were
dipped in Kodak Autoradiography Emulsion Type NTB (Kodak) and exposed for 3
weeks. To assist cellular localization of the hybridized signals, the emulsion-dipped
sections were counterstained with cresyl violet.

Electron microscopy. Mice were deeply anesthetized and then perfused
with 4% PFA in PBS. Brains were dissected and cut into 100 um sections on a
vibratome (VT1200 S; Leica, Wetzlar, Germany). The sections were fixed in a
mixture of 2% PFA and 2.5% glutaraldehyde in PBS overnight at 4 °C, followed by
postfixation with 2% osmium tetroxide for 20min at 4 °C. Each section was
dehydrated in a graded ethanol series, treated with propylene oxide and
embedded in epoxy resin (TAAB 812 Resin; TAAB Laboratories, Aldermaston,
UK). Resin was polymerized for 48h at 60 °C. After ultrathin sections (70 nm
thickness) including the SON were prepared with a diamond knife on an
ultramicrotome (Reichert Ultracut S; Leica), they were counterstained with uranyl
acetate and lead citrate, and analyzed with an electron microscope (JEM-1400EX;
JEOL, Tokyo, Japan).

Counting AVP neurons in the SON. The cells expressing mutant NPII in
immunohistochemistry and those expressing AVP hnRNA in in situ hybridization
were counted in the SON of FNDI mice. The best-matched slice at — 0.7 mm
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caudal from the bregma, according to the brain atlas,®* was chosen in each mouse
for the analysis. In in situ hybridization studies, any sections with grains of more
than threefold the background density were considered labeled.

Measurement of number and diameter of inclusion bodies. For
preparing semi-ultrathin sections (1 um thickness), epoxy resin-embedded
samples including the SON were cut with a diamond knife on an ultramicrotome.
The sections were mounted on glass slides and stained with toluidine blue. The
number and diameter of the inclusion bodies in the SON were measured using an
Olympus DP73 digital camera system and cellSens Software equipped with an
Olympus BX51 microscope (Olympus, Tokyo, Japan).

Hypothalamic organotypic culture. Seven-day-old C57BL/6J, GFP-LC3
transgenic or Ub®7®V-GFP transgenic mice were decapitated and hypothalamic
tissues ware sectioned at 350 um thickness on a Mcliwain tissue chopper (Mickle
Laboratory Engineering Co., Surrey, UK). Three coronal slices containing the SON
were separated and placed in Hank’s balanced salt solution (Invitrogen) enriched
with glucose. The selected sections were trimmed dorsally above the top of the third
ventricle and laterally from the SON. Explants from each mouse were placed on
Millicell-CM filter inserts (pore size, 0.4 um; diameter, 30 mm; Millipore, Billerica, MA,
USA), and each filter insert was placed in a 35-mm Petri dish. Culture medium was
composed of 50% MEM (Invitrogen), 25% heat-inactivated horse serum (Invitrogen),
25% Hank’s balanced salt solution, 20 units/ml penicillin and 20 zig/ml streptomycin
(penicillin-streptomycin, liquid; Invitrogen), 1 mM L-glutamine (Invitrogen) and 0.5%
glucose. Cultures were performed at 37 °C in 5% CO, enriched air under stationary
conditions. Explants were incubated with 1M thapsigargin (Calbiochem, San
Diego, CA, USA) or 1 uM MG-132 (Calbiochem) for indicated time periods, while
control slices were incubated with vehicle (0.1% dimethylsulfoxide; Sigma-Aldrich).
Total duration of cultures was 24 h in all explants. For the evaluation of GFP signals
in cultured hypothalamic slice explants of GFP-LC3 or Ub®"6Y-GFP transgenic mice,
the immunofluorescence staining for GFP was performed as described in the
immunohistochemistry section, following wash with PBS and fixation in 4% PFA.
Fluorescence images were acquired with a laser-scanning confocal microscope
(LSM 5 Pascal) or a fluorescence microscope (BZ-9000).

Immunoblotting. Mouse hypothalamic slice explants were lysed in a buffer
containing 10mM Tris-HCI pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 5mM EDTA, 50mM NaF, 2mM NasVO,, and 1%
protease inhibitor cocktail (Sigma-Aldrich). After centrifuging the samples, protein
concentrations in the supernatant were determined by bicinchoninic acid assay
using a bicinchoninic acid kit (Sigma-Aldrich). Ten micrograms protein per sample
was separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Millipore). Blots were blocked in 5% skimmed milk in TBS-T solution
(10mM Tris-HCI pH 7.4, 150mM NaCl and 0.1% Tween) for 1h at RT.
Membranes were incubated with rabbit anti-p62 antibody (1:20000; PMO045;
Medical and Biological Laboratories) overnight at 4°C and rabbit anti-$-actin
antibody (1:20000; ab8227; Abcam, Cambridge, UK) for 1h at RT. Primary
antibodies were probed with HRP-conjugated donkey anti-rabbit IgG (1:20 000;
NA934; GE Healthcare, Little Chalfont, UK) for 1 h at RT. To improve sensitivity
and signal-to-noise ratio, Can Get Signal Immunoreaction Enhancer Solution
(Toyobo, Osaka, Japan) was used for the dilution of the primary and secondary
antibodies. Immunoreactivity was detected using the ECL Prime Western Blotting
Detection Reagent (GE Healthcare).

Quantitative real-time RT-PCR. Total RNA was extracted from mouse
hypothalamus slice explants using the RNeasy Mini kit (Qiagen, Chatsworth, CA,
USA) according to the manufacturer's instructions. One microgram of total RNA
was reverse-transcribed using ReverTra Ace gPCR RT Master Mix (Toyobo).
Quantitative real-ime RT-PCR reactions were carried out with Brilliant Il Ultra-
Fast SYBR Green QPCR Master Mixes (Agilent Technologies, Palo Alto, CA,
USA). The reaction condition was 95 °C for 3min and then 40 cycles of 20s at
95°C and 20's at 60 °C. As internal standard control, the expression of 18S rRNA
was simultaneously quantified. The primer sequences used were as follows: p62
mRNA, 5'-AGGATGGGGACTTGGTTGC-3' (forward), 5'-TCACAGATCACATTGG
GGTGC-3' (reverse) and 18S rRNA, 5-TTGACGGAAGGGCACCACCAG-3
(forward), 5-GCACCACCACCCACGGAATCG-3' (reverse). Relative mRNA
expression was calculated using the comparative Ct method and analyses were
performed with Mx3000p qPCR system (Stratagene, La Jolla, CA, USA).
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Statistical analysis. Statistical significance of the differences between
groups was analyzed by either unpaired ttest, one-way ANOVA or two-way
ANOVA with repeated measures followed by Bonferroni’s test as appropriate.
Results are expressed as means+S.E. and differences were considered
statistically significant at P<0.05.
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