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Abstract

Arginine vasopressin (AVP) is expressed in both magnocellular (magnAVP) and parvocellular AVP
(parvAVP) neurons of the paraventricular nucleus, and AVP colocalizes with corticotropin-releasing
hormone (CRH) only in the parvocellular neurons. The immunoglobulin heavy chain binding protein (BiP)
is a major endoplasmic reticulum (ER) chaperone which regulates the unfolded protein response under ER
stress. We previously demonstrated that knockdown of BiP in magnAVP neurons exacerbated ER stress,
which resulted in the autophagy-associated cell death of magnAVP neurons. Using the same approach, in
the present study we examined the role of BiP in mouse parvAVP/CRH neurons. Our data demonstrate that
BiP is expressed in mouse parvAVP/CRH neurons under non-stress conditions and is upregulated in
proportion to the increase in CRH expression after adrenalectomy. For BiP knockdown in parvAVP/CRH
neurons, we utilized a viral approach in combination with shRNA interference. Knockdown of BiP
expression induced ER stress in parvAVP/CRH neurons, as reflected by the expression of C/EBP
homologous protein. Furthermore, BiP knockdown led to the loss of parvAVP/CRH neurons after four
weeks. In summary, our results demonstrate that BiP plays a pivotal role in parvAVP/CRH neurons, which

function as neuroendocrine cells producing a large amount of secretory proteins.

KEYWORDS
corticotropin-releasing hormone, arginine vasopressin, parvocellular neuron, immunoglobulin heavy chain

binding protein, endoplasmic reticulum stress
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1 INTRODUCTION

Arginine vasopressin (AVP) neurons are classified as magnocellular (magnAVP) and parvocellular AVP
(parvAVP) neurons(1). AVP is synthesized in magnAVP neurons in the supraoptic nucleus (SON) and
paraventricular nucleus (PVN) of the hypothalamus, and is released from the posterior pituitary into the
systemic circulation, where it plays an important role in water balance as an antidiuretic hormone(2). In
contrast, AVP that is colocalized with corticotropin-releasing hormone (CRH) in the parvAVP neurons of
the PVN reaches corticotrophs in the anterior pituitary through the hypophyseal portal vein(3). AVP
stimulates ACTH release in a coordinated manner with CRH(4-10), which has been implicated in a wide
range of physiological processes including not only the hypothalamic-pituitary-adrenal (HPA) axis(3), but
also feeding behavior(11), autonomic regulation(12, 13), emotional responses(14), and cerebellar
plasticity(15). While AVP gene expression in parvAVP neurons is suppressed under normal conditions, it
has been shown to be upregulated upon glucocorticoid deprivation(16-20).

Excess synthesis of secretory proteins leads to endoplasmic reticulum (ER) stress in secretory cells(21-
23). The unfolded protein response (UPR) triggered by this ER stress induces a variety of cellular reactions
as a protective mechanism whereby ER folding capacity is upregulated and protein load is decreased in the
ER(24, 25). The immunoglobulin heavy chain binding protein (BiP), also referred to as the 78-kDa glucose-
regulated protein (GRP78), is one of the most abundant ER chaperones(26-28). BiP binds to newly
synthesized polypeptides for protein folding and to misfolded proteins to facilitate correct refolding and to
prevent their aggregation(29). Although BiP is a ubiquitous protein, our previous study demonstrated that
Bip mRNA is highly expressed in the SON and PVN of the hypothalamus(23). This indicates that BiP
expression levels differ between cell types and tissues.

We previously demonstrated that BiP knockdown in magnAVP neurons led to ER stress and activated

autophagy followed by magnAVP neuronal loss, suggesting that BiP is essential for the function and
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survival of magnAVP neurons (30). In the present study, we used a viral approach in combination with

shRNA interference to investigate the role of BiP in parvAVP/CRH neurons.

2 MATERIALS AND METHODS

2.1 Animals

C57BL/6J mice were purchased from Chubu Science Materials (Nagoya, Japan). Mice were maintained
under controlled conditions (23.0 + 0.5°C, lights on 09:00 to 21:00); male mice were used in all experiments.
All procedures were approved by the Animal Experimentation Committee of the Nagoya University
Graduate School of Medicine and performed in accordance with institutional guidelines for animal care and

use. A total of 87 mice were used in the present study.

2.2 Brain collection for immunohistochemistry

Mice were injected intracerebroventricularly with 30 pg of colchicine (Sigma-Aldrich, St. Louis, MO,
USA) following intraperitoneal administration of pentobarbital (20 mg/kg; Kyoritsu Seiyaku, Tokyo,
Japan) on a stereotaxic apparatus (Model 900LS; Kopf Instruments, Tujunga, CA, USA) under anesthesia
with 1-2% isoflurane (Wako, Osaka, Japan) using an animal anesthetization device (MA-AT210D;
Muromachi Kikai, Tokyo, Japan). Twenty-four hours after colchicine injection, mice were deeply
anesthetized and transcardially perfused with a cold fixative containing 4% paraformaldehyde (PFA; Wako)
in phosphate-buffered saline (PBS), pH 7.4. After fixation, brains were removed and immersed in the same
fixative for 24 h at 4°C, then dissected and cut into 50-pm sections on a vibratome (VT1200 S; Leica

Microsystems, Wetzlar, Germany).

2.3 Antibodies
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The primary antibodies used for immunohistochemistry included: rabbit anti-CRH (1:1000; T-4037;
Peninsula Laboratories International, San Carlos, CA, USA), guinea pig anti-CRH (1:800; T-5007;
Peninsula Laboratories International), mouse anti-neurophysin (NP) II [AVP-NP; 1:100; PS41; kindly
provided by Dr. Harold Gainer, National Institutes of Health (NIH), Bethesda, MD, USA](31, 32), rabbit
anti-GRP78/BiP (1:600; ab21685; Abcam, San Diego, CA, USA), chicken anti-GFP (1:10000; ab13970;
Abcam), mouse anti-neurophysin I [oxytocin (OT)-NP; 1:100; PS38; a gift from Dr. Harold Gainer] (31,
32), and rabbit anti-C/EBP homologous protein (CHOP; 1:50; sc-575; Santa Cruz Biotechnology, Dallas,
TX, USA). The following secondary antibodies were used: Alexa Fluor 405-conjugated goat anti-mouse
IgG (H+L) (1:1000; A31553; Invitrogen, San Diego, CA, USA), Alexa Fluor 488-conjugated goat anti-
chicken IgY (H+L) (1:1000; A11039; Invitrogen), Alexa Fluor 546-conjugated donkey anti-mouse IgG
(H+L) highly cross-adsorbed (1:1000; A10036; Invitrogen), Alexa Fluor 546-conjugated donkey anti-rabbit
IgG (H+L) highly cross-adsorbed (1:1000; A10040; Invitrogen), Cy3-conjugated affinipure donkey anti-
guinea pig IgG (H+L) (1:500; 706-165-148; Jackson ImmunoResearch, West Grove, PA, USA), Alexa
Fluor 647-conjugated donkey anti-mouse IgG (H+L) highly cross-adsorbed (1:1000; A31571; Invitrogen),
and Alexa Fluor 647-conjugated donkey anti-rabbit IgG (H+L) highly cross-adsorbed (1:1000; A31573;

Invitrogen).

2.4 Immunohistochemistry

Floating brain sections were washed with PBS and 0.3% Triton X-100 (Katayama Chemical Industries,
Osaka, Japan) 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 immunofluorescence staining, sections were
incubated with primary antibodies overnight at 4°C. After rinsing in PBS with 0.05% Tween 20 (Sigma-

Aldrich), sections were treated with corresponding secondary antibodies for 2 h at RT. Fluorescence images
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were acquired with a laser-scanning confocal microscope (TiE A1R; Nikon Corporation, Tokyo, Japan)
and processed using Adobe Photoshop CS5 (Adobe Systems, San Jose, CA, USA). For the terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay, the In Situ Cell Death

Detection Kit, TMR red (Roche, Basel, Switzerland) was used according to the manufacturer’s instructions.

2.5 Adrenalectomy

Two-month-old mice were anesthetized with 1-2% isoflurane (Wako) using an animal anesthetization
device (MA-AT210D), and each group of mice underwent bilateral adrenalectomy (ADX) or sham ADX.
Both groups of mice were provided 2.5% D-glucose (Wako) and 0.45% NaCl (Sigma-Aldrich) in water
with corticosterone (approximately 300 pg/d; Sigma-Aldrich) for three days after surgery, followed by the
same water without corticosterone. Two weeks after surgery, each procedure described above was

performed for immunohistochemistry or quantitative real-time RT-PCR.

2.6 Quantification of CRH and BiP immunosignal intensity

The best-matched slices for the PVN at 0.82 mm caudal from the bregma in accordance with the mouse
brain atlas (33) were selected from each mouse for analyses. Densitometric analyses of immunosignal
intensity were performed for CRH expression in the whole PVN and each parvAVP/CRH neuron of the
PVN, and BiP expression in each parvAVP/CRH and magnAVP neuron of the PVN. Using NIS-Element
Analysis software (Nikon), CRH and BiP immunosignal intensity was measured in the bilateral PVN, and
the two bilateral values were averaged to obtain the mean value. The mean values for each mouse were

subjected to statistical analyses.

2.7 Quantitative real-time RT-PCR
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Mice were sacrificed by cervical dislocation, and brains were immediately dissected followed by PVN
isolation. The samples were frozen in liquid nitrogen and stored at —80°C until RNA extraction. Total RNA
was extracted using TRIzol (Invitrogen) and the RNeasy kit (QIAGEN, Hilden, Germany). RNA purity was
measured using spectrophotometry to ensure 260/280 readings were > 1.8. RNA integrity was assessed by
electrophoresis on a 1% agarose gel including formaldehyde (Wako). One microgram of total RNA was
reverse transcribed using the ReverTra Ace™ qPCR RT Kit (TOYOBO, Osaka, Japan). Quantitative real-
time PCR reactions were performed using Power SYBR Green PCR Master Mix (Applied Biosystems,
Waltham, MA, USA). As an internal standard control, gl/yceraldehyde 3-phosphate dehydrogenase (Gapdh)
mRNA expression was simultaneously quantified. There were no significant differences in Cq value of
Gapdh mRNA between each group (sham, 17.71 £ 0.14, ADX, 17.91 + 0.18, P = .4176, sham vs ADX;
vehicle, 18.55 £ 0.10, colchicine, 18.75 + 0.17, P = .4516, vehicle vs colchicine). The following primer
sequences were used: Cri mRNA, 5-ACCAAGGGAGGAGAAGAGAGCG-3’ (forward), 5°-
GCTGCTCCGGCTGCAAGAAA-3’ (reverse); Bip mRNA, 5-GACATTTGCCCCAGAAGAAA-3’
(forward), 5’-CTCATGACATTCAGTCCAGCA-3 (reverse); and  Gapdh  mRNA, 5’-
AGGTCGGTGTGAACGGATTTG-3’ (forward), 5’-TGTAGACCATGTAGTTGAGGTCA-3’ (reverse).
Relative mRNA expression was calculated using the comparative Cq method, and analyses were performed
using the CFX Maestro qPCR system (Bio-Rad, La Jolla, CA, USA). Housekeeping gene stability was
assessed for each individual experiment using duplicate reactions. The specificity of amplification was
confirmed through analysis of the melt curves in the SYBR Green qPCR assay and separation of the PCR

products by electrophoresis.

2.8 Viral vectors

Recombinant adeno-associated viruses (rAAVs; serotype 1/2) carrying a conserved 1.9 kb AVP promoter
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followed by Venus cDNA (rAAV-AVPp-Venus), a mouse BiP shRNA cassette (rAAV-AVPp-BiP shRNA)
from the Hspa5 mouse shRNA plasmid (TR500881; OriGene, Rockville, MD, USA), or a scrambled
shRNA cassette (rAAV-AVPp-scrambled shRNA) were cloned and produced as reported(30, 34, 35). The
sequence of the BiP shRNA was: 5>-TTCTACCATAAGTGACACCAATAAATGTT-3’. Genomic titers
of the viruses were determined with the QuickTiter AAV Quantitation Kit (Cell Biolabs, San Diego, CA,
USA) and RT-PCR using the ABI 7700 cycler (Applied Biosystems). The rAAV titers were between 10°-

10'° genomic copies/pl.

2.9 Stereotaxic targeting of rAAVs into the mouse PVN

Two-month-old mice were anesthetized with 1-2% isoflurane (Wako) using an animal anesthetization
device (MA-AT210D) and placed on the stereotaxic apparatus (Model 900LS; Kopf Instruments). rAAV
injections were performed using glass pipettes prepared from 1-5 pl micropipettes (708707; Brand,
Wertheim, Germany) with a glass pipette puller (PC-100; Narishige, Tokyo, Japan) as reported
previously(30). The injection volume of the rAAVs was 200 nl per nucleus. The injection coordinates for
the whole PVN were A/P —0.8 mm, M/L £0.25 mm, D/V —4.6 mm in accordance with the mouse brain

atlas(33).

2.10 Cell counting

The best-matched sections for the PVN at 0.82 mm caudal from the bregma in accordance with the mouse
brain atlas (33) were selected from each mouse for quantification of parvAVP/CRH, OT, and magnAVP
neurons. Using NIS-Element Analysis software (Nikon), the number of immunolabeled cells was counted
in the bilateral PVN, and the two bilateral counts were averaged to obtain the mean number of cells. The

mean values for each mouse were subjected to statistical analyses.
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2.11 Electron microscopy

Mice were deeply anesthetized and transcardially perfused with 4% PFA (Wako) and 0.1% glutaraldehyde
(GA; Wako) in PBS. Brains were then immersed in 4% PFA (Wako) for 24 h at 4°C. After fixation, brains
were cut into 100-pum sections on a vibratome (VT1200 S; Leica Microsystems). Free-floating sections
were washed with 0.1 M phosphate buffer (PB) and 0.1% Triton X-100 (Katayama Chemical Industries) in
PB, followed by incubation with a guinea pig anti-CRH antibody (1:800; T-5007; Peninsula Laboratories
International) overnight at 4°C. Sections were then washed with 0.1 M PB and incubated with horse anti-
guinea pig IgG (H + L) (1:200; BA-7000; Vector Laboratories, Newark, CA, USA) for 2 h at RT. Sections
were washed then treated with avidin-biotin complex solution (1:100; Vectastain ABC-HRP kit; PK-4000;
Vector Laboratories) for 90 min at RT. Signals were developed with 0.1 M PB containing 0.1% 3, 3’-
diaminobenzidine dihydrochloride (Sigma-Aldrich) and 0.004% hydrogen peroxide (Wako). The stained
sections were further fixed in 2.5% GA (Wako) in 0.1 M PB overnight at 4°C, followed by post-fixation
with 2% osmium tetroxide (Electron Microscopy Sciences, Hatfield, UK) for 20 min at 4°C. Each section
was dehydrated in a graded ethanol series, treated with propylene oxide (Wako), and embedded in epoxy
resin (TAAB 812 resin; TAAB Laboratories Equipment, Aldemaston, UK). The resin was polymerized for
48 h at 60°C. Ultrathin sections (70-nm thickness) including the PVN were prepared using an
ultramicrotome (EM UCT7i; Leica Microsystems) with a diamond knife (Reichert Ultracut S; Leica
Microsystems) and counterstained with lead citrate before analysis with an electron microscope (JEM-

1400PLUS; JEOL, Tokyo, Japan).

2.12 Measurements of plasma corticosterone

Blood was collected via submandibular bleeding from mice and immediately centrifuged for plasma

9
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separation. For restraint stress, mice were confined in a 50 ml plastic tube for 3 h prior to blood collection.
Plasma corticosterone was measured using a Corticosterone AssayMax™ ELISA Kit (EC3001-1; AssayPro,

St. Charles, MO, USA).

2.13 Statistical analyses

Statistically significant differences between groups were analyzed by either an unpaired Student’s two-
tailed z-test or a one-way ANOVA with repeated measures followed by a Bonferroni post-hoc test, as
appropriate. Results are expressed as the mean + standard error of the mean (SEM), and differences were

considered statistically significant at a value of P <.05.

3 RESULTS

3.1 BiP expression in CRH neurons in the mouse PVN

We first examined BiP expression in parvAVP neurons in the mouse PVN. Immunohistochemistry for CRH,
AVP, and BiP revealed that BiP was expressed in CRH neurons in the PVN (Figure 1A). Furthermore, BiP
immunostaining in CRH neurons (P = .0003, sham vs ADX; Figure 1B, C) and Bip mRNA expression in

the PVN (Figure 1D) were increased following ADX (P = .0435, sham vs ADX).

3.2 Validation of rAAYV vectors in CRH neurons in the mouse PVN

Next, we validated the effectiveness of our rAAV vectors harboring an AVP promoter in CRH neurons in
the mouse PVN (Figure 2). 95.0% of CRH-immunoreactive (ir) cells (parvAVP neurons, 642/676 cells) and
98.2% of AVP-ir cells (including magnAVP neurons and a subset of parvAVP neurons, 552/562 cells)
expressed Venus (Figure 2B). Also, 51.5% and 44.3% of Venus-ir cells (642/1246 and 552/1246 cells) were
CRH-positive (parvAVP neurons) and AVP-positive (including magnAVP neurons and a subset of parvAVP

10
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neurons), respectively (Figure 2B). Since 7.0% of CRH-ir cells (47/676 cells) were AVP-positive, the
proportion of CRH or AVP-ir cells (including magnAVP and parvAVP neurons) among the Venus-ir cells
was 92.1% (1147/1246 cells; Figure 2B). In contrast, only 1.7% of Venus-ir cells (15/861 cells) were OT-
positive, and 11 out of the 15 OT-positive cells also expressed AVP.

Two weeks after rAAV-AVPp-Venus injection into the PVN, 95.0% of CRH-ir cells (642/676 cells)
expressed Venus, while only 7.0% of CRH-ir cells (47/676 cells) were AVP-positive. We then compared
the proportion of AVP and Venus-ir cells to CRH neurons in rAAV-AVPp-Venus injected mice with and
without ADX (Figure S1). ADX significantly increased the number of CRH-ir cells (P = .0007, sham vs
ADX; Figure S1B) and the proportion of AVP-ir cells to CRH-ir cells in the PVN (sham, 7.0%, 47/676
cells; ADX, 38.8%, 266/686 cells; P < .0001, sham vs ADX; Figure S1C); however, the proportion of
Venus-ir cells to CRH-ir cells after ADX was comparable to that in the sham group (sham, 95.0%, 642/676

cells; ADX, 96.9%, 664/686 cells; P =.2841, sham vs ADX; Figure S1C).

3.3 BiP knockdown in CRH neurons leads to their loss
We injected rAAV-AVPp-BiP shRNA into the bilateral PVN for BiP knockdown in CRH neurons and rA AV-
AVPp-scrambled shRNA as a control (Figure 3). BiP expression was decreased to 45.9% in CRH neurons
two weeks after injection of rAAV-AVPp-BiP shRNA (P =.0007, cont sh 2wk vs BiP sh 2wk; Figure 3B).
To examine the effects of BiP knockdown on CRH neuronal viability, we counted CRH neurons in the
PVN injected with rAAV-AVPp-BiP shRNA or rAAV-AVPp-scrambled shRNA as well as in un-injected
mice (Figure 4A.B). There were no significant differences in the number of CRH neurons between the un-
injected and scrambled shRNA groups (Fi,10=18.23, P =1.00; Figure 4B). In contrast, while mice injected
with rAAV-AVPp-BiP shRNA presented no significant changes two weeks after injection (F4,10 = 18.23, P

= 1.00), CRH neurons were significantly decreased to approximately 70% of control at both four and twelve
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weeks after BiP shRNA injection (BiP sh 4wk, F410=18.23, P<.001; BiP sh 12wk, F410=14.92, P <.001;
Figure 4B). In contrast to CRH neurons, there were no significant changes in the number of OT neurons

after rAAV-AVPp-BiP shRNA injection into the PVN (F33 = 3.66, P =.780; Figure S2).

3.4 BiP knockdown in CRH neurons leads to ER stress and autophagy

Immunohistochemistry for the ER stress marker CHOP revealed that CHOP-expressing CRH neurons were
significantly increased in the PVN two weeks after the injection of rAAV-AVPp-BiP shRNA at a time point
when CRH neurons were not yet lost (P = .0274, cont sh 2wk vs BiP sh 2wk; Figure 5). To investigate
whether apoptosis is involved in CRH neuronal loss by BiP knockdown, we performed a TUNEL assay.
There were almost no TUNEL-positive cells four weeks after either rAAV-AVPp-BiP shRNA or rAAV-
AVPp-scrambled shRNA injection (Figure S3). Immunoelectron microscopic analyses of CRH neurons
revealed conspicuous autophagic vacuoles in CRH neurons of the PVN two weeks after BiP shRNA
injection (Figure 4C). Furthermore, relatively well-preserved nuclear structure and large vacuoles
containing various organelles undergoing degradation were present in CRH neurons four weeks after BiP
knockdown, while no obvious micromorphological changes were observed in CRH neurons of control mice

(Figure 4C).

3.5 The HPA response is maintained after BiP knockdown in CRH neurons

There were no changes in CRH expression in the PVN of mice injected with rAAV-AVPp-BiP shRNA or
rAAV-AVPp-scrambled shRNA at twelve weeks post-injection when approximately 30% of CRH neurons
had been lost (P = .4178, cont sh 12wk vs BiP sh 12wk; Figure S4A). In addition, there were no significant

differences in plasma corticosterone levels under normal conditions and after restraint stress in mice

12



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

injected with rAAV-AVPp-BiP shRNA or scrambled shRNA at twelve weeks post-injection (naive, P

=.7039, cont sh 12wk vs BiP sh 12wk; restraint, P = .6540, cont sh 12wk vs BiP sh 12wk; Figure S4B).

3.6 BiP knockdown in magnAVP neurons induces ER stress leading to loss of magnAVP neurons

BiP expression was decreased to 67.2% in magnAVP neurons two weeks after injection of rAAV-AVPp-
BiP shRNA into the PVN (P = .0458, cont sh 2wk vs BiP sh 2wk; Figure S5). The number of magnAVP
neurons was decreased to approximately 50% at both four and twelve weeks after virus injection (BiP sh
4wk, F410=43.87, P<.001; BiP sh 12wk, F410=43.87, P <.001; Figure S6). CHOP-expressing magnAVP
neurons were significantly increased in the PVN two weeks after injection with rAAV-AVPp-BiP shRNA

at a time point when CRH neurons were not yet lost (P = .0044, cont sh 2wk vs BiP sh 2wk; Figure S7).

4 DISCUSSION

In the present study, we demonstrated that the ER chaperone BiP was expressed in parvAVP/CRH neurons
in the mouse PVN, and that it was upregulated in proportion to the increase in CRH expression after ADX.
Moreover, we revealed that BiP knockdown in CRH neurons induced ER stress followed by CRH neuronal
loss in the PVN.

We previously reported that (1) BiP is expressed in AVP neurons of the SON and PVN, (2) it is
upregulated by dehydration, and (3) BiP knockdown in AVP neurons of the SON and PVN leads to ER
stress and loss of AVP neurons(30). In the current study, we distinguished parvAVP/CRH neurons from
magnAVP neurons by CRH immunostaining and investigated BiP expression and the effect of BiP
knockdown on magnAVP and parvAVP/CRH neurons separately. Our data revealed that BiP was expressed
in parvAVP/CRH as well as magnAVP neurons without ADX. Since CRH immunostaining does not work

well in mice without colchicine treatment(36), we performed an intracerebroventricular injection of
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colchicine, which could cause various types of cellular stress in neurons. Indeed, Bip and Crh mRNA
expression in the PVN was increased after colchicine treatment (Figure S8). On the other hand, we
previously demonstrated that the distribution of Bip mRNA overlaps that of Cr2 mRNA in the PVN by in
situ hybridization without colchicine treatment(23), indicating that BiP is expressed in parvAVP/CRH
neurons even under normal conditions. Furthermore, our data also demonstrated that BiP expression in
parvAVP/CRH neurons increased in proportion to CRH upregulation following ADX. These data suggest
that BiP is required for the characteristic production of a large amount of secretory proteins in both
magnAVP and parvAVP/CRH neurons and thus their function as neuroendocrine cells, and that the demand
for BiP is increased in proportion to secretory proteins in each neuron system.

Unresolved ER stress and a prolonged UPR are known to induce apoptosis(37). Indeed, apoptosis was
reported to be involved in the death of the inner cell mass of embryonic BiP whole-body knockout mice(38),
as well as in hepatocytes(39), myocytes(40), respiratory epithelial cells(41, 42), hematopoietic cells(43),
Purkinje cells(44), oligodendrocytes, and Schwann cells(45) in corresponding BiP conditional knockout
studies, mainly based on TUNEL assay results. In the present study, however, we observed no increase in
TUNEL-positive cells in the PVN nor micromorphological features characteristic of apoptosis in CRH
neurons even though CRH neurons were dying after BiP knockdown. Furthermore, autophagic vacuoles
were increased two weeks after BiP knockdown, and large vacuoles containing various organelles
undergoing degradation were presented in CRH neurons four weeks after BiP knockdown. This is consistent
with our previous study demonstrating that autophagy-associated cell death is involved in magnAVP
neuronal loss after BiP knockdown(30).

The effects of BiP knockout/knockdown on cell viability vary between cell types and tissues(46). In the
present study, BiP knockdown in parvAVP/CRH neurons resulted in the loss of approximately 30% of

parvAVP/CRH neurons. In contrast, we previously demonstrated that BiP knockdown in magnAVP neurons
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induced the death of approximately 90% of magnAVP neurons(30). These differences in cell death ratios
might be explained by the difference in the amount of protein synthesized within the cells. It should be also
mentioned that BiP knockdown efficiency in parvAVP/CRH and magnAVP neurons using our AVP neuron-
specific BiP shRNA methods was approximately 50%. More cell death in parvAVP/CRH neurons could be
induced by using more efficient BiP knockdown system operating a CRH promoter, which is predominantly
active in this particular cell type under basal and acute stress conditions(47, 48).

In the present study, there were no significant changes in CRH expression in the PVN between control
and BiP knockdown mice twelve weeks after BiP knockdown at a time point when approximately 30% of
CRH neurons have been lost. Furthermore, there were no differences in plasma corticosterone levels
between control and BiP knockdown mice. These results suggest that residual CRH neurons might
compensate for CRH neuronal loss due to BiP knockdown.

In parvAVP/CRH neurons, AVP is suppressed under normal conditions and upregulated under stress
conditions such as adrenal insufficiency(19, 49) and inflammation(50); however, whether all CRH neurons
in the PVN potentially express AVP or not remains to be elucidated. In the current study, 95% of CRH
neurons were Venus-positive in the PVN of mice injected with rAAV-AVPp-Venus, whereas only 7.0% of
CRH neurons were AVP-positive. The discrepancy in expression between AVP and Venus in CRH neurons
might be attributed to Venus being more stable and detectable compared to AVP. These results also suggest
that almost all CRH neurons in the PVN could express AVP.

In the current study, we needed colchicine treatment to effectively stain for CRH, which resulted in
increases in Bip mRNA in the PVN. Thus, colchicine treatment itself increased ER stress in CRH neurons,
which is a limitation of this study.

In conclusion, the current study revealed that the expression of BiP (an ER chaperone) in parvAVP/CRH

neurons is upregulated in response to increased CRH synthesis following ADX. Furthermore, BiP
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knockdown in parvAVP/CRH neurons induced ER stress and cell death in CRH neurons. Taken together,

these results demonstrate that BiP has an essential role in the survival of parvAVP/CRH neurons.
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Figure legends

FIGURE 1 BiP expression in CRH and magnAVP neurons of the mouse PVN. (A) Representative images
of immunofluorescence staining for CRH (green), AVP (cyan), and BiP (red) in the mouse PVN. Higher
magnification images of the boxed areas including representative cells are shown in the insets at the upper
left. The arrows and arrowheads indicate CRH and magnAVP neurons, respectively. Scale bar: 100 um.
(B) Representative images of immunofluorescence staining for CRH (green) and BiP (red) in the mouse
PVN in the sham and ADX groups. Higher magnification images of the boxed areas including
representative cells are shown in the insets at the upper left. The arrows indicate CRH neurons. Scale bar:
100 um. (C) CRH and BiP expression levels per CRH neuron of the PVN in the sham and ADX groups.
Mean CRH and BiP expression levels in the sham group are expressed as 100. Results were analyzed by an
unpaired Student’s ¢-test and are expressed as mean = SEM (n = 3 per group). (D) Quantitative real-time
RT-PCR analysis for Crh and Bip mRNA in the PVN in the sham and ADX groups. Mean mRNA expression

levels in the sham group are expressed as 100. Results were analyzed by an unpaired Student’s two-tailed
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t-test and are expressed as mean = SEM (r = 7 per group).

FIGURE 2. Validation of rAAV vectors in the mouse PVN. (A) Representative images of
immunofluorescence staining to detect CRH (red) and AVP (cyan) neurons, and to enhance the Venus signal
(green) in the PVN two weeks after rAAV-AVPp-Venus injection. Higher magnification images of the boxed
areas including representative cells are shown in the insets at the upper left. The arrows and arrowheads
indicate CRH and magnA VP neurons, respectively. Scale bar: 100 um. (B) The proportion of Venus-ir cells
in CRH-ir (CRH"Venus'/CRH", white bar) and AVP-ir cells (AVP"Venus'/AVP", light gray bar), and that
of CRH-ir (CRH"Venus*/Venus®*, gray bar), AVP-ir (AVP"Venus*/Venus*, dark gray bar), and CRH or AVP-
ir cells (CRH or AVP"Venus'/Venus®, black bar) to Venus-ir cells in the PVN two weeks after rAAV-AVPp-

Venus injection.

FIGURE 3. BiP knockdown in mouse CRH neurons. (A) Representative images of immunofluorescence
staining for CRH (green) and BiP (red) in the PVN two weeks after injection of rAAV-AVPp-scrambled
shRNA (cont sh 2wk) and rAAV-AVPp-BiP shRNA (BiP sh 2wk). Higher magnification images of the
boxed areas including representative cells are shown in the insets at the upper left. The arrows indicate
CRH neurons. Scale bar: 100 um. (B) BiP expression levels per CRH neuron of the PVN in the cont sh 2wk
and BiP sh 2wk groups. Mean BiP expression levels in the cont sh 2wk group are expressed as 100. Results

were analyzed by an unpaired Student’s two-tailed #-test and are expressed as mean = SEM (n = 3 per

group).

FIGURE 4. CRH neuronal loss after BiP knockdown in the mouse PVN. (A) Representative images of

immunofluorescence staining for CRH in the PVN of un-injected mice (no injection), or twelve weeks after
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injection of rAAV-AVPp-scrambled shRNA (cont sh 12wk), and at two (BiP sh 2wk), four (BiP sh 4wk),
and twelve weeks after rAAV-AVPp-BiP shRNA injection (BiP sh 12wk). Scale bars: 100 um. (B) The
number of CRH neurons in the PVN in the no injection, cont sh 12wk, BiP sh 2wk, BiP sh 4wk, and BiP
sh 12wk groups. Results were analyzed by one-way ANOVA followed by a Bonferroni test and are
expressed as mean =+ SEM (n = 3 per group). (C) Representative immunoelectron microscopic images of
CRH neurons in the PVN at two and four weeks after injection of rAAV-AVPp-scrambled shRNA (cont sh
2wk and 4wk) and rAAV-AVPp-BiP shRNA (BiP sh 2wk and 4wk). The arrows indicate autophagic

vacuoles. Scale bars: 2 pm.

FIGURE 5. BiP knockdown induced ER stress in CRH neurons. (A) Representative images of
immunofluorescence staining for CRH (green) and CHOP (red) in the PVN two weeks after injection of
rAAV-AVPp-scrambled shRNA (cont sh 2wk) and rAAV-AVPp-BiP shRNA (BiP sh 2wk). The arrows
indicate CRH neurons expressing CHOP. Scale bar: 100 um. (B) The number of CHOP-ir neurons in CRH
neurons of the PVN in the cont sh 2wk and BiP sh 2wk groups. Results are expressed per 100 CRH neurons

and analyzed by an unpaired Student’s two-tailed #-test and are expressed as mean £ SEM (n = 3 per group).

FIGURE S1. ADX increased AVP expression in CRH neurons in the mouse PVN. (A) Representative
images of immunofluorescence staining to detect AVP (cyan) and CRH (red), and to enhance the Venus
signal (green) in the PVN two weeks after ADX. Higher magnification images of the boxed areas including
representative cells are shown in the insets at the upper left. The arrows indicate CRH neurons. Scale bar:
100 pum. (B) The number of CRH-ir cells in the PVN in the sham and ADX groups. Results were analyzed
by an unpaired Student’s two-tailed #-test and are expressed as mean £ SEM (n = 3 per group). (C) The

proportion of AVP-ir (AVP*'CRH/CRH") and Venus-ir cells (Venus*CRH/CRH") relative to CRH-ir cells
19
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in the sham and ADX groups. Results were analyzed by an unpaired Student’s two-tailed #-test and are

expressed as mean £ SEM (n = 3 per group).

FIGURE S2. OT neurons after BiP knockdown in AVP neurons in the mouse PVN. (A) Representative
images of immunofluorescence staining for OT in the PVN of un-injected mice (no injection), or twelve
weeks after injection of rAAV-AVPp-scrambled shRNA (cont sh 12wk), and at four (BiP sh 4wk) and
twelve weeks after rAAV-AVPp-BiP shRNA injection (BiP sh 12wk). Scale bars: 100 um. (B) The number
of OT neurons in the PVN in the no injection, cont sh 12wk, BiP sh 4wk, and BiP sh 12wk groups. Results

were analyzed by a one-way ANOVA test and are expressed as mean £ SEM (n = 3 per group).

FIGURE S3. Evaluation of apoptosis in the mouse PVN after BiP knockdown. Representative TUNEL
assay images from the PVN four weeks after injection of rAAV-AVPp-scrambled shRNA (cont sh 4wk) or
rAAV-AVPp-BiP shRNA (BiP sh 4wk); some sections were treated with DNase I according to the

manufacturer’s instructions as positive controls (positive control). 3V, third ventricle; scale bars: 100 pum.

FIGURE S4. The HPA response after BiP knockdown in CRH neurons in the mouse PVN. (A) CRH
expression levels in the PVN twelve weeks after injection of rAAV-AVPp-scrambled shRNA (cont sh 12wk)
and rAAV-AVPp-BiP shRNA (BiP sh 12wk). Mean CRH expression levels in the cont sh 12wk group are
expressed as 100. Results were analyzed by an unpaired Student’s two-tailed #-test and are expressed as
mean = SEM (n = 3 per group). (B) Plasma corticosterone levels under normal conditions (naive) and
restraint stress (restraint) in the cont sh 12wk and BiP sh 12wk groups. Results were analyzed by an unpaired

Student’s two-tailed #-test and are expressed as mean + SEM (n = 3 per group).
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FIGURE S5. BiP knockdown in mouse magnAVP neurons. (A) Representative images of
immunofluorescence staining for AVP (green), CRH (cyan), and BiP (red) in the PVN two weeks after
injection of rAAV-AVPp-scrambled shRNA (cont sh 2wk) and rAAV-AVPp-BiP shRNA (BiP sh 2wk).
Higher magnification images of the boxed areas including representative cells are shown in the insets at the
upper left. The arrows indicate magnAVP neurons. Scale bars: 100 um. (B) BiP expression levels per
magnAVP neuron of the PVN in the cont sh 2wk and BiP sh 2wk groups. Mean BiP expression levels in
the cont sh 2wk group are expressed as 100. Results were analyzed by an unpaired Student’s two-tailed z-

test and are expressed as mean £ SEM (n = 3 per group).

FIGURE S6. MagnAVP neuron loss after BiP knockdown in the mouse PVN. (A) Representative images
of immunofluorescence staining for AVP and CRH in the PVN of un-injected mice (no injection), or twelve
weeks after injection of rAAV-AVPp-scrambled shRNA (cont sh 12wk), and at two (BiP sh 2wk), four
(BiP sh 4wk), and twelve weeks after rAAV-AVPp-BiP shRNA injection (BiP sh 12wk). Scale bars: 100
um. (B) The number of magnAVP neurons in the PVN in the no injection, cont sh 12wk, BiP sh 2wk, BiP
sh 4wk, and BiP sh 12wk groups. Results were analyzed by a one-way ANOVA followed by a Bonferroni

test and are expressed as mean £ SEM (n = 3 per group).

FIGURE S7. BiP knockdown induced ER stress in magnAVP neurons. (A) Representative images of
immunofluorescence staining for AVP (green), CRH (cyan), and CHOP (red) in the PVN two weeks after
injection of rAAV-AVPp-scrambled shRNA (cont sh 2wk) and rAAV-AVPp-BiP shRNA (BiP sh 2wk). The
arrows indicate magnAVP neurons expressing CHOP. Scale bars: 100 um. (B) The number of CHOP-ir

neurons in magnAVP neurons of the PVN in the cont sh 2wk and BiP sh 2wk groups. Results are expressed
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per 100 magnAVP neurons and analyzed by an unpaired Student’s two-tailed ¢-test and are expressed as

mean £ SEM (n = 3 per group).

FIGURE S8. The effects of colchicine intracerebroventricular injection on Crk and Bip mRNA in the PVN.
Quantitative real-time RT-PCR analysis for Cri (A) and Bip mRNA (B) in the PVN of mice
intracerebroventricularly injected with vehicle (vehicle) or colchicine (colchicine). Mean mRNA
expression levels in the vehicle group are expressed as 100. Results were analyzed by an unpaired Student’s

two-tailed 7-test and are expressed as mean +£ SEM (n = 7 per group).
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Figure 4
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Figure S2
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Figure S4
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Figure S5
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Figure S6
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Figure S8
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