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• Thapsigargin (TG) activated all the UPR arms similarly in mouse hypothalamic cultures.
• TG-induced upregulation of BiP and CHOP was attenuated in ATF6␣−/− mouse hypothalamus.
• TG-induced upregulation of ERAD components was also attenuated in ATF6␣−/− mouse hypothalamus.
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a b s t r a c t
Recent studies suggest that endoplasmic reticulum (ER) stress in the hypothalamus could affect systemic
homeostatic regulation in areas such as energy and water balance. Activating transcription factor 6␣
(ATF6␣) is an ER stress transducer which increases the expression of ER chaperones and ER-associated
degradation (ERAD) components under ER stress. In the present study, we examined the regulation of
the unfolding protein response (UPR) in mouse hypothalamic cultures of wild-type (WT) and ATF6␣−/−
mice. Thapsigargin (TG), an ER stressor, signiﬁcantly increased the mRNA expression of immunoglobulin
heavy chain binding protein (BiP), spliced X-box binding protein 1 (XBP1), activating transcription factor
4 (ATF4), C/EBP homologous protein (CHOP), and ERAD components, in hypothalamic cultures of WT mice
with the same threshold (0.1 M) and similar time courses. On the other hand, TG-induced upregulation
of BiP and CHOP as well as most ERAD-related genes, but not spliced XBP1 or ATF4, was attenuated in
ATF6␣−/− mice compared with WT mice. Our data suggest that all the UPR arms are activated similarly
in the mouse hypothalamus under ER stress conditions, where ATF6␣ regulates the expression of ER
chaperones, CHOP, and ERAD components.
© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Abbreviations: ER, endoplasmic reticulum; UPR, unfolded protein response;
IRE1, inositol requiring enzyme 1; PERK, protein kinase RNA-like ER kinase; ATF6␣,
activating transcription factor 6␣; XBP1, X-box binding protein 1; eIF2␣, eukaryotic translation initiation factor 2␣; ATF4, activating transcription factor 4; CHOP,
C/EBP homologous protein; BiP, immunoglobulin heavy chain binding protein;
ERAD, ER-associated degradation; ERAC, ER-associated compartment; FNDI, familial
neurohypophysial diabetes insipidus; TG, thapsigargin; EDEM1, ER degradationenhancing ␣–mannosidase-like protein 1; MEF, mouse embryonic ﬁbroblast.
∗ Corresponding authors. Fax: +81 52 744 2206.
E-mail addresses: d-hagiwara@med.nagoya-u.ac.jp (D. Hagiwara),
yoshi214@med.nagoya-u.ac.jp (Y. Morishita), arima105@med.nagoya-u.ac.jp
(H. Arima).
http://dx.doi.org/10.1016/j.neulet.2015.12.031
0304-3940/© 2015 Elsevier Ireland Ltd. All rights reserved.

In the endoplasmic reticulum (ER), newly synthesized secretory and transmembrane proteins are folded and assembled. This
process can be affected under various stress conditions. When
the load of unfolded and misfolded proteins surpasses the folding capacity of the ER, unfolded proteins accumulate in the ER
lumen, consequently leading to ER stress. In order to cope with
ER stress and maintain homeostasis of the protein quality control system, the unfolded protein response (UPR) occurs through
three distinct types of ER stress transducers localized in the
ER membrane [14]: inositol requiring enzyme 1 (IRE1) [6,17],
protein kinase RNA-like ER kinase (PERK) [12], and activating
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transcription factor 6␣ (ATF6␣) [13]. Activation of IRE1 results
in splicing mRNA of the X-box binding protein 1 (XBP1), which
upregulates UPR gene transcription [26]. The active form of PERK
phosphorylates eukaryotic translation initiation factor 2␣ (eIF2␣),
resulting in the suppression of global protein synthesis and a subsequent reduction in the workload of the ER [11]. eIF2␣ also facilitates
the upregulation of activating transcription factor 4 (ATF4) and
thereby induces expression of C/EBP homologous protein (CHOP)
[10]. On the other hand, ATF6␣ is translocated from the ER to the
Golgi apparatus and cleaved by Golgi-resident proteases under
ER stress conditions [5,25]. A cleaved form of ATF6␣ acts as a
transcriptional factor and upregulates the expression of ER chaperones including immunoglobulin heavy chain binding protein (BiP)
and ER-associated degradation (ERAD) components, in order to
enhance the capacity of protein folding and degradation mechanisms [13,15,23,28].
The hypothalamus is responsible for various systemic homeostatic mechanisms such as energy and water balance, circadian
rhythm, sleep-awake cycle, thermoregulation, and the sympathetic
and parasympathetic nervous system. Recent studies including
those from our laboratory have provided evidence that ER stress
in the hypothalamus is related to some pathophysiological conditions: a high fat diet inducing leptin resistance and obesity
increased phosphorylation of PERK and IRE1 in the hypothalamus [19]; the absence of ATF6␣ led to disruption of the
segregation of misfolded proteins into a sub-compartment of ER
(ERAC: ER-associated compartment) of vasopressin neurons in the
hypothalamus in a mouse model for familial neurohypophysial
diabetes insipidus (FNDI) [3]. These data suggest that UPR in the
hypothalamus plays a crucial role in homeostasis and pathophysiology. However, the detailed regulation of UPR in the hypothalamus
under ER stress is not yet clear.
In the present study, we ﬁrst examined the regulation of UPR
in the hypothalamus in wild-type (WT) mice using hypothalamic organotypic cultures, which maintain intrinsic properties
[1,8,9,18]. We also examined the role of ATF6␣ in the hypothalamus
by comparing the UPR between WT and ATF6␣−/− mice.
2. Materials and methods
2.1. Animals
ATF6␣−/− mice [23] were produced by intercrossing male and
female heterozygotes, and their WT littermates were used as
control mice. Mice were maintained under controlled conditions
(23.0 ± 0.5 ◦ C, lights on from 9:00 AM to 9:00 PM). All procedures
were approved by the Animal Experimentation Committee of the
Nagoya University Graduate School of Medicine, and performed in
accordance with its institutional guidelines for animal care and use.
2.2. Hypothalamic organotypic culture
Seven-day-old WT and ATF6␣−/− mice were decapitated, and
cultures of three hypothalamic slices containing the arcuate
nucleus, ventromedial hypothalamic nucleus, supraoptic nucleus,
and paraventricular nucleus were performed as described previously [9]. Explants were incubated with thapsigargin (TG,
Calbiochem, San Diego, CA, USA), while control slices were incubated with vehicle (0.1% dimethylsulfoxide; Sigma–Aldrich, St.
Louis, MO, USA). Total duration of cultures was 48 h in all explants.
2.3. Quantitative real-time RT-PCR
Total RNA extractions from mouse hypothalamic slice explants
and quantitative real-time RT-PCR analyses were performed as
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Fig. 1. Dose response experiments of TG on BiP, spliced XBP1, ATF4, and CHOP mRNA
expression in hypothalamic cultures of WT mice. Quantitative real-time RT-PCR
analysis for BiP (A), spliced XBP1 (B), ATF4 (C), and CHOP mRNA (D) in hypothalamic
slice explants of WT mice incubated with vehicle and 0.01–10 M TG for 12 h. Results
are expressed as means ± SE (n = 5–8). * P < 0.05 compared with vehicle.

described previously [9]. The primer sequences are summarized
in Table S1.
2.4. Statistical analysis
Statistical signiﬁcance of differences between groups was analyzed by one- or two-way ANOVA followed by Bonferroni’s test as
appropriate. Results are expressed as means ± SE, and differences
were considered statistically signiﬁcant at P < 0.05.
3. Results
3.1. Dose response experiments of TG on UPR in hypothalamic
cultures of WT mice
Incubation of hypothalamic explants of WT mice with
0.1–10 M TG, but not 0.01 M TG, signiﬁcantly increased the
expression levels of BiP, spliced XBP1, ATF4, and CHOP mRNA
(Fig. 1), as well as ERAD-related genes (HRD1, EDEM1, HERP1, and
Derlin-1, 2, 3) (Fig. 2) at 12 h.
3.2. Time course experiments of TG on UPR in hypothalamic
cultures of WT mice
Incubation of hypothalamic explants of WT mice with 1 M TG
signiﬁcantly increased the expression levels of BiP, spliced XBP1,
ATF4, and CHOP mRNA (Fig. 3), as well as ERAD-related genes
(HRD1, EDEM1, HERP1, and Derlin-1, 2, 3) (Fig. 4) at all time points
(6, 12, 24 h) examined.
3.3. Time course experiments of TG on UPR in hypothalamic
cultures of ATF6˛−/− mice
There were no signiﬁcant differences in basal expression levels
of UPR-related genes examined between genotypes except Derlin3, which had a signiﬁcantly lower expression in ATF6␣−/− mice
(Figs. 3 and 4). TG-induced upregulation of BiP mRNA was signiﬁcantly attenuated in ATF6␣−/− mice (Fig. 3A). On the other
hand, expression levels of spliced XBP1 and ATF4 were signiﬁcantly
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Fig. 4. Time course experiments of TG on ERAD-related gene expression in hypothalamic cultures of WT and ATF6␣−/− mice. Quantitative real-time RT-PCR analysis
for HRD1 (A), EDEM1 (B), HERP1 (C), Derlin-1 (D), Derlin-2 (E), and Derlin-3 (F)
in hypothalamic slice explants of WT (open bar) and ATF6␣−/− mice (closed bar)
incubated with vehicle and 1 M TG for 6, 12, and 24 h. Results are expressed
as means ± SE (n = 6–8). * P < 0.05 compared with vehicle in WT mice and # P < 0.05
compared between genotypes at each corresponding incubation time.

higher at 24 h in ATF6␣−/− mice compared with WT mice (Fig. 3B
and C). Of note, the upregulation of CHOP mRNA was signiﬁcantly
attenuated in ATF6␣−/− mice (Fig. 3D). TG-induced upregulation
of ERAD-related genes was signiﬁcantly attenuated in ATF6␣−/−
mice compared with WT mice with the exception of Derlin-1 and
2, which had similar expression levels between genotypes (Fig. 4).
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Fig. 2. Dose response experiments of TG on ERAD-related gene expression in
hypothalamic cultures of WT mice. Quantitative real-time RT-PCR analysis for HRD1
(A), EDEM1 (B), HERP1 (C), Derlin-1 (D), Derlin-2 (E), and Derlin-3 (F) in hypothalamic slice explants of WT mice incubated with vehicle and 0.01–10 M TG for 12 h.
Results are expressed as means ± SE (n = 5–8). * P < 0.05 compared with vehicle.
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Fig. 3. Time course experiments of TG on BiP, spliced XBP1, ATF4, and CHOP in
hypothalamic cultures of WT and ATF6␣−/− mice. Quantitative real-time RT-PCR
analysis for BiP (A), spliced XBP1 (B), ATF4 (C), and CHOP mRNA (D) in hypothalamic slice explants of WT (open bar) and ATF6␣−/− mice (closed bar) incubated with
vehicle and 1 M TG for 6, 12, and 24 h. Results are expressed as means ± SE (n = 6–8).
*
P < 0.05 compared with vehicle in WT mice and # P < 0.05 compared between genotypes at each corresponding incubation time.

4. Discussion
In the present study, we investigated the regulation of UPRrelated gene expression in mouse hypothalamic organotypic
cultures treated with an ER stress inducer TG. Our data showed
that UPR-related genes examined were all upregulated similarly
in hypothalamic cultures of WT mice. We also showed that TGinduced upregulation of BiP, CHOP, and most ERAD-related genes
was attenuated in the hypothalamus of ATF6␣−/− mice compared
with WT mice.
It is worth noting that time-courses and dose-responses were
similar among all the UPR-related genes examined in the hypothalamus of WT mice. UPR is composed of both pro-survival and
pro-apoptotic pathways, and our data demonstrated that prosurvival genes such as BiP [7] and pro-apoptotic genes such as
CHOP [11] were upregulated with the same threshold and similar
time-courses in mouse hypothalamic organotypic cultures. Similar
results were also reported in mouse embryonic ﬁbroblasts (MEFs)
[20]. These data suggest that both pro-survival and pro-apoptotic
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genes are induced at the same time in response to ER stress, at least
in acute conditions.
There is evidence to indicate that BiP expression is regulated by
ATF6␣ [23]. Consistent with this, our data showed that BiP mRNA
expression induced by TG was attenuated in hypothalamic cultures
of ATF6␣−/− mice. The upregulation of spliced XBP1 and ATF4 at
later time points could be interpreted as compensated UPR in the
absence of ATF6␣, as reported previously [21–24]. On the other
hand, while CHOP is supposed to be downstream of PERK, our data
showed that the upregulation induced by TG was attenuated in
ATF6␣−/− mice, indicating that CHOP is at least in part regulated by
ATF6␣ under ER stress in hypothalamus, as suggested in previous
studies using cell lines [2,16,27].
The upregulation of most ERAD-related genes examined were
attenuated in hypothalamic cultures of ATF6␣−/− mice, as in
ATF6␣−/− MEFs [2]. These data suggest that ATF6␣ plays a pivotal
role in ERAD in the hypothalamus. In particular, the expression
of Derlin-3 in ATF6␣−/− mice was signiﬁcantly decreased compared with that in WT mice even under basal condition, and ER
stress-induced upregulation was almost completely suppressed in
ATF6␣−/− mice. On the other hand, there were no differences in
expression levels of Derlin-1 and 2 between WT and ATF6␣−/− mice.
These data suggest that among the Derlin family, only Derlin-3 is
downstream of ATF6␣, as was reported previously in MEFs [2] and
heart [4].
ER stress is induced by accumulation of misfolded/unfolded
proteins in the ER lumen, and ER chaperones as well as ERAD function to reduce ER stress as the protein quality control system. In
a previous study, we demonstrated that misfolded proteins were
accumulated in ERAC of vasopressin neurons in the hypothalamus
of FNDI mice, and that the formation of ERAC was hampered in
the absence of ATF6␣ [3]. As upregulation of BiP mRNA expression
in the vasopressin neurons was attenuated in ATF6␣−/− mice, we
speculated that ER chaperones including BiP might play a major
role in the formation of ERAC [3]. Now that the upregulation of
most ERAD-related genes was attenuated in the hypothalamus of
ATF6␣−/− mice, it is likely that ERAD might also contribute to the
maintenance of ERAC under ER stress conditions.
In the present study, we examined the UPR signaling in hypothalamic slice explants. It remains unclear whether the UPR in other
brain regions is regulated similarly as in the hypothalamus. Furthermore, it also remains to be elucidated whether there are any
differences in the UPR signaling among individual hypothalamic
nuclei. To analyze the UPR signaling in other brain regions as well as
individual hypothalamic nuclei is an important direction in future.
In conclusion, our data revealed that all the UPR arms (ATF6␣,
IRE1, and PERK) are activated similarly, and that ATF6␣ regulates
the expression of ER chaperones, CHOP, and ERAD components
under ER stress in the mouse hypothalamus.
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