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Abstract

Endoplasmic reticulum (ER) stress is involved in Alzheimer's disease (AD), but the
mechanism is not fully understood. Here, we injected tunicamycin (TM), a recog-
nized ER stress inducer, into the brain ventricle of Sprague-Dawley (SD) rats to
induce the unfolded protein response (UPR), demonstrated by the enhanced phos-
phorylation of pancreatic ER kinase (PERK), inositol-requiring enzyme-1 (IRE-1) and
activating transcription factor-6 (ATF-6). We observed that UPR induced spatial
memory deficits and impairments of synaptic plasticity in the rats. After TM
treatment, GSK-3 was activated and phosphorylation of cAMP response element
binding protein at Ser129 (pS129-CREB) was increased with an increased nuclear
co-localization of pY126-GSK-3f and pS129-CREB. Simultaneous inhibition of GSK-
3B by hippocampal infusion of SB216763 (SB) attenuated TM-induced UPR and
spatial memory impairment with restoration of pS129-CREB and synaptic plasticity.
We concluded that UPR induces AD-like spatial memory deficits with mechanisms
involving GSK-3B/pS129-CREB pathway.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder
with progressive impairment of memory and other cognitive func-
tions. Apart from the loss of synapses, AD is histopathologically
characterized by the accumulation of numerous intracellular neu-
rofibrillary tangles (NFTs) and extracellular plaques.t? Previous stud-
ies have shown that the amount of NFTs, mainly composed of the
hyperphosphorylated tau,®* in the AD brains is correlated with the
degree of dementia.>® Studies also showed that B-amyloid (A),
forming toxic oligomers that aggregate into amyloid plaques, was
associated with age-related memory impairment.”® Our previous
studies indicate that tunicamycin (TM) could induce AD-like tau
hyperphosphorylation and reduction in some synapse-related pro-
teins in temporal cortex, frontal cortex and hippocampus.” However,
whether TM treatment affects learning and memory and the molecu-
lar mechanisms are unknown.

Endoplasmic reticulum (ER) is an important cellular organelle,
responsible for the posttranslational processing of newly synthe-
sized proteins and ensuring proper protein folding and assembly.'®
ER stress is an important form of ER dysfunction, and ER stress
has been observed in several neurological conditions, such as AD,
Parkinson'’s disease, Amyotrophic lateral sclerosis and so on. Some
studies have showed neurons are constantly exposed to ER stress
in the AD brains. ER stress could be expressed by chaperone pro-
teins and trigger many rescuer responses, including unfolded pro-
tein response (UPR) and ER-associated degradation.'*® The ER
chaperone binding immunoglobulin protein (Bip) is physiologically
bound to 3 important proteins in the ER membrane, pancreatic ER
kinase (PERK), inositol-requiring enzyme-1 (IRE-1) and activating
transcription factor-6 (ATF-6). When UPR is induced, Bip is
attracted to bind to the unfolded proteins accumulated in the ER
to keep the correct protein folding and is thereby released from
PERK, IRE-1 and ATF-6, which are consequently phosphorylated
and activated.}*¢ Although the initial UPR protects the cell from
the toxicity of misfolded proteins in the ER, prolonged UPR activa-
tion may participate in the pathogenesis of protein misfolding dis-
eases, such as AD.Y-2°

Recently, several reports have shown that the UPR is activated in
the AD brain. Bip, an ER stress marker, is increased in the temporal
cortex and the hippocampus of AD cases compared with no demented
control cases.?! The phosphorylated PERK (pPERK), an UPR activation
marker, is most abundant in neurons with diffuse localization of the
phosphorylated tau protein in the brain of AD patients.?? Our previous
report has also shown that TM treatment induces tau hyperphospho-
rylation in frontal cortex, temporal cortex and hippocampus in rats
with an increased level of Bip and reduction in some synapse-related
proteins,” while overexpressing SIL1 rescued Bip elevation-related
Tau hyperphosphorylation in ER stress.®

Glycogen synthase kinase-3 (GSK-3) is highly expressed in the cen-
tral nervous system (CNS) 24 and plays an important role in AD. Studies
showed that the activated form of GSK-3 was elevated in the AD
brains.?> GSK-3 could not only phosphorylate tau at most of the AD

sites 2628 put also induce AB overproduction.?? Activation or overex-
pression of GSK-3 induces memory deficit,**32 whereas inhibition of
GSK-3 reverses this effect.3%%® However, the mechanism by which
GSK-3 regulates learning and memory is only partly understood. Recent
study has found that overexpression of GSK-3f could cause memory
deficits by inhibiting long-term potentiation which is accompanied by
prominent impairment of synapses.>#3> An in vitro study also show that
GSK-3p could be activated during ER stress %437 and induce tau hyper-

phosphorylation 2338

that be involved in memory impairment. How-
ever, it is still not understood whether and how GSK-38 plays an in vivo
role in ER stress-induced spatial cognitive alterations.

The cAMP response element binding protein (CREB), named by

Montminy,>’

regulates transcription of multiple genes in eukaryotic
nuclei. CREB plays an important role in increasing long-term potenti-
ation (LTP), synaptic plasticity, development, differentiation and sur-
vival of neurons. Phosphorylation of CREB at Serl133 increases
CREB activity, whereas phosphorylation at Ser129 and Ser142 inhi-
bits its activity. GSK-3f is an important kinase regulating the tran-
scription of CREB.*°

In this study, we established a rat model with activated UPR by
brain injection of TM. We found that TM infusion induces spatial
memory deficits in rats with ER stresses, shown by the increased
level of phosphorylated PERK, IRE-1, ATF6, CREB at Ser129, GSK-
3P at Tyr216 and impairment of synapses. Simultaneous inhibition of
GSK-3 rescues the UPR-induced spatial memory impairments with

restoration of ER stress and the associated dysfunction.

2 | MATERIALS AND METHODS

2.1 | Antibodies and chemicals

The antibodies used in this study are listed in Table 1. TM was from
Alexis Biochemical (San Diego, CA, USA). TM was dissolved in
DMSO at concentration of 12.5 mmol/L and stored at —20°C.
SB216763 (SB) was from Tocris Bioscience (Bristol, UK) and freshly
dissolved in DMSO from light before use. Bicinchoninic acid (BCA)
protein detection kit was from Pierce Chemical Company (Rockford,
IL, USA). Enhanced chemiluminescence was from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA, USA).

2.2 | Drug administration

Three-month-old (250 + 20 g) male Sprague-Dawley rats were sup-
plied by the Experimental Animal Central of Tongji Medical College.
All experimental procedures were approved by the Animal Care and
Use Committee at the Huazhong University of Science and Technol-
ogy and were performed in compliance with National Institutes of
Health guidelines on the ethical use of animals. Rats were kept in
cages under a 12-hour light: 12-hour dark (L/D) cycle with the light
on from 7:00 am to 7:00 pm.

The rats (rats for each group were used in this study are listed in
Table 2) were anaesthetized with 6% chloral hydrate (400 mg/kg)
and placed in a Jiangwan-Il stereotaxic instrument (Jiangwan Medical
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TABLE 1 A list of antibodies and their epitopes on the molecule of protein used in this study

Antibody Epitopes Type
GSK-3B Total-GSK-3p Poly-
pS9-GSK-3 Phospho-GSK-38 at Ser9 Poly-
Tyr216-GSK-3p Phospho-GSK-3f at Tyr279/Tyr216 Mono-
PERK Total PERK Poly-
pPERK Phospho-PERK(Thr980) Poly-
IRE1 Total IRE1 Poly-
P-IRE1 Phospho-IRE1(Ser724) Poly-
ATF6 Total ATF6 Poly-
P-ATF6 Phospho-ATF6 Poly-
NR2A Total NR2A Poly-
NR2B Total NR2B Poly-
PSD95 Total PSD95 Poly-
Synapsin 1 Total Synapsin 1 Poly-
CREB Total CREB Poly-
pS129-CREB Phospho-CREB at Ser129 Poly-
pS133-CREB Phospho-CREB at Ser133 Poly-
GAPDH Full-length GDPDH Mono-
Histone 3 (H3) Total histone 3 protein Poly-
DM1A Alpha-tublin Mono-

Dilution
1:1000 for WB
1:1000 for WB

1:1000 for WB 1:200 for IFC

1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB
1:1000 for WB

1:1000 for WB
1:200 for IHC
1:200 for IFC

1:1000 for WB
1:200 for IHC
1:200 for IFC

1:1000 for WB
1:1000 for WB
1:2000 for WB

WiILEY-

Source

Cell Signalling (Danvers, MA, USA)
Cell Signalling (Danvers, MA, USA)
Millipore (Billerica, MA, USA)

Cell Signalling (Danvers, MA, USA)
Cell Signalling (Danvers, MA, USA)
Abcam (Cambridge, UK)

Abcam (Cambridge, UK)

Abcam (Cambridge, UK)

Abcam (Cambridge, UK)

Abcam (Cambridge, UK)

Abcam (Cambridge, UK)

Cell Signalling (Danvers, MA, USA)
Millipore (Billerica, MA, USA)

Cell Signalling (Danvers, MA, USA)
Sigma (NY, USA)

Cell Signalling (Danvers, MA, USA)

Abcam (Cambridge, UK)
Cell Signalling (Danvers, MA, USA)
Abcam (Cambridge, UK)

IHC, immunohistochemistry staining; IFC, immunofluorescence staining; Mono-, monoclonal; Poly-, polyclonal; WB, Western blotting.

Instrument Co. Shanghai, China).*! The skull was cleaned, and the
hole (diameter 1.0 mm) was made for the infusion after the scalp
was incised (5.0-8.0 mm). For the lateral ventricular infusion, the
coordinate of AP-0.8, L-1.5, V-4.0 (in mm from bregma and dura, flat
skull) was selected according to the stereotaxic atlas of Franklin and
Paxinos. A sterilized needle connected to a Hamilton syringe was
used to deliver TM or in combination with SB into the lateral ventri-
cle (10 pL). Equal volume of DMSO with 0.9% NaCl was infused as
vehicle controls.

2.3 | Behavioural test

Spatial memory was measured by Morris water maze test.*?> The
Morris water maze apparatus was the same as previously
described.*® In brief, it consisted of a circular pool, 150 cm in diame-
ter and 50 cm in height, with the interior painted black. The escape
platform was made of clear plexiglass, 14 cm in diameter and 27 cm
in height and was located 1 cm below the surface of the water.
Visual cues were visible to the rats, including several geometric
shapes that measured at least 20 cm in height and were positioned
so that they were 15 cm above water level and remained distal and
constant to the rats at all times. The water was maintained at
24 + 2°C and was made opaque by the addition of non-toxic black
ink that generated the obvious contrast with the white skin of rats

to record their movements. The swimming pathways and the laten-
cies of the rats to find the hidden platform were recorded each day
by a video camera fixed to the ceiling of the room, 1.5 m from the
water surface. The camera was connected to a digital-tracking device
attached to an IBM computer loaded with the water maze software.
The less time a rat spent in finding the platform, the better it scored
the spatial learning and memory.

For spatial learning, rats were trained in water maze to remem-
ber the hidden platform for 7 consecutive days. For the first day,
the rats only proceeded with one trial that started from the first
guadrant. And for the following 5 days, 3 trials were performed for
each rat every day, starting from the first, the second and the fourth
quadrant, respectively. For the last training day (the 7 day), only one
trial that started from the first quadrant’s movements were per-
formed, and total 20 trials were finished for 7 days’ training. On
each trial, the rat started from each quadrant by facing the wall of
the pool and ended when the animal climbed on the platform. The
rats were not allowed to search for the platform more than 60 sec-
onds, after which they were guided to the platform. Through these
training sessions, rats acquired spatial memory about location of the
safe platform, and rats that could find the platform after training
from quadrant 1-4 in turn for 24 trials within 20 seconds were
selected and randomly divided into 3 groups for the brain lateral
ventricle injections, respectively, with DMSO (10 ul) or T™
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TABLE 2 A list of rats used in this study
T™ (um)
DMSO 25 50 75 ™ + SB
Groups Nor 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h
Western blotting 6 ) 6 6 6 6 6 6 6 6 6
Behavioural test 20 20* 20 20* 20 20*

*Six rats of the group were used for Nissl and Immunofluorescence staining, 3 other rats were used for Golgi staining.

(50 umol/L, 10 uL) or T™M + SB (50 pmol/L, 10 pL) as mentioned
above. At 24 and 48 hours after the injection, the spatial memory
retention of the rats was tested in the same water maze with the
searching time extended to 90 seconds. After the behaviour test,
the rats were killed for the rest studies.

Memory was also measured by step-down avoidance tests which
was made of electrically conductive metal fence at the bottom,
around with open transparent plastic box (length x width x height:
23 x 23 x 40 cm). A wooden platform was placed on the bottom
of the metal fence (length x width x height: 3.5 x 3.5 x 2.5 cm).
Put the rats into the experimental device to make them be familiar
with the surrounding environment for 5 minutes, respectively. And
then began the stage of learning to put the rats gently on the plat-
form, when animals jumping off the platform to the wire fence,
immediately gave them electric shock (0.5 mA, for 5 seconds). After
that put them back to the platform and began to record duration, if
the duration reached 60 seconds that indicated rats have learned
how to avoid electric shock. If the duration on the platform was
<60 seconds, gave the rats electric shock again when they jumped
off the platform until they could stay on the platform at least
60 seconds. Record the number of rats received shocks (mistake
number) and the total time (learning time for the first time), the
whole period was 5 minutes. The laboratory equipment should be
cleaned with 75% alcohol after each rat was tested. When all rats
were trained, following start the formal test to check the memory
retention at 24 and 48 hours after DMSO or TM being injected. The
rats were put on platform in this phase experiment, and the duration

period and numbers of wrong were recorded within 5 minutes.

2.4 | Cytoplasm—-nucleus protein extraction

The 250-mg fresh rats brain or cryopreserved tissue in —80°C were
taken immediately into the glass homogenizer with ice pre-cooling,
add 500 plL cytosol extraction reagent (CER, the proportion of brain
tissue with CER is 1:2) in it. Triturate the brain tissue with pestle
and then fluctuate homogenate them by manual operation for 20
times. Ice bath for 10 minutes and then fluctuate homogenate them
for 7 times again. Take 500-uL lysate, transfer it to the new centrifu-
gal tube, centrifuge for 5 minutes with 800 g in 4°C circumstance.
The crude product of nucleus precipitates at the end of the pipe and
the supernatant is the mixture of cell membrane and cytoplasm.
Transfer the supernatant to the new centrifugal tube and add mem-
brane extraction reagent (MER, 1/10 volume of the supernatant

fluid) into it. Ice bath for 5 minutes, centrifuge for 30 minutes with
10956.4 g in 4°C circumstance. Take the supernatant into the new
centrifugal tube which is the cytoplasm components and the precipi-
tation is cell membrane components including cell membranes and
organelles fragments which can be suspended again with 50-100 pL
suspension buffer. Add 500 pL nuclear extraction reagent (NER) into
the crude product of nucleus obtained such as the above and vibrate
it to suspend again. 4000 g, 4°C centrifuge for 5 minutes, abandon
the supernatant and then add 500 pL NER into it to suspend it
again. Repeat the above centrifugal steps and clear the centrifugal
supernatant. Add 50-100 pL suspension buffer to suspend the pre-

cipitation again to obtain the nuclei.

2.5 | Western blotting

For brain samples, the hippocampus taken immediately after Morris
water maze test were homogenized in buffer containing 10 mmol/L
Tris—Cl, pH 7.6, 50 mmol/L NaF, 1 mmol/L Na3VO4, 1 mmol/L ede-
tic acid, 1 mmol/L benzamidine, 1 mmol/L PMSF and a mixture of
aprotinin, leupeptin and pepstatin A (10 pg/mL each) or obtain the
cytoplasm-nucleus protein extraction as the above way. Three vol-
umes of the homogenate for brain samples were added to one vol-
ume of the extracting buffer containing 200 mmol/L Tris—Cl, pH 7.6,
8% SDS, 40% glycerol, and the samples were boiled in water bath
for 10 minutes and then followed by sonication for 15 seconds on
ice. After measurement of protein concentration in the extracts
using BCA kit (Pierce, Rockford, IL), a final concentration of 10%
B-mercaptoethanol and 0.05% bromophenol blue was added. The
proteins in the extracts were separated by 10% SDS-PAGE and
transferred to nitrocellulose membrane. The membranes were
blocked with 5% non-fat milk dissolved in TBS-Tween-20 (50 mmol/
L Tris—HCI, pH 7.6, 150 mmol/L NaCl, 0.2% Tween-20) for 1 hour
and probed with primary antibody (see Table 1 for detail) at 4°for
overnight. Then, the blots were incubated with anti-mouse or anti-
rabbit 1gG conjugated to horseradish peroxidase (1:15 000) for
1 hour at room temperature and scanned after being washed with

TBS-Tween-20,and the greyscale was analysed with odyssey system.

2.6 | Nissl staining

Nissl staining was established in 1892 by Franna Nissl, the German
pathologist, with alkaline dye to discover Nissl body, and this
method was widely used. The picked brain slices were pasted on the
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glass slide disposed by gelatine in PBS liquid, dustproof atmospheric
drying. And then, 1% Toluidine blue was dropped on the brain slices,
keeping 5-10 minutes, 95% alcohol was used to differentiate and
observed under a microscope at the same time until the background
was clean and the Nissl body was clear. Then dehydrated with 100%
alcohol for 5 minutes x 2, transparented with xylene for 5 min-
utes x 2 and sealed with neutral gummi, and finally analysed under

a microscope and collected images.

2.7 | Golgi staining

After the rats (n = 3 for each group) being anaesthetized with 6%
chloral hydrate (400 mg/kg), the aorta of the rat was inserted into
with blunt infusion needle and perfused with 350-500 mL (37°C)
physiological saline containing 0.5% sodium nitrite into the systemic
circulation quickly. When the liver became pale and the rinse
become clear, continued to perfuse with fixed liquid containing 4%
formaldehyde (500 mL) for about 1-2 hours until the rat body was
stiff. Then replaced the fixed liquid with mordant dyeing (500 mL,
containing 5% chloral hydrate, 5% potassium dichromate, 4%
formaldehyde), continued to pursue quickly for 5-10 minutes to
replace the systemic circulation stationary liquid. When flowing out
thick orange liquid, slowed down the speed to 25 drop/minutes and
the perfusion process of mordant dyeing liquid lasted about 3-
4 hours. The brain tissue after perfusion was taken and divided the
brain into 2 parts along with the midline incision, kept the tissue
containing hippocampus to 5 mm thick. Then dipped the tissue into
fresh mordant dye, avoided light for 4 days and replaced the mor-
dant dye every day. Next permutated the mordant dye with 1.5% sil-
ver nitrate solution for 3 days and avoided light and replaced a fresh
silver nitrate solution daily. The brain slice (35 um) was prepared by
oscillation microtome (Germany, VT1000S, Leica). The slices were
soaked in 2% potassium dichromate solution for 20 minutes and
then rinsed with steaming water to clear. Then pasted the slices in
1.5% gelatine solution, dried dustproof air and then dehydrated with
gradient alcohol, transparent with xylene and sealed piece with neu-
tral gum. Finally, images were collected under a microscope to anal-
yse. The spine numbers were measured by Image J software, and
the different types of spines were analysed according to the sche-

matic structure of the dendritic spines.**

2.8 | Immunofluorescence staining

The brain sections were obtained as the immunohistochemistry
staining described. The sections were incubated for 48 hours at
4°C with the first primary antibodies after being ruptured mem-
brane and blocked with 5% BSA and then washed with PBS and
incubated the second primary antibodies like described above. The
sections were subsequently incubated with Rhodamine Green 488
or Red 546-conjugated secondary antibodies (1:500) for 1 hour at
37°C. Pasted the brain sections to the glass slide and sealed them
with 50% glycerine after being washed with PBS. The images were
observed by a laser confocal microscope (LSM710, Zeiss, Germany),

and the fluorescence images were analysed by the software
affiliated.>4¢

2.9 | Statistical analysis

Data were expressed as means - SEM and analysed using SPSS
12.0 statistical software (SPSS Inc., Chicago, lllinois, USA). Means
were compared by one-way analysis of variance (ANOVA) procedure
followed by LSD’s post hoc Bonferroni’'s tests. P values <.05 were

considered as significant.

3 | RESULTS

3.1 | TM induces UPR independent of GSK-3
activation and causes tau hyperphosphorylation with
spatial memory deficits in rats

To produce an in vivo UPR model, we infused different concentra-
tions of ER stressor, TM, into the lateral ventricle of rats and mea-
sured the alterations of ER transmembrane protein, phosphorylated
PERK (pPERK). We observed that infusion of TM at 25 pmol/L,
50 pmol/L and 75 pmol/L increased the protein level of pPERK, an
ER stress marker (Figure 1A,B). Simultaneously, we found that level
of Bip, an important ER-associated chaperon, significantly increased
by T™M at 50 umol/L and 75 umol/L but not at 25 pmol/L (Fig-
ure 1C,D). Then, we infused the rats with 50 umol/L of TM and
measured the UPR, including pPERK, phosphorylated IRE-1 (pIRE-1)
and phosphorylated ATF-6 (pATF-6) at different time-points. The
increased levels of pPERK, pIRE-1 and pATF-6 were detected at
both 24 hours and 48 hours after the infusion (Figure 1E,F). In our
previous study, we observed that TM could activate GSK-3p. There-
fore, we studied whether simultaneous inhibition of GSK-3 by
SB216763 (SB) affects UPR. The results showed that application of
SB did not rescue UPR (Figure 1E,F). These results suggest that ven-
tricular infusion of TM can induce UPR in rat brain independent of
GSK-3 activation.

In our previous studies, we found that TM treatment
increased phosphorylated level of tau at Thr205, Thr231 and
Ser396.” We observed the similar alternation of tau proteins in
this study and SB attenuated tau phosphorylation (Figure 2A,B).
To measure the effects of UPR in spatial memory, we trained
the rats for 7 consecutive days to allow remembering the hidden
platform in water maze (Figure 2C), then we injected 50 pmol/L
TM (10 pL) or isasteric DMSO or TM plus SB (50 pumol/L) into
the rats lateral ventricle, after 24 or 48 hours, the hippocampus-
dependent spatial memory was measured by removed the plat-
form. Compared with the DMSO-injected control rats that could
find the platform within 20 seconds by a direct searching strat-
egy, while injection of TM increased the latency to about 60 sec-
onds (Figure 2D,E). Learning and memory of the rats were also
measured by step-down avoidance tests. Compared with the
DMSO vehicle control, TM treatment showed no difference of

the number of errors in the training period. In the detection
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period during step-down avoidance test, all the rats could not
successfully avoid the risk of electric shock at 24 hours and
there were no difference of latency period at 48 hours, but
increased the number of errors both at 24 and 48 hours after
TM injection (Figure 2F-I). SB rescued TM-induced memory defi-
cits shown by the significantly decreased latency to find the hid-
den platform in MWM test and decreased the number of errors
in step-down avoidance tests (D-l). These data suggest that TM

can induce memory deficits of rats.

3.2 | TM inhibits mushroom spine formation and
expression of several synaptic proteins

To explore the mechanisms underlying the TM-induced spatial
memory deficits, we measured spine morphology and synapse-asso-
ciated proteins. We found that number of mushroom-type spines
significantly decreased in DG (5.95 + 1.02 vs 3.45 + 0.98) and

CA3 (3.85 + 1.01 vs 2.42 + 0.85) subsets but not in CA1 of the
TM-treated group, and no significant change of thin spines was
detected (Figure 3A-F). SB could reverse the decreased mushroom-
type spines in DG and CA3 subsets. We also measured the levels
of synapse-associated proteins. The results showed that levels of
synapsin 1, a synaptic vesicle protein regulating pre-synaptic
release of glutamate, and the postsynaptic associated proteins,
PSD95 significantly decreased in TM group, but GIuN2A and
GIuN2B were no obvious alteration after TM injection (Figure 3G,
H). These data suggest that TM induces impairments in hippocam-
pal synaptic maturation. SB treatment restored PSD95 but not
synapsin 1, instead it reduced level of synapsin 1. By Nissle’s stain-
ing, we observed that cell number in hippocampal CA1 significantly
decreased in TM group compared with control group, the decrease
was not seen in DG subset, suggesting that TM induces cell death
in CA1 subset and SB could reverse the cell death in CA1 subset

(Figure 4A-D).
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FIGURE 2 SB attenuates tau hyperphosphorylation and memory deficits induced by tunicamycin in rats. The rats were randomly divided into 3
groups infused, respectively, through ventricle with 50 umol/L TM or DMSO or TM plus SB (50 umol/L). The rats were trained in Morris water
maze (MWM) for 7 days before DMSO, TM and TM + SB injection (C). After 24 or 48 h, the brain extract from hippocampal regions (HP) was
used to measure the alterations of tau proteins by Western blotting (A) and quantitative analysis (B). The levels of unphosphorylated tau at Taul
epitope and the phosphorylation level of tau at Ser396 epitope as labelled on the blot were normalized against total tau probed by Tau5 which
was normalized against DM1A (n = 6). SB could more obviously rescue the decreased Taul and the increased phosphorylation level of tau at
Ser396 epitope after TM being injected for 48 h. Simultaneously, the MWM and step-down avoidance tests were used to assess learning and
memory capacities (D-I). The rats had same cognitive levels during 7 days training before TM treatment (C), while injection of TM for 24 or 48 h
induced memory deficits shown by the increased latency to find the hidden platform in MWM test (D,E). TM-injected rats used more time to learn
to protect themselves from the risk of electric shock in the training period during step-down avoidance test measured at 24 and 48 h after the
injection (F). TM-injected rats showed no difference of the number of errors compared with the control group rats (G). TM-injected rats showed

no difference of latency period but increased number of errors in the detection period during step-down avoidance test measured at 24 and 48 h
after the injection. SB rescued TM-induced memory deficits shown by the significantly decreased latency to find the hidden platform in MWM test
(E). The data were expressed as mean + SD (n = 10). *P < .05, **P < .01 vs DMSO-24 h; *P < .05, #p < .01 vs DMSO-48 h; ™P < .05vs TM-
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. CREB, a crucial protein in regulating gene transcription. It was

3.3 | TM treatment affects CREB phosphorylation ood that GSKp3 N ,g | j.g CREB oh ph ation”

. . reporte a -o Mma e Involved In osphorylation "*;
with involvement of GSK-3 P Y phosphory

therefore, we measured GSK-3p using activity-dependent antibodies.
To understand the mechanisms underlying the TM-induced spatial We found that the active phosphorylation of GSK-3B at Tyr216

memory deficit and altered synapse protein levels, we measured (pY216-GSK-3p) increased and the inhibitory phosphorylation of
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FIGURE 4 Tunicamycin induces cell loss in hippocampal CA1 subset and attenuation by SB. The representative Nissl staining analysis
shows temporal cortex (TC), frontal cortex (FC) and hippocampus (HP) after TM injection for 48 h (A). The neuronal numbers in hippocampal
CA1, CA3, CA4 and DG were analysed (bar = 500 pm for TC, FC and HP; bar = 50 um for CA1, CA3, CA4 and DG) (B,C). The data were
expressed as mean + SD (n = 6). *P < .05 vs DMSO, #P < .05 vs TM
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GSK-3B at Ser9 (pS9-GSK-3p) decreased at 24 and 48 hours after
infusion of TM (Figure 5A,B), suggesting activation of GSK-3f8 by
TM. We observed that level of phosphorylated CREB at Ser133
(pS133-CREB) was decreased in hippocampus treated with TM,
while the level of phosphorylated CREB at Ser129 (pSer129-CREB)
was increased (Figure 5C,D). These alterations could be reversed by
ventricular infusion of SB, the inhibitor of GSK-3, especially at
48 hours (Figure 5A-D). These data suggest that the alteration of
CREB phosphorylation induced by TM may be related to the activa-
tion of GSK-3.

To verify the role of GSK-3p and CREB in TM-induced spatial
memory deficit and synapse impairments, we checked the levels
of GSK-3B and CREB both in cytoplasm fraction and in nuclear of
hippocampus treated with TM. We observed that level of phospho-
rylated CREB at Ser133 (pS133-CREB) was decreased in nuclear
fraction and increased in cytoplasm of hippocampus treated with
TM, while the level of phosphorylated CREB at Ser129 (pSer129-
CREB) in nucleus fraction was increased. Meanwhile, we observed
that level of phosphorylated Y216-GSK-3p increased and level of
phosphorylated S9-GSK-3f decreased in cytoplasm of hippocampus
treated with TM (Figure 6A-C). Immunofluorescence staining data
also showed that level of pSer129-CREB significantly increased in
the nucleus of cortex and hippocampus and decreased in cytoplasm,

while the level of pSer133-CREB decreased in nucleus of hippocam-
pus and increased in cytoplasm. Simultaneous inhibition of GSK-3 by
ventricular infusion of SB216763 rescued the alteration of CREB at
pSer129-CREB and pSer133-CREB in nucleus fraction and cytoplasm
of cortex and hippocampus treated with TM. An increased co-locali-
zation of pY216-GSK-3pB with pSer129-CREB was also detected in
the cytoplasm fraction (Figure 6D-G). These data suggest that
change of CREB phosphorylation induced by TM may be related to
the activation of GSK-3.

4 | DISCUSSION

In the AD brains, the immunoreactivity of the ER stress markers,
such as pPERK, elF2a and IRE-1a, was observed in hippocampal
neurons associated with granulovacuolar degeneration, and the
pPERK-immunoreactive neurons were increased.?! Moreover, ER
stress features are prominent in the brain of AD patients but
not in Prion diseases,?? suggesting a specific role of ER stress in
the pathophysiological process of AD. Many other evidence also
suggests that ER dysfunction is closely related to AD. For
instance, pPERK immunoreactivity was most abundant in the
neurons with diffuse localization of the phosphorylated tau

FIGURE 6 Tunicamycin increases nuclear co-localization of Y216-GSK-3f and pSer129-CREB with reduced pSer133-CREB. Rats were

treated with TM or DMSO for 48 h and then the cytoplasmic and nuclear fractions of the hippocampus were analysed by Western blotting
and quantitative analysis (A-C). The representative immunofluorescence images show phosphorylated CREB probed by pSer133 and pSer129
(green), and phosphorylated GSK-3 by Y216-GSK-3p (red) in cortex and hippocampus (bar = 50 um) (D,E). SB treatment restored the nuclear
internal and external metastasis of pSer133-CREB and pSer129-CREB. The co-localization of pY216-GSK-3p with p-S129-CREB and p-S133-
CREB in hippocampus were statistically measured. The data were expressed as means + SD. The tendency of pY216-GSK-3p with p-S129-
CREB and p-S133-CREB in cortex was similar that in hippocampus (F,G) and the statistical graph not be showed. (n = 6) *P < .05, **P < .01,
***p < 001 vs DMSO in B and C. *P < .05 vs DMSO, *P < .05 vs TM in F and G
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proteins.??> Exogenous AB can induce ER stress signalling path-
ways directly through Bip in cell culture. Furthermore, muta-
tion in presenilin-1 (PS1) gene is one of the most important
factors of familial AD and the mutation of PS1 appears as
unfolding protein in the ER. In addition, PS2 can be up-regulated
in sporadic familial AD which can inhibit UPR. These studies
suggest a specific role of ER stress in the pathological process
of AD.

In our recent studies, we observed that constant illumination
could induce tau hyperphosphorylation, memory deficits and imbal-
ance of kinases/phosphatases with ER damage.*® Rats brain treated
with TM, an ER stress inducer, could significantly increase the phos-
phorylated tau.”®® These studies indicate a crucial role of ER stress
in the AD-like tau pathology and behavioural abnormalities. How-
ever, we are puzzled that whether and how ER stresses induce
behavioural abnormalities. Whether the level of memory-related
kinase or other molecules, such as GSK-3f or CREB, is also changed
and what is the possible relation between them? Which parameter(s)
is activated by ER stress and is responsible for the behavioural
abnormalities?

To address these questions, we firstly produced an in vivo ER stress
model by brain ventricular infusion of TM at different concentrations by
measuring the increased ER transmembrane protein pPERK and Bip.
Then, 50 pmol/L TM was selected to infuse rats for 24 and 48 hours,
and elevation of 3 ER transmembrane proteins, including pPERK, pIRE-
1 and pATF-6, was observed and the elevation was associated with
memory deficits, suggesting that UPR could induce memory deficits in
rats. When treated with TM plus SB, the levels of pPERK, pIRE-1 and
pATF-6 had no alteration compared with the group treated with TM.
These data indicate that inhibition of GSK-3 by ventricular infusion of
SB does not significantly affect TM-induced UPR. Although TM treat-
ment can induce ER stress with AD-like tau hyperphosphorylation, we
have to note that ER stress seen in the AD brains is a chronic process
while TM treatment used in the current study is acute.

Tau is a major microtubule-associated protein which stabilizes
the neuronal cytoskeleton. Hyperphosphorylated tau which is
incompetent in microtubules binding and stabilizing has reported to
aggregate into filaments and ultimately lead to dysfunction of
synapses, degeneration of neurons and cognitive impairment. Tau
reduction that can block AB- and excitotoxin-induced neuronal dys-
function has been represented to be an effective strategy for
treating Alzheimer's disease and related conditions.*” In our previ-
ous study, we also demonstrated that UPR could induce increasing
tau hyperphosphorylation in different brain regions.” So we specu-
lated the spatial memory deficit induced by TM was related to
hyperphosphorylated tau. Simultaneously, we observed the number
of neural cell in CA1 decreased after TM treatment, which sug-
gests that the decrease of the neuron number in hippocampus
CA1 may contribute to the learning and memory impairments
induced by TM. Previous study has suggested that neurons in CA1
were more vulnerable to the stresses.>® Meanwhile, the dendritic
spines in DG and CA3 subsets also decreased accompanied with
the mushroom type of dendritic spines of hippocampus. The

mushroom type of dendritic spines has been reported to be closely
related to memory, and its plastic was limited. Moreover, the post-
synaptic associated proteins, PSD95 and synapsin 1 significantly
decreased after TM injection and SB could rescue the decrease in
PSD95 but not synapsin 1; furthermore, it decreased the level of
synapsin 1. The mechanism may deserve further investigation.

GSK-3B is a key kinase that plays a crucial role in AD-like tau hyper-
phosphorylation.’>2 GSK-3 activation or conditionally overexpressed
GSK-3B has been previously reported to cause spatial memory deficits in
animals and inhibiting GSK-3B could revise AD-like cognitive defi-
cit.**535* An in vitro study also shows that GSK-3p is activated during
ER stress.®® However, it is still not understood whether and how GSK-
3B plays an in vivo role in ER stress-induced tau phosphorylation and
cognitive alterations. In this and our previous studies, we showed that
UPR induced by TM and activated GSK-3f that resulted in tau hyper-
phosphorylation in vivo and impaired spatial memory of rats. Inhibiting
GSK-3p by GSK-3p inhibitor SB216763 could reverse the spatial mem-
ory detentions induced by ventricle brain injection TM.

In addition, studies proved that GSK-3p could mediate phos-
phorylation of CREB, but its function and the mechanism was still
not clear. Jason L. et al found that inhibitor of GSK-3 could reduce
the expression of fluorescein of RAW-CRE cell treated with water
toxin, which mediated by CREB. Simultaneously, they found water
toxin did not activate the level of PKA-dependent phosphorylation
of CREB at Ser133 but increased the level of phosphorylation of
CREB at Ser129.>> Some studies have shown that GSK-38 could
make CREB phosphorylate at Ser129. But there were conflicting
views on CREB phosphorylation at Ser129. Some believe that
phosphorylation at Ser129 causes the trans-activation of GAL4-
CREB fusion protein and then promote the expression of syn-
trophic transcription factor and gene.>®%” Some others reported
that activating GSK-3 and/or increasing the level of pS129-CREB
inhibit the transcription activity of CREB by decreasing the bonding
affinity of CREB and DNA.>8¢°

In the present study, we found that TM could active GSK-3 and
increase the level of CREB phosphorylation at Ser129 in hippocam-
pus, consequently resulted in a fall in learning and memory ability
relevant CREB. At the same time, we found that TM could induce
the increasing CREB phosphorylation at Ser129 locus in nucleus and
CREB phosphorylation at Ser133 locus in cytoplasm of cortex and
hippocampus, which maybe relate to CREB transfer both inside and
outside the nuclear induced by TM and then regulate its down-
stream target genes.

Taken together, we find in the present study that TM-induced
UPR causes spatial memory deficits and synapse impairments with
activation of GSK-3. Simultaneous inhibition of GSK-3 improves spa-
tial memory and synaptic plasticity with mechanisms involving CREB
phosphorylation at Ser129 and Ser133.
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