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Social isolation reinforces aging-related behavioral inflexibility

by promoting neuronal necroptosis in basolateral amygdala
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Aging is characterized with a progressive decline in many cognitive functions, including behavioral flexibility, an important ability to
respond appropriately to changing environmental contingencies. However, the underlying mechanisms of impaired behavioral
flexibility in aging are not clear. In this study, we reported that necroptosis-induced reduction of neuronal activity in the basolateral
amygdala (BLA) plays an important role in behavioral inflexibility in 5-month-old mice of the senescence-accelerated mice prone-8
(SAMPS8) line, a well-established model with age-related phenotypes. Application of Nec-1s, a specific inhibitor of necroptosis,
reversed the impairment of behavioral flexibility in SAMP8 mice. We further observed that the loss of glycogen synthase kinase 3a
(GSK-3a) was strongly correlated with necroptosis in the BLA of aged mice and the amygdala of aged cynomolgus monkeys
(Macaca fascicularis). Moreover, genetic deletion or knockdown of GSK-3a led to the activation of necroptosis and impaired
behavioral flexibility in wild-type mice, while the restoration of GSK-3a expression in the BLA arrested necroptosis and behavioral
inflexibility in aged mice. We further observed that GSK-3a loss resulted in the activation of mTORC1 signaling to promote RIPK3-
dependent necroptosis. Importantly, we discovered that social isolation, a prevalent phenomenon in aged people, facilitated
necroptosis and behavioral inflexibility in 4-month-old SAMP8 mice. Overall, our study not only revealed the molecular mechanisms
of the dysfunction of behavioral flexibility in aged people but also identified a critical lifestyle risk factor and a possible intervention
strategy.
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INTRODUCTION

Behavioral flexibility, a core adaptive function of the executive
control system in the brain, is the ability to flexibly adjust one’s
behavior according to the changing environment [1]. It enables
individuals, governments and institutions to quickly and properly
respond to unpredictable circumstances such as the global COVID-
19 pandemic. Flexibility promotes executive function development
during emerging adulthood [2, 3] and can alleviate the impact of
aging on cognitive decline [4]. Numerous studies have suggested
that the neurobiological basis of behavioral flexibility is the ability
of some key brain regions to flexibly reconfigure themselves in
response to changing demands [5]. Neurons in the basolateral
amygdala (BLA) receive input and output from posterior piriform
cortex (PPC) or orbitofrontal cortex (OFC) in the circuitry that drives
responses to changed odor cues in a reversal learning task [6-8].
Circuits containing axonal projections from the BLA to the nucleus
accumbens (NAc), OFC or medial prefrontal cortex (mPFC) neurons
play unique roles in altering behavioral responses when a cue is

devalued [9-13]. These data suggest that the BLA might be a
critical brain area for integrating previous information with new
changes in odor cues or delay time to appropriately alter behavior.
Flexibility deficits have been reported in many neuropsychiatric
disorders, such as autism, schizophrenia, obsessive-compulsive
disorder (OCD), and late-onset dementias [5]. Normal aging is
usually associated with many cognitive and neurobiological
deficits, including behavioral rigidity and cognitive inflexibility [1].
Impairment of reversal learning in elderly people is a behavioral
pattern in which subjects are slow to recognize and learn from
shifts in rewards. Delay-based flexible decision-making is impaired
in old age, in that the subject loses the ability to recognize the
reduced value of the delayed reward and learn to switch to an
alternative [14]. Elderly adults, aged rats and older monkeys
exhibited impaired reversal learning [15-17]. They also showed
impaired flexibility in the delay discounting task, shifting behavior
away from the delayed reward more slowly than younger mice
[18, 19]. However, the underlying mechanisms remain elusive.
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Neuronal loss is one of the most prominent pathological
hallmarks of aging and plays an important role in aging related
cognitive decline [20, 21]. The massive loss of neurons in the
human subiculum and the hilus of the dentate gyrus is associated
with the decline of relational memories in aging, which may
impair the functional integrity of brain regions closely involved in
memories [22]. Atrophy of the entorhinal cortex due to neuronal
loss significantly correlated with performance on clinical cognitive
tests in elderly subjects prior to the onset of dementia [23]. Loss of
hippocampal neurons is associated with memory impairments in
SAMP8 mice [24]. Neuronal loss in the hippocampus and cerebral
neocortex leads to degenerative pathological changes in Alzhei-
mer’s disease (AD), which, in turn, affect cognitive ability [25, 26].
Apoptosis and necroptosis are the two main types of programmed
cell death in the aged brain [27]. Apoptosis occurs in the aging
process, and contributes to aging-related pathologies [28].
Necroptosis is activated in the brains of aged mice and increases
with age [29]. Inhibition of necroptosis mitigates retinal degen-
eration in age-related macular degeneration (AMD) [30] and
prolongs the survival time of age-related atherosclerosis model
mice [31]. The activation of necroptosis not only causes neuronal
loss in AD mouse models [32], but also drives the loss of motor
neurons derived from human embryonic stem cells in a
humanized in vitro model of amyotrophic lateral sclerosis (ALS)
[33]. In addition, it is a key factor that induces dopaminergic
neuron loss in Parkinson’s disease (PD) models [34]. Both
apoptosis and necroptosis can exacerbate cognitive deficits in
mouse models [32, 35]. However, it is not clear whether
programmed cell death is involved in the changes in behavioral
flexibility in aged animals.

Here, by c-fos/Egr1 staining and electrophysiological recording,
we found that 5-month-old SAMP8 mice displayed dysfunction of
behavioral flexibility, accompanied by a reduction in neuronal
activity in the BLA. Further study suggested that the loss of
neurons caused by RIPK3-dependent necroptosis but not apop-
tosis in the BLA played a key role in the behavioral inflexibility in
aged mice. With a combination of microarray screening, we
reported that decrease in GSK-3a was positively correlated with
neuronal necroptosis in aged mice and aged cynomolgus
monkeys. Moreover, the loss of GSK-3a led to neuronal
necroptosis and behavioral inflexibility, whereas overexpression
of GSK-3a ameliorated these abnormalities in aged mice. We
demonstrated that GSK-3a regulated RIPK3-dependent necropto-
sis via regulation of the mTORC1 signaling pathway. Finally, social
isolation (living alone), a common social phenomenon among
older people, could accelerate necroptosis in the BLA and
behavioral inflexibility in aged mice.

RESULTS

SAMP8 mice display impaired behavioral flexibility and
impaired behavioral flexibility was correlated with the
inactivation of the BLA

Previous studies revealed that SAMP8 mice displayed cognitive
impairments as early as 4-6 months of age [36]. We then
examined behavioral flexibility in SAMP8 mice starting at
5 months by employing a classic reversal learning behavioral
paradigm (Fig. 1A, B) and a previously reported delay discounting
protocol [37] with minor modifications (Fig. 1E). As indicated, 5-
month-old SAMP8 mice needed more trials to reach criterion
during reversal and made more regressive errors than their
controls (senescence-accelerated mouse resistant 1, SAMR1)
(Fig. 1C, D) in the reversal learning paradigm. SAMP8 mice
display comparable probability of choosing the high-reward arm
(HRA) with SAMR1 mice during the acquisition phase with no
delay but a much higher probability of choosing the HRA when
the delay time was set at 5s and 10s (Fig. 1F, G), suggesting a
reduced behavioral flexibility in delay discounting task and
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shifting behavior away from the delayed reward more slowly than
SAMR1 mice. Simultaneously, SAMP8 mice did not show any
difference from SAMR1 mice in the open-field test (OFT), elevated
plus maze task (EPM) or novel object recognition test (NORT), but
reduced freezing time in contextual fear memory (FCT) task
(Supplementary Fig. 1A, K), indicating intact locomotor ability,
normal working memory, no anxious behavior but impaired
contextual fear memory.

The OFC, Amy and PPC are three important brain regions for
odor-based reversal learning [6], and the mPFC, OFC, NAc and
Amy are involved in delay discounting behavior [12, 38, 39]
(Fig. 1H). We therefore performed c-fos and Egr1 staining to
examine neuronal activity in the OFC and amygdala because they
are implicated in the above two behavioral flexibility paradigms.
We found that the intensity of c-fos and Egrl was reduced
dramatically in the BLA but not in the other brain areas (Fig. TH-J,
Supplementary Fig. 2A-E), suggesting the possible involvement of
the BLA in mediating behavioral flexibility in SAMP8 mice. To
further explore the role of BLA neuronal activity in behavioral
flexibility, mice were allowed to record spontaneous local field
potential (LFP) activity in the BLA during odor-based reversal
learning. We found that LFP power (theta, 4-12 Hz) was decreased
in the pre-learning and learnt stages during the reversal process in
SAMP8 mice (Fig. 1K-P), suggesting that the theta oscillations of
neuronal clusters were weakened in the BLA of SAMP8 mice.
Decreased oscillations of neuronal clusters indicated impaired
function or reduced activity of neurons, which was consistent with
the downregulation of c-fos and Egr1 levels in the BLA. In addition,
we found a compensatory increase in theta oscillations of
neuronal clusters in the BLA during the learning phase of reverse
learning (Fig. 1P). Besides, our results showed that SAMP8 mice
spent more time in the learning phase of each trial (Fig. 1Q), which
showed that compensatory increases in theta oscillations of BLA
neuron clusters during the learning phase contribute to the
learning process in SAMP8 mice but do not improve flexibility
behavioral deficits.

Impaired behavioral flexibility is caused by the activation of
neuronal necroptosis in the BLA of aged mice

We then queried whether the decreased theta oscillations of
neuronal clusters and downregulation of c-fos levels were due
to the loss of firing neurons in the BLA. We employed Nissl’s
staining and immunohistochemistry with synaptophysin (SYP)
and NeuN to examine the neuron and synapse density and
found visible neuronal loss and decreased intensity of SYP in the
BLA of SAMP8 mice (Fig. 2A-C, Supplementary Fig. 3A, B).
Furthermore, we examined inflammatory biological phenotypes
associated with aging and found that the proinflammatory
factors (IL-6, TNF-q, IL-1B) were not increased in the amygdala of
SAMP8 mice (Supplementary Fig. 4A). Interestingly, apparent
neuron loss in the amygdala of 25-year-old cynomolgus monkey
compared with 8-year-old cynomolgus monkey was also found
(Fig. 2D-F). Therefore, we hypothesized that reduced the
number of firing neurons in the BLA impaired behavioral
flexibility in SAMP8 mice. As apoptosis and necroptosis are the
two main types of cell death in the aged brain [27], we then
wanted to determine which form of cell death plays a vital role
in the neuronal loss of BLA. We excluded apoptosis because the
levels of cleaved-PARP1, cleaved-Caspase-8 and TUNEL™ neu-
rons were comparable between the SAMP8 and SAMR1 mice
(Supplementary Fig. 5A-D). However, the levels of RIPK3, pRIPK3,
MLKL and pMLKL but not RIPK1 were much higher in the BLA of
SAMP8 mice than in that of control mice, indicating RIPK1-
independent necroptosis (Fig. 2G, H). Moreover, the membrane
translocation of pMLKL, a critical step for necroptosis, was
apparent in the BLA neurons of SAMP8 mice (Fig. 2I, J). The same
phenomenon has also been observed in the amygdala of aged
cynomolgus monkeys (Fig. 2K, L). Additionally, by treating
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was found in the OFT or EPM (Supplementary Fig. 6C-F).
Collectively, these data strongly demonstrated that necroptosis,
but not apoptosis played an important role in mediating

mentary Fig. 6A, B) and behavioral flexibility was significantly
alleviated in SAMP8 mice (Fig. 2M-P). No apparent alteration
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neuronal loss and behavioral flexibility in aged mice.

SPRINGER NATURE



J. Zhang et al.

Fig. 1 Impaired behavioral flexibility is correlated with reduced neuronal activity in the BLA of SAMP8 mice at 5-month. Schematic
diagram of the apparatus (A) and behavioral process (B) for odor-based reversal learning experiment. The mean number of trials to reach
criterion during acquisition and reversal for 5-month-old SAMP8 and the age matched control mice (SAMR1) (C), the mean number of
perseverative and regressive errors during reversal for SAMP8 and SAMR1 mice (D). (E) Schematic diagram of the behavioral process and
apparatus for delay-based flexible discounting experiment. The percentage of high-reward arm (HRA) chosen during acquisition stage (ACQ)
or when the delay time was set at 5s and 10 s for 5-month-old SAMP8 and the age matched SAMR1 mice (F), the percentage mean of HRA
chosen when the delay time was set at 5s and 10 s (G). Schematic diagram of brain regions involved in flexibility behaviors (H), the relative
optical intensity of c-fos in different brain regions was analyzed by Image (I). Immunochemical staining of c-fos in the different sub-regions of
amygdala (J) from age matched SAMR1 and SAMP8 mice (Bar =500 um, Amy; Bar =50 pm, BLA). Representative LFP spectrograms of 5-
month-SAMR1 mice (K) and 5-month-SAMP8 mice (L) in different behavioral stage during reversal learning, LFP spectral powers were
expressed in frequency domain from 0 to 25 Hz in 5-month-SAMR1 mice (M) and 5-month-SAMP8 mice (N), the pink shade marked the
frequency domain used for quantitative comparison of LFP powers from 4 to 12 Hz. LFP powers (theta, 4-12 Hz) were statistically analyzed in
the stage of pre-learning during reversal process in 5-month-SAMR1 mice and 5-month-SAMP8 mice (0). The change of LFP powers (4-12 Hz)
in the stage of learning and learnt were measured relative to 30 sec baseline segments (pre-learning phase) in SAMR1 mice and SAMP8 mice
(P). The learning time was analyzed in the phase of learning during reversal between SAMR1 mice and SAMP8 mice (Q). *p < 0.05, **p < 0.01,
**¥p <0.001, vs SAMR1 mice (Data are represented as mean + SEM; Unpaired t test, multiple t test adjusted with Holm-Sidak and two-way
ANOVA with Sidak post hoc comparison test; n=4~11 for each group).

The reduction of GSK-3a is correlated with necroptosis, and
inhibition of GSK-3a in the BLA leads to necroptosis and
accelerated the impairment of the behavioral flexibility

We then wanted to explore the underlying molecular mechanisms
that mediated necroptosis in the BLA of aged mice. To this end,
we performed mRNA microarrays on the amygdala from 5-month-
old SAMR1 and SAMP8 mice. We found that eight genes were
significantly downregulated (p < 0.05, fold change > 2.0) in SAMP8
mice (Fig. 3A). Among these 8 down-regulated genes (GSK-3q, Fos,
Egr2, Sag, Upk1b, Neurod4, Actrt1, 4930583H14Rik), GSK-3a is the
only gene reported to be involved in aging-related pathological
regulation and cell death [40, 41], Moreover, the mRNA and
protein levels of GSK-3a but not GSK-3f was decreased in the BLA
of SAMP8 mice (Fig. 3B-G). In line with it, the reduction of GSK-3a
can also be found in the amygdala of aged cynomolgus monkey
(Fig. 3H-I). Given the critical role of GSK-3a in aging-related
pathologies [42], we then queried whether the loss of GSK-3q,
which participated in the necroptosis, induced neuronal loss and
behavioral flexibility in aged mice. We examined the protein levels
of GSK-3a/B, NeuN-positive neurons, and necroptosis-related
molecules in the amygdala of SAMP8 mice at 3, 5, 8, and
10 months. We found that the reduction in GSK-3a but not GSK-3(3
and the loss of NeuN-positive neurons were prominent from
5 months. Meanwhile, the levels of GSK-3a and NeuN gradually
decreased with age in SAMP8 mice (Supplementary Fig. 7A-G).
The expression of RIPK3, pRIPK3, MLKL, pMLKL but not RIPK1
increased from 5 to 10 months (Supplementary Fig. 7H-J).
Moreover, the decrease in GSK-3a in BLA was highly correlated
with the membranous shift of pMLKL (Fig. 3J-N), a critical step of
necroptosis [32]. No significant correlation was found between
GSK-3a and caspase-3, an indicator of apoptosis (Supplementary
Fig. 7K, L). Therefore, we hypothesized that decreasing GSK-3a
might play an important role in the necroptosis of BLA neurons in
aged mice.

We then asked whether the loss of GSK-3a played an important
role in the necroptosis of BLA and behavioral flexibility in aged
mice. We generated a mouse model with neuron-specific GSK-3a
knockout in the BLA (GSK-3a™™) by injecting the adeno-
associated virus (AAV2/8) -packaged Cre recombinase fused with
EGFP or EGFP only into the BLA of GSK-3a™* mice (Fig. 30,P)
[43]. Immunofluorescence data suggested that this strategy for
knockout was successful because the intensity of GSK-3a was
dramatically reduced in the EGFP positive neurons of BLA (Fig. 3q).
Meanwhile, no differences on the body and brain in weight and
size were found between the GSK-3a™~ and GSK-3a™* mice
(Supplementary Fig. 8a, b). We also found that the levels of RIPK3,
PRIPK3, MLKL and pMLKL were increased in the BLA of GSK-3a™t/~
mice, and no significant changes were found in the expression of
GSK-33 between the two groups (Fig. 3r-s). Additionally, the
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elevation of RIPK3, MLKL and pMLKL are more prominent in the
EGFP positive neurons and positively correlated with the EGFP
intensity (Fig. 3T, U). Furthermore, by using a short hairpin RNA
(shRNA) to inhibit the GSK-3a (Sh-GSK-3a), we also detected the
activation of necroptosis in the BLA (Supplementary Fig. 9A-D).
Thus, loss of GSK-3a by artificial approaches in the BLA led to the
necroptosis. We then subjected the mice with GSK-3a inhibition to
the behavioral flexibility test and found that both GSK-3a™~ mice
and Sh-GSK-3a mice displayed the impairment of the behavioral
flexibility (Fig. 3V-Y; Supplementary Fig. 9E-H). To elucidate the
specific role of GSK-3a in necroptosis and behavioral inflexibility,
we specifically knocked down GSK-3p in the BLA of wild-type mice
via a specific shRNA against GSK-3B, the results showed GSK-3f3
knockdown had no effect on the necroptosis and behavioral
flexibility (Supplementary Fig. 91-M). Additionally, overexpression
of Bmp15, the most upregulated gene in the BLA of SAMP8 mice,
did not impair the behavioral flexibility (Supplementary Fig. 10A-l).

When administrating Nec-1s to the GSK-3a™~ mice with
reduced GSK-3a, we found that the impaired behavioral flexibility
was rescued in GSK-3at/~ mice treated with Nec-1s (GSK-3a™ -
Nec-1s) (Supplementary Fig. 11A-F) and necroptosis was alle-
viated in the BLA in GSK-3a™ -Nec-1s group (Supplementary
Fig. 11G, H). No significant changes were found in the locomotor
and anxious behavior in these mice (Supplementary Fig. 12A-L).
Taken together, these data demonstrated that reduction of GSK-
3a in the BLA resulted in the necroptosis and the impairment of
the behavioral flexibility in aged mice.

Overexpression of GSK-3a alleviates necroptosis in the BLA
and the impairment of the behavioral flexibility in aged mice,
and the mTORC1 signaling mediates the necroptosis induced
by GSK-3a loss

We then want to explore whether overexpression of GSK-3a could
alleviate the necroptosis in BLA and the dysregulation of
behavioral flexibility in aged mice. We injected AAV-GSK-3q,
consisting of AAV-packaged full-length mouse GSK-3a comple-
mentary DNA (cDNA), into the BLA of SAMP8 mice at 4 months
(Fig. 4A-C). We found that the levels of RIPK3, pRIPK3, MLKL,
pMLKL but not GSK-33 were dramatically decreased in the BLA of
SAMP8 mice with GSK-3a overexpression (Fig. 4D, E). Concomi-
tantly, the RIPK3, MLKL and pMLKL levels were significantly
downregulated in the mCherry positive BLA neurons and
negatively correlated with the mCherry intensity ((Fig. 4F, G). In
addition, overexpression of GSK-3a in the BLA can alleviate the
behavioral flexibility (Fig. 4H-K), and no significant changes were
found in the OFT and the EPM (Supplementary Fig. 13A-D). Taken
together, these findings demonstrated that overexpression of
GSK-3a in BLA alleviated the necroptosis and behavioral flexibility
in aged mice.
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Fig.2 Impaired behavioral flexibility is due to the increased necroptosis in the BLA of aged mice. The Nissl staining and immunochemical
staining of NeuN (Bar = 100 pm) in the BLA from age matched (5 months) SAMR1 and SAMP8 mice. The representative images were shown in
A and the quantitative analysis of Nissl staining was performed in B the relative optical intensity of NeuN was shown in panel C.
D Representative immunofluorescence images in the whole brain stained with anti-NeuN antibody in 8-year-old (8 Y, left) and 25-year-old
(25 'Y, right) cynomolgus monkeys (Bar = 2 mm). Coronal slices from 8-year-old and 25-year-old cynomolgus monkeys were stained with anti-
NeuN (Bar = 100 pm). The representative images were shown in E and the quantitative analysis was performed by Image J (F). G, H The protein
levels of RIPK1, pRIPK1 (S166), RIPK3, pRIPK3 (T231/5345), MLKL, and pMLKL (S345) were measured by western blotting and the quantitative
analysis was performed in H. The brain sections from SAMR1 and SAMP8 mice at 5 months were immunostained with anti-Cadherin (Green)
and anti-pMLKL (Red) antibodies (I) and the quantitative analysis of co-localized pixels was evaluated by Pearson’s correlation (J) (Bar =2 pum).
The amygdala sections from 8-year-old and 25-year-old cynomolgus monkeys were immunostained with anti-Cadherin (Green) and anti-
pMLKL (Red) antibodies (K) and the quantitative analysis of colocalized pixels was evaluated by Pearson’s correlation (L) (Bar = 2 pm).The mean
number of trials to reach criterion during acquisition and reversal for SAMP8 intraperitoneally injected with Nec-1s or the vehicle (M), the
mean number of perseverative and regressive errors during reversal (N). The percentage of HRA chosen during acquisition test or when the
delay time was set at 5s and 10s from SAMP8 mice intraperitoneally injected with Nec-1s or the vehicle (0), the percentage mean of HRA
chosen from SAMP8 mice intraperitoneally injected with Nec-1s or the vehicle when the delay time was set at 5s and 10s (P). *p < 0.05,
**p <0.01, ***p <0.001, vs SAMR1 mice or 8-year-old monkey (for panel F), or vehicle treated SAMP8 mice (for panels M-P) (Data are
represented as mean + SEM; Unpaired t test, multiple t test adjusted with Holm-Sidak and two-way ANOVA with Sidak post hoc comparison
test; n=5-11 for each group; n=>5 brain sections for monkey).
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We then asked how the loss of GSK-3a led to the necroptosis in
aged mice. We noticed that the total and phosphorylated RIPK3
was significantly upregulated in aged and GSK-3a™~ mice,
and downregulated in GSK-3a overexpressing mice. We then
speculated that the elevation of total or phosphorylated RIPK3

SPRINGER NATURE

played an important role in mediating the neuronal necroptosis
when GSK-3a was reduced. To this end, we first examined the
levels of total and phosphorylation of RIPK3 at different
time points upon transfection of sh-GSK-3a in cultured N2a cells.
We found that the total RIPK3 increased from 6 h onward and that
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Fig.3 The reduction of GSK-3a in the BLA led to the activation of necroptosis and impaired behavioral flexibility of aged mice. A Volcano
plot showed the differentially regulated genes in the amygdala from 5-month-old SAMR1 and SAMP8 mice with the fold change > 2.0 (Red
dots) or <—2.0 (Cyan dots) and p value <0.05. GSK-3u/p was highlighted by a bigger cyan/black dot independently. The gray and black dots
indicated the unchanged genes. B Heatmap showing differential expression of top 16 genes (8 upregulated and 8 downregulated) between
SAMR1 and SAMP8 mice. C The expression of GSK-3a mRNA and GSK-33 mRNA was detected by quantitative real-time polymerase chain
reaction (RT-PCR). Coronal slices from SAMP8 and SAMR1 mice were stained with anti-GSK-3a (Red) and DAPI (Blue) (Bar =50 pm). The
representative images were shown in D and the fluorescence intensity was measured and the relative intensity was calculated (E). Amygdala
homogenates were collected and subjected to western blotting assay by using the antibodies of GSK-3a and GSK-3 (F), and quantitative
analysis was performed in G. Immunofluorescence staining was performed in amygdala sections from 8-year-old and 25-year-old cynomolgus
monkeys by using anti-GSK-3a (Red) and DAPI (Blue) antibodies (Bar =20 pum). The representative images were shown in H and the
fluorescence relative intensity was calculated in I. Immunofluorescence staining was performed in amygdala slices from SAMP8 and SAMR1
mice by using anti-GSK-3a (Red) and anti-pMLKL (Green) antibodies. The representative images were shown in J (Bar=50pum). The
fluorescence intensities of GSK-3a (Red line) and the pMLKL (Green line) of a single cell were analyzed (Right panel) following a straight line
from the center of nucleus to the membrane (Left panel) by using Image J software in SAMR1 (K) and SAMP8 (L) mice. The DAPI fluorescence
(Blue line) was used as reference. The pixels between the two black vertical dash lines indicated the nucleus regions. Relative intensities of
GSK-3a and pMLKL immunoreactivity were measured by Image J software (M) and correlative analysis was performed in N. O Schematic
diagram of the generation of GSK-3a™"* and GSK-3a™~ mice. P Diagram (left) and representative image (right) for virus injection into the BLA
(Bar =100 pm). (Q) Coronal slices from virus infected (Cre-GFP) BLA were stained with anti-GSK-3a (Red) antibody (Bar = 10 pm). Arrowheads
indicated neurons without virus infection; arrows indicated neurons with virus infection. The protein levels of GSK-3a, GSK-3p, RIPK1, pRIPK1,
RIPK3, pRIPK3, MLKL and pMLKL in the BLA homogenates from GSK-3a™~ and GSK-3a'" mice were examined by western blotting. The
representative images were shown in R and the quantitative analysis was shown in S. The immunofluorescence was performed in BLA from
the GSK-3a™~ mice by using anti-RIPK3, anti-MLKL, anti-pMLKL antibodies (Red). The representative images were shown in T and the
correlation analysis was performed in U. Arrowheads indicated neurons without virus infected; Arrows indicated neurons with virus infected
(Bar = 10 pm).The mean number of trials to reach criterion for GSK-30"" and GSK-3a™* mice during acquisition and reversal (V), the mean
number of perseverative and regressive errors during reversal (W). The percentage of HRA chosen during acquisition test or when the delay
time was set at 5s and 10's for GSK-3a™/~ and GSK-3a*/* mice (X), the percentage mean of HRA chosen from GSK-3a™~ and GSK-3a™/* mice
when the delay time was set at 5s and 10s (Y). *p < 0.05, **p <0.01, ***p < 0.001, vs SAMR1 mice (for panels C, E, G and M) or 8-year-old
monkey (for panel 1), or GSK-3o™'™ mice (for panels S, V-Y) (Data are represented as mean = SEM; Unpaired t test, multiple t test adjusted with
Holm-Sidak test and two-way ANOVA with Sidak post hoc comparison test; n = n = 4~8 for each group; n =5 brain sections for monkey; Cell

number = 42~51 for panel U).
<4

the phosphorylation of RIPK3 increased from 12 h onward upon
the silencing of GSK-3a (Fig. 4L, M). However, we didn’t observe
any difference in the mRNA of RIPK3 (Fig. 4N). These data
suggested that the impaired degradation of RIPK3 might involve
in the necroptosis induced by GSK-3a reduction. Because
activated mTOR signaling has been shown to reduce the
degradation of RIPK3 by inhibiting autophagy [44], we then
examined the mTOR related signaling molecules. We found that
the levels of mTOR, phosphorylation of mTOR, phosphorylation of
the three well-known substrates of mTORC1: 4E-BP1, S6 kinase,
and ribosomal S6 protein were significantly increased in the BLA
of GSK-3a™~ mice. Moreover, the phosphorylation of ULK1 was
also increased (Fig. 40, P), suggesting the activation of mTORC1-
signaling and the impaired autophagy pathway in GSK-3a™~
mice. Similar results were also found in the aged-SAMP8 mice
(Fig. 4Q, R). Conversely, in the GSK-3a overexpressed SAMP8 mice,
the activation of mTORC1 signaling and the hyperphosphorylation
of ULK1 were alleviated (Fig. 4S, T). In addition, we found that
neuronal necroptosis was inhibited in the BLA by treating SAMP8
mice with Rapamycin, an inhibitor of mTOR [45] (Supplementary
Fig. 14A-C). Together, these findings suggested that the activation
of mTORC1 signaling induced autophagy dysfunction participated
in the necroptosis in aged mice.

Reduced social interaction accelerates necroptosis in the BLA
and impairs behavioral flexibility in 4-month-old SAMP8 mice
Older age is associated with reduced social interactions, extended
periods of time living alone, and an increased prevalence of
loneliness [46, 47]. Loneliness and social isolation have been
shown to promote the cognitive alterations among aged people
and animals [48, 49]. Moreover, due to social and demographic
changes, increasingly many people are at risk of loneliness in
modern society [50], and this risk is further exacerbated in the
current context of recurrent or sporadic outbreaks of COVID-19
worldwide. However, it is not clear whether loneliness affects
behavioral flexibility in aged animals. We divided the 3-month-old
SAMP8 mice into two groups; half of them were housed in
separate cages to reduced social interactions (I-SAMP8) and half of
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them were housed with three other mice to provide social
interaction (S-SAMP8) (Fig. 5A). Four weeks later (when the mice
were 4 months old), we found that I-SAMP8 mice but not S-SAMP8
mice impaired behavioral flexibility (Fig. 5B—E). The immunostain-
ing with NeuN indicated that the loss of BLA neurons in the
I-SAMP8 mice (Fig. 5F, G). Moreover, the levels of RIPK3, pRIPK3,
MLKL and pMLKL were significantly increased in the BLA of
[-SAMP8 mice when compared with S-SAMP8 mice (Fig. 5H, I).
Importantly, the membranous translocation of pMLKL was more
apparent in the BLA of I-SAMP8 mice (Fig. 5J, K). Concomitantly,
we observed the loss of GSK-3a (Fig. 5H, |, Supplementary
Fig. 15A), as well as the activation of mTORC1 signaling (Fig. 5L, M)
in the amygdala of I-SAMP8 mice. By injected the AAV-GSK-3a into
the BLA of I-SAMP8 mice (Fig. 5N), the impairment of behavioral
flexibility in the I-SAMP8 mice were significantly alleviated (Fig. 50,
R). No apparent alteration was found in the OFT task, but I-SAMP8
mice showed a smaller decrease in numbers of entry into the
open arm compared to S-SAMP8 mice in EPM task, indicating
social isolation increased slightly anxiety-like behavior in
mice (Supplementary Fig. 15B-E). In addition, the inhibition of
mTORC1 signal by rapamycin administration also rescued
behavioral flexibility and alleviated the necroptosis in the social
isolated SAMP8 mice (Fig. 55-U, Supplementary Fig. 16A-C). These
data strongly suggested that reduced the social interaction
facilitated the necroptosis and impaired behavioral flexibility by
the decreasing of GSK-3a regulated the mTOR signal in aged mice.

DISCUSSION

Previous studies reported the impaired behavioral flexibility in the
aged rodents [1, 19], while the underlying mechanisms were not
clear. In this study, we first demonstrated that the activation of
neuronal necroptosis induced BLA neuron loss drive the
behavioral inflexibility of aged mice. Using in vivo multiple-
electrodes electrophysiological recording and immunohistochem-
istry, we further revealed that the loss of neurons significantly
reduced the activity population in BLA, the critical brain region for
behavioral flexibility [6]. In a recent study, necroptosis was found
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to be activated in AD brains and negatively correlated with
cognitive scores [32]. In addition, necroptosis could be found in
many neurodegenerative disorders, such as PD and ALS [51]. It
was reported that necroptosis could release of damage-associated
molecular patterns (DAMPs) and promote inflammation, one of
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the key features of mammalian aging [52]. These lines of data
suggested the critical role of neuronal necroptosis in the
pathogenesis of numerous neurological disorders. Consistently,
we found that administration of Nec-1s, a specific necroptosis
inhibitor, effectively reversed the behavioral inflexibility in
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Fig. 4 Restoration of GSK-3a alleviated necroptosis in the BLA and the impairment of behavioral flexibility, and the mTORC1 signaling
played an important role in the necroptosis induced by loss of GSK-3a. A Schematic diagram showed the AAV-GSK-3a-mCherry virus
construct. B Representative fluorescence image showed infection of the virus into the BLA (Bar = 1 mm, left; Bar = 100 pm, right). C Amygdala
slices from SAMP8 mice infected with AAV-GSK-3a in BLA stained with anti-GSK-3a antibody (Green) (Bar =5 pm). Arrowheads indicate
neurons without virus infection; arrows indicate neurons with virus infection. The protein levels of GSK-3a, GSK-3, and necroptosis markers
from the amygdala of SAMP8 mice treated with AAV-GSK-3a (GSK-3a) and the control virus (Ctrl) were detected by western blotting. The
representative images were shown in D and the quantitative analysis was shown in E. The immunofluorescence images in BLA from the GSK-
3a group by using anti-RIPK3, anti-MLKL, anti-pMLKL antibodies (Bar = 10 pm). The representative images were shown in F and the correlation
analysis was performed (G). Arrowheads indicated neurons without virus infected; Arrows indicated neurons with virus infected. The mean
number of trials to reach criterion for SAMP8 mice treated with AAV-GSK-3a (GSK-3a) and the control virus group (Sham) during acquisition
and reversal (H), the mean number of perseverative and regressive errors during reversal between GSK-3a and Sham group (I). The percentage
of HRA chosen during acquisition test or when the delay time was set at 5 s and 10 s for SAMP8 mice treated with AAV-GSK-3a and the control
virus group (J), the percentage mean of HRA chosen from GSK-3a and Sham group when the delay time was set at 5s and 10 s (K). The N2a
cells were transfected with sh-GSK-3a, and the cell lysates were collected at 0, 6, 12, 18, and 48 h to examine the levels of GSK-3a, RIPK3 and
PRIPK3. The representative images were shown in L and the quantitative analysis was shown in M. N The levels of GSK-3a mRNA and RIPK3
mRNA in the amygdala extracts from GSK-3a"/~ and GSK-3a™" mice were examined by RT-PCR. The protein levels of mTOR, p-mTOR
(Ser2448), p-4E—BP1 (Thr37/46), p-p70S6K (Thr389), pRPS6 (Ser235/236), pULK1 (Ser757) in the amygdala homogenates from GSK-3a™/~ and
GSK-30""* mice were examined by western blotting. The representative images were shown in O and the quantitative analysis was shown in
P. The protein levels of mTOR, p-mTOR, p-4E—BP1, p-p70S6K, pRPS6, pULK1 in the amygdala tissues of 5-month SAMP8 and age matched
SAMR1 mice were detected by western blotting. The representative images were shown in Q and the quantitative analysis was shown in R.
The protein levels of MTOR, p-mTOR, p—4E-BP1, p-p70S6K, pRPS6, pULK1 from the amygdala of SAMP8 mice infected with AAV-GSK-3a virus
and the control virus were detected by western blotting. The representative images were shown in S and the quantitative analysis was shown
in T. *p < 0.05, **p < 0.01, ***p < 0.001, vs Sham (for panel E and H-K); vs 0 h (for panel M); vs GSK-3a™" mice (for panels N and P); vs SAMR1
mice (for panel R); vs SAMP8 mice injected with control virus (for panel T). (Data are represented as mean + SEM; Multiple t test adjusted with
Holm-Sidak test, two-way ANOVA with Sidak post hoc comparison test and two-way ANOVA with Dunnett’s post hoc test; n=4-7; Cell

number = 50-55 for panel G).

5-month-old SAMP8 mice. In line with our data, application of Nec-
1s, also ameliorated the cognitive impairments in animal models of
AD [53], ischemic stroke [54], and prediabetic symptoms [55], as
well as the D-galactose-induced mouse model of aging [56].
Suberoylanilide hydroxamic acid (SAHA), a pan-HDAC inhibitor that
was able to reverse the memory impairments in AD mice [57],
could protect cells from the necroptosis by inhibiting Akt and
mTOR signaling pathways [58]. These lines of evidence strongly
suggested the critical role of necroptosis in aging and aging-
related brain disorders, and inhibition of necroptosis might be a
promising approach to hamper those abnormalities.

GSK-3a and GSK-3f3 are two isoforms of GSK-3, the critical
serine/threonine protein kinases that are involved in cell
differentiation and death [40]. Evidence has suggested that
neuronal GSK-3a contributes more to behavior and cognition
than GSK-3B. Neuron-specific deletion of GSK-3a induced
significant impairments in learning and working memory [59].
GSK-3a mutant mice displayed multiple behavioral abnormalities,
including increased grooming activity, decreased exploratory
activity, reduced aggressive behavior, decreased social motivation,
and associative memory [60]. These findings revealed the
irreplaceable role of GSK-3a in physiological brain function. In
our study, we first identified that the loss of GSK-3a led to
behavioral inflexibility in aged mice. Namely, the loss of GSK-3a
resulted in cognitive changes in aging. In line with our findings,
acceleration of aging-related pathologies, including severe vacuo-
lar degeneration of myofibrils, and premature senescence in
hepatocytes, could be found in global GSK-3a KO mice [42]. This
evidence strongly suggests a key role for GSK-3a in aging-related
degeneration or abnormalities.

We further studied how GSK-3a loss contributed to necroptosis
in the BLA. Previous studies had revealed a critical role of GSK-3a
in mediating neuronal death when neurons underwent various
insults [61-63]. Here, we found that the loss of GSK-3a promoted
RIPK1-independent necroptosis. This was consistent with a
previous report about the role of GSK-3a inhibition in regulating
drug-resistance and chemotherapy-induced necroptosis [64]. We
further explored how GSK-3a inhibition could initiate the
necroptosis by RIPK3 and found that the degradation but not
the transcription of RIPK3 was impaired. It is known that the
mTORC1 signaling pathway play an important role in mediating
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the degradation of RIPK3 via autophagy and the abnormally
activation of the mTORC1 signaling can be found in aged mice
[42], or upon the inhibition of GSK-3 [65-67]. Here, we found that
genetic deletion of GSK-3a in BLA activated mTORC1 signaling,
which, in turn, resulted in the dysfunction of autophagy and RIPK3
accumulation. Overexpression of GSK-3a in BLA tempered the
activation of mTORC1 signaling and reduced the RIPK3 levels.
Importantly, the activation of mTOR signaling has been demon-
strated to drive multiple dysfunctions, including cerebrovascular,
synapse, and cognitive impairment in normative normal aging
[68]. In addition, the activity of mTORC1 can be regulated via
phosphorylation by the repressor TSC1/TSC2 complexes, which
were negatively regulated by GSK-3 [69]. Thus, the activation of
mTORC1 signaling due to the inhibition of GSK-3a in aging might
be a key modulator of aging-related disorders.

In our study, we finally identified that social isolation could
accelerate behavioral inflexibility in SAMP8 mice. It is known that
the decline of social activities in the elderly leads to social
isolation, which, in turn, increases the risk of loneliness [49]. Under
normal circumstances, the elderly is at higher risk of social
isolation compared with younger person [70], this concern has
been exacerbated in the current COVID-19 pandemic [71]. Physical
distancing restrictions and stay-at-home orders to prevent the
spread of SARS-CoV-2 virus increase the risk of social isolation and
loneliness for the elderly, especially for those who are not good at
using online information communication [71]. Research has linked
social isolation and loneliness to higher risks for a variety of
physical and mental conditions: high blood pressure, heart
disease, obesity, a weakened immune system, anxiety, depression,
cognition decline, AD, and even death [72-75]. Some studies that
examined the quantitative parameters of social isolation (e.g.,
number and frequency) revealed the tight correlation of social
isolation or low levels of social contact with different dimensions
of cognition, especially cognitive decline and dementia in aged
people [76]. Consistent with our findings, Li and Powell reported
that isolation rearing impaired behavioral flexibility in rats [77, 78].
In contrast, participation in some forms of social activity, such as
senior citizen clubs or frequent contact with offspring reduced the
cognitive decline in older adults [79]. Here, we found that social
isolation promoted necroptosis in the BLA of aged mice.
Accordingly, social isolation had been suggested to promote
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hippocampal cell death and the inflammatory response after
cardiac arrest [80]. In contrast, enhanced social interaction could
ameliorate neuronal loss following closed head injury in mice [81].
Collectively, these lines of evidence strongly suggest the
importance of social activity for cognitive function, indicating a
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phenomenon in which social isolation accelerates the inability for
older adults to adapt to the diverse circumstances. This
phenomenon is especially noteworthy given its relevance to
present conditions, such as COVID-19, and the measures taken to
prevent its spread.
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Fig. 5 Social isolation accelerated the necroptosis in the BLA and the dysfunction of behavioral flexibility in 4-month-SAMP8 mice.
A Diagram for the social isolated (I-SAMP8) or group-housed (S-SAMP8) SAMP8 mice. The mean number of trials to reach criterion for S-SAMP8
and I-SAMP8 group during acquisition and reversal (B), the mean number of perseverative and regressive errors during reversal for S-SAMP8
and I-SAMP8 group (C). The percentage of HRA chosen during acquisition test or when the delay time was set at 5 s and 10 s for S-SAMP8 and
I-SAMP8 group (D), the percentage mean of HRA chosen from S-SAMP8 and I-SAMP8 group when the delay time was set at 5s and 10s (E).
The coronal slices from S-SAMP8 and |-SAMP8 mice were stained with anti-NeuN antibody. The representative images were shown in
F (Bar=100pum), and the relative intensity analysis was shown in G. Representative immunoblots with anti-GSK-3a, anti-GSK-3f, and
necroptosis markers from S-SAMP8 and |-SAMP8 group mice (H) and quantitative analysis was performed in I. The coronal slices from
S-SAMP8 and I-SAMP8 mice were stained with anti-Cadherin (Green) and anti-pMLKL (Red) antibodies. The representative images were shown
in J (Bar =5 pm) and the colocalization efficiency of cadherin and pMLKL was analyzed in K. Arrows indicated cell without membranous
translocation of pMLKL; Arrowheads indicated cell with membranous translocation of pMLKL. The protein levels of mTOR, p-mTOR, p-4E-BP1,
p-p70S6K, pRPS6, pULK1 from the amygdala of S-SAMP8 and I-SAMP8 mice were detected by western blotting. The representative images
were shown in L and the quantitative analysis was shown in M. N The representative virus infection image in the BLA of I-SAMP8 mice.
(Bar = 100 pm). The mean number of trials to reach criterion for I-SAMP8 mice infected with AAV-GSK-3a virus (I-SAMP8-GSK-3x) and the
control virus (I-SAMP8-Ctrl) during acquisition and reversal (0), the mean number of perseverative and regressive errors during reversal for |-
SAMP8-Ctrl and I-SAMP8-GSK-3a group (P). The percentage of HRA chosen during acquisition test or when the delay time was set at 5s and
10 s for I-SAMP8-Ctrl and I-SAMP8-GSK-3ua group (Q), the percentage mean of HRA chosen from I-SAMP8-Ctrl and I-SAMP8-GSK-3a group
when the delay time was set at 5s and 10s (R). S Timeline of the rapamycin injection and the experimental procedures for reversal learning.
The mean number of trials to reach criterion for I-SAMP8 mice injected with rapamycin (I-SAMP8-Rap) and the vehicle (I-SAMP8-Vehicle)
during acquisition and reversal (T), the mean number of perseverative and regressive errors during reversal for -SAMP8-Vehicle and I-SAMPS8-
Rap group (U). *p < 0.05, **p < 0.01, ***p < 0.001, vs S-SAMPS8 (for panels B-M) or I-SAMP8-Ctrl (for panel O-R) or I-SAMP8-Vehicle (for panels
T-U) (Data are represented as mean + SEM; Unpaired t-test; Multiple t-test adjusted with Holm-Sidak and two-way ANOVA with Sidak post hoc

comparison test; n =4-11).

Taken together, our findings here revealed a critical role of GSK-
3a loss in the aging-related necroptosis in the BLA, which, in turn,
leads to behavioral inflexibility, a higher level of cognitive
impairment. In addition, we also demonstrated that social
isolation is a risk factor for the elderly to adjust adaptive behavior
in response to changing environment (Supplementary Fig. 17).

MATERIALS AND METHODS

Animals and brain of cynomolgus monkeys

SAMP8 and SAMR1 mice were purchased from the Department of
Laboratory Animal Science, Peking University Health Science Center.
GSK-3a"™7* mice were kindly gift from Dr. James R Woodgett [82]. The
amygdala tissues of 8-year-old and 25-year-old cynomolgus monkeys were
acquired from Guangdong Key Laboratory of Non-human Primate
Research. Genotyping for GSK-3a™* mice were performed by multiplex
PCR using a pair of forward (5'-cccccaccaagtgatttcactgcta-3’) and reverse
(5’- cttgaaccttttgtcctgaagaacc-3’) primers. All mice used in this study were
male mice with C57BL/6 background. All animal experiments were carried
out according to the “Policies on the Use of Animals and Humans in
Neuroscience Research” revised by the Society for Neuroscience in 1995
and approved by the animal ethnic committee of Tongji Medical College,
Huazhong University of Science and Technology.

Odor-based reversal learning

Apparatus. Animals were trained in an open field arena (40 x 40 x 30 cm?)
with two bowls filled with sand and Froot Loops buried in each bowl (8 cm
diameter x 2 cm high). The bowls were kept 15 cm apart.

Behavioral training. All animals were food restricted to maintain at
approximately 85% of their initial free-feeding weight, and fetched water
anytime. On the first day of habituation, two 1/2 pieces of Froot Loops
cereal (Kellogg, Thailand) were placed on top of the sand. Animals were
placed in the middle of two bowls and allowed to navigate and consume
the cereal pieces. After animals consumed all the cereal pieces, the animals
returned to their home cage. The sand bowls were baited again and the
mouse was sent back to the home cage. On the second habituation day,
the procedure was the same as on Day 1. On subsequent days, only half a
piece of cereal was placed in each bowl. The pieces were submerged in the
sand until no longer visible and animals had to dig in the sand to obtain
the cereal piece. This procedure was terminated when animals retrieved
cereal pieces that were completely buried for two consecutive days. During
discrimination and reversal testing, odor pairs were randomly used and
paired as rewarded and unrewarded odors. Suprathreshold olfactory
stimuli consisted of powdered odorants (curry, cinnamon and garlic) mixed
in two bowls filled with sand. During the acquisition stage, animals were
trained to discriminate between rewarded and unrewarded odor. The
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location of the rewarded odor was randomly switched between two
adjacent locations (with no more than three repetitions for a single
location). An intertrial interval of 15 s was used. Testing was conducted in
two phases: acquisition and reversal. Acquisition was terminated when
animals made 9/10 consecutive correct choices in a moving block of 10
trials. On the second day, animals were trained in the same way, except
that the rewarded odor from the previous day was unrewarded and the
previously unrewarded odor was rewarded. Errors were divided into
perseverative and regressive types. Perseveration was defined as selecting
the unrewarded odor for three or more trials in a block of four consecutive
trials. Once animals made fewer than three errors in a four trial block, the
subsequent errors were no longer counted as perseverative errors. Since
then, the number of errors was counted as regressive errors. The criterion
and methods were used and described in previous studies [83].

Delay-based flexible decision-making

Apparatus. Experiments were conducted in an elevated, high-sided T-
maze. The T-maze consisted of three arms: a start arm and two
perpendicular reward arms (Fig. 1E). The sizes of the arms are as follows:
each reward arm, 26.5 x 8 x 18 cm (L x W x H); start arm, 36 x 8 x 18 cm. A
raised food well was placed 2 cm from the back wall of each reward arm. In
addition, each reward arms contained two 20-cm-high, 7.5-cm-wide gates,
placed 1 cm from the entrance and 5 cm from the end wall, which could be
opened or closed to control the entry and exit of mice to and from the
arms and food wells.

Procedure. Stage 1: Habituation

During the experiment procedure, all animals were fed a restricted diet
and maintained at approximately 85% of their initial free-feeding weight.
Animals had access to water at all time. For the first two days, mice were
placed in the start arm of the maze and allowed to explore the T-maze for
5 min One food pellet (14 mg, Bio-Serv, USA) was placed in the food well of
each reward arm. For the next two days, animals were again placed in the
start arm and allowed to investigate the T-maze, but in this stage, five food
pellets were placed in each food well [37]. All the gates were open during
the habituation.

Stage 2: Discrimination of the HRA from the low-reward arm (LRA)

Forced arm entry phase: In this phase, one of the reward arms was
selected as the HRA, and the other was selected as the LRA. In order to
avoid position preference, each group of animals was divided into two
subgroups. The positions of the HRA and LRA in these two subgroups were
opposite. Over a period of 2 days, animals completed ten trials per day.
Five reward pellets were available in the HRA, but only one was available in
the LRA [84]. During this phase, when the mouse entered one reward arm,
it was confined in this arm to eat the pellets (up to 60s). Then, the mice
were liberated to the starting arm. Ten seconds later, the start door was
opened, and a new trial began.
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Free arm entry phase: In this phase, the mice completed 10 trials
per day. In the beginning, gates A and D were closed. When the mice
entered the LRA (HRA), gate A (D) was open, and gate C (B) was closed
immediately. After the mice ate all the reward pellets in the chosen arm,
they returned to the starting arm for the next trial. Training will be ended
up until the mice hold the selection probability of HRA for over 80% of
total trials for two consecutive days. Mice were excluded if they could not
meet the above criteria.

Stage 3: Testing stage

During this stage, the protocol was applied according to the free arm
entry phase in stage 2. When the mice entered the HRA, gate C was closed
immediately, while gate D was opened after delays of 55 and 10's to test
the delay-based flexible decision-making.

Electrophysiology

The electrophysiology experiment was performed as described previously
[85, 86]. Mice were anesthetized with isoflurane (1% to 3%) and were
placed in a stereotaxic frame (Newdoon) with the head fixed and were
implanted unilaterally four tetrodes made of twisted 17 um Formvar-
coated platinum-iridium wires (California Fine Wire Company) in the BLA
(AP: — 1.3 mm; ML: £ 3.4 mm; DV: 4.8-4.9 mm). All implants were fixed with
stainless steel screws and dental cement. A stainless steel screw also
served as ground electrode through sliver wires. After mice recovered from
the surgery for at least 1 week, electrodes were connected to AC-coupled
unity-gain operational amplifiers (Plexon). Recording was then performed
from pre-learning (home cage), learning, and learnt stages during reversal
learning. The electrical signal was amplified 4000- to 8000-fold, filtered at
0.05 Hz-8 kHz, down-sampled to a rate of 1000 Hz, and low-pass filtered at
250Hz for local field potential recording. After electrophysiological
recordings, the mouse brains were sliced to verify electrode placement.
Analysis of the LFP signal was performed in MATLAB.

Stereotaxic injection and drug treatment

For stereotaxic injection, mice were anesthetized with ketamine (100 mg/
kg) and dexmedetomidine (0.5 mg/kg), and then the head was fixed in the
stereotaxic apparatus (RWD life science, China). The scalp was sterilized
with iodophors, holes were drilled bilaterally and a total of 0.3 ul virus were
microinfused into the amygdala via an automatic microinjection system
(Reno, NV, USA). The virus was injected into both side of the amygdala of
SAMP8 mice (AP:—1.4 mm; ML:x3.4 mm; DV:—4.9 mm), GSK-3a ™" and
C57BL/6 mice (AP:—1.3 mm; ML:+3.4 mm; DV:—4.86 mm). The infusion rate
was 0.03 yL/min. The AAV2/8-hSyn-GSK-3a and AAV2/8- hSyn-Cre viruses
were purchased from Obio Technology (Shanghai, China). AAV9-hSyn-
Bmp15 viruses were purchased from Brain Case (Shenzhen, China). The
lentivirus packaged sh-GSK3a and the scrambled control were purchased
from Genechem (Shanghai, China). The valid target sequence of sh-GSK3a
is ACCCATCCTCACAAGCTTTAA. The lentivirus packaged sh-GSK3{ and the
scrambled control were purchased from Obio Technology (Shanghai,
China). The valid target sequence of sh-GSK3[ is CCACAGAACCTCTTGTTG
GAT. Animals were used for detection 4 weeks post the injection. We
assigned mice to different groups according to their species and injected
virus. For different groups of the same species, we randomly assigned
before injecting different viruses. For drug treatment, the necroptosis
inhibitor, 7-CI-O-Nec-1 (Nec-1s, Millpore, 504297) and vehicle (DMSO 1%,
methylbeta-cyclodextrin 4% in PBS) were injected intraperitoneally at a
dose of 10 mg/kg for one week before behavior training, maintaining the
same dose during behavior training and testing. The inhibitor of mTOR
signaling, rapamycin (Abmole, M1768), and vehicle (0.2% CMC and 0.25%
Tween-80 in ddH,0) were injected intraperitoneally at a dose of 2.5 mg/kg
once daily for two weeks.

Microarray

The amygdala tissues were isolated from SAMR1 and SAMP8 mice and
tissues were homogenized using a TissueRuptor (Qiagen, Palo Alto, CA,
USA) homogenizer (50/60 Hz) according to the manufacturer’s protocol.
Total RNA was extracted and treated with an RNase-free DNase (Qiagen,
Palo Alto, CA, USA). The RNA concentration was measured by spectro-
photometer (DU-640, Beckman, USA), and the RNA integrity was detected
by 1% agarose gel electrophoresis. Mouse OneArray (Phalanx Biotech
Group, Hsinchu, China) v2 (MOA-002) chips with 26,423 mouse genome
probes and 872 experimental control probes were used to analyze gene
expression profile.
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Statistical analysis

All data are shown as means = SEM and analyzed using unpaired t-test,
multiple t-test adjusted with Holm-Sidak, one-way ANOVA with Tukey's
post hoc comparison, two-way ANOVA with Dunnett's post hoc
comparison, two-way ANOVA with Tukey's post hoc comparison
and two-way ANOVA with Sidak post hoc comparison. All the statistical
analyses were done using GraphPad Prism 8.0 software. Sample
sizes were estimated on the basis of the previous studies [87]. Detail
methods of statistical analyses was showed in the Supplementary
Table 3.
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