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Abstract

As the aging population grows, the need to understand age-related changes in health
is vital. Two prominent behavioral changes that occur with age are disrupted sleep
and impaired cognition. Sleep disruptions lead to perturbations in proteostasis and
endoplasmic reticulum (ER) stress in mice. Further, consolidated sleep and protein
synthesis are necessary for memory formation. With age, the molecular mechanisms
that relieve cellular stress and ensure proper protein folding become less efficient. It is
unclear if a causal relationship links proteostasis, sleep quality, and cognition in aging.

Here, we used a mouse model of aging to determine if supplementing chaperone lev-
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els reduces ER stress and improves sleep quality and memory. We administered the
chemical chaperone 4-phenyl butyrate (PBA) to aged and young mice, and monitored
sleep and cognitive behavior. We found that chaperone treatment consolidates sleep
and wake, and improves learning in aged mice. These data correlate with reduced ER
stress in the cortex and hippocampus of aged mice. Chaperone treatment increased
p-CREB, which is involved in memory formation and synaptic plasticity, in hippocampi
of chaperone-treated aged mice. Hippocampal overexpression of the endogenous
chaperone, binding immunoglobulin protein (BiP), improved cognition, reduced ER
stress, and increased p-CREB in aged mice, suggesting that supplementing BiP levels
are sufficient to restore some cognitive function. Together, these results indicate that
restoring proteostasis improves sleep and cognition in a wild-type mouse model of
aging. The implications of these results could have an impact on the development of

therapies to improve health span across the aging population.
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1 | INTRODUCTION a risk factor for many health impairments and disorders (National
Institute on Aging, 2007; United Nations, 2017). In particular, it
has been well-documented that sleep quality and cognitive ability
both decline with age (Gulia & Kumar, 2018; Kumar, 2011; Soltani

et al., 2019; Wimmer et al., 2012). Age-related alterations in sleep

The aging population is growing due to increased life expec-
tancy, better health care, and improved socioeconomic develop-
ment (Kanasi et al., 2016; United Nations, 2017). However, age is
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include increased fragmentation and reduction in slow wave sleep
in humans (Helfrich et al., 2018), and in mice (Franken et al., 2001;
Naidoo et al.,, 2008; Wimmer et al., 2013), as well as an inabil-
ity to sustain sleep and wake states in mice (Naidoo et al., 2008;

Wimmer et al., 2013). These changes are conserved across vari-
ous species (Brown et al., 2014; Koh et al.,, 2006; Mander et al.,
2017; Mendelson & Bergmann, 1999; Naidoo et al., 2008, 2011;
Pandi-Perumal et al., 2002; Vienne et al., 2016; Welsh et al., 1986;
Wolkove et al., 2007). Further, cognitive deficits associated with
aging have been correlated with poor sleep and include disruptions
in working memory and long-term memory (Helfrich et al., 2018;
Nebes et al., 2009; Schmutte et al., 2007). Given these age-related
changes in behavior, determining what alterations occur at the cel-
lular level is vital in understanding the aging process as well as pro-
viding information that could lead to the development of therapies
to improve health span.

With age, mechanisms that maintain cellular proteostasis are
also less effective and less efficient. Specifically, there is an increase
in endoplasmic reticulum (ER) stress with age (Brown et al., 2014;
Naidoo et al., 2008, 2011). ER stress occurs when newly synthesized
proteins misfold and aggregate in the ER lumen (Berridge, 2002; Lee
etal., 2002; Ron & Walter, 2007; Szegezdi et al., 2006). When healthy
organisms are in a state of ER stress, for example with sleep depri-
vation (Cirelli & Tononi, 2000; Naidoo et al., 2005, 2007; Tononi &
Cirelli, 2003), the unfolded protein response (UPR) is acutely active
and works to restore proteostasis by alleviating the protein folding
load on the cell (Hetz et al., 2020; Kaufman, 2002; Koga et al., 2011),
through the activation of the 3 UPR signaling sensors, PERK, IRE1,
and ATFé6. However, with age the UPR is less efficient/impaired and
chronically activated, which leads to inflammatory signaling and cell
death (Brown et al., 2014; Brown & Naidoo, 2012; Hetz & Mollereau,
2014; Koga et al., 2011; Naidoo et al., 2008). Under aging condi-
tions, this UPR deficiency is coupled with a reduction in levels of the
endogenous ER protein chaperone binding immunoglobulin protein
(BiP), which is crucial to prevent protein aggregation (Brown et al.,
2014; Hetz et al., 2020; Naidoo et al., 2008, 2011, 2018; Paz Gavilan
et al., 2006).

PERK activation, which attenuates protein translation, has been
linked to both sleep and cognition (Ly et al., 2020; Sharma et al.,
2018). We have shown that PERK inhibition reduces sleep while
PERK activation promotes sleep (Ly et al., 2020). PERK autophos-
phorylation leads to its activation. P-PERK then phosphorylates
eukaryotic initiation factor 2alpha (elF2a) preventing the formation
of the ternary ribosomal complex, which halts global protein transla-
tion, allowing only a small subset of transcripts required to maintain
proteostasis to be translated (Ron & Walter, 2007). The translation
block is terminated by GADD34 activation downstream of PERK and
Activating transcription factor 4 (ATF4). GADD34 dephosphorylates
p-elF2a and functions as a negative feedback loop for PERK activa-
tion. Chronic PERK activation leads to apoptosis and inhibited pro-
tein translation, which has many consequences, including memory
deficits (Hughes & Mallucci, 2019; Hussain & Ramaiah, 2007; Sen
etal., 2017; Sharma et al., 2018).

In an earlier study, we demonstrated that supplementing endog-
enous chaperone levels with the chemical chaperone, 4-phenyl bu-
tyrate (PBA), in aged wild-type drosophila reverses age-related sleep
fragmentation, as well as reduces ER stress and UPR activity (Brown
et al., 2014). In this study, we examine whether a similar treatment
in aged mice would lead to improved proteostasis and sleep quality.
Further, we asked whether PBA treatment would ameliorate age-
related cognitive deficits.

Thus, we treated young and aged mice with PBA or saline over
an extended period and subsequently monitored sleep and cognitive
behavior. We report that PBA treatment ameliorates age-related
behavioral phenotypes. PBA treatment also led to a diminution of
ER stress markers and an increase in CREB activation in the brains
of aged mice. Lastly, we overexpressed BiP in the hippocampus of
aged mice and observed improved cognition, reduced ER stress, and
increased CREB activation in the hippocampi of aged mice. The re-
sults garnered from these experiments could have an impact on the
development of therapies for sleep quality improvement and reduc-
tion of cognitive deficits in aged individuals, which could together

improve the health span of the growing aged population.

2 | RESULTS

2.1 | PBA treatment consolidates sleep and wake
states in aged mice

We have previously demonstrated that PBA administration in aged
drosophila reduced ER stress and consolidated sleep in these flies
(Brown et al., 2014). Whether this amelioration of poor sleep qual-
ity by chaperone administration could be replicated in a mamma-
lian model was not known. We therefore examined the effect of
10 weeks of PBA treatment on sleep-wake behavior in young (2mo)
and aged (18 mo) mice using electroencephalogram (EEG) recordings.
Control mice were administered saline over the 10-week period and
subjected to the same behavioral assays. We examined sleep-wake
characteristics across 24hs as well as during 12h light: 12h dark pe-
riods. First, we were able to recapitulate previously published data
(Naidoo et al., 2008, 2011; Wimmer et al., 2013) that indicate aged
mice have increased sleep fragmentation during the inactive and ac-
tive period, as well as wake fragmentation during the active period
relative to young mice (Figure 1, Tables S1-S3).

In the 24 h analyses, we found that aged saline-treated mice had
a greater number of wake bouts compared to young saline-treated
mice (p < 0.05; Figure 1a, Table S2), indicating fragmentation of
wake. PBA treatment reduced the number of wake bouts and in-
creased the duration of these bouts in aged mice (p < 0.01, p < 0.05,
respectively; Figure 1a, d, Table S2), thus indicating consolidation of
wakefulness. Sleep, like wake, was fragmented in aged saline-treated
mice, with more NREM bouts (p < 0.05, Figure 1b) relative to young
saline-treated mice across the 24hr day (Table S2). PBA treatment
reduced the number of NREM bouts and lengthened the duration of
these bouts (p < 0.01 and p < 0.01, respectively; Figure 1b, e; Table
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FIGURE 1 PBA treatment consolidates sleep and wake in aged mice. (a) Wake bout number (b) NREM bout number (c) REM bout number;
(a-c average bout number over 24 h + SEM); (d) Wake bout length (e) NREM bout length (f) REM bout length (d-f average bout length
(seconds) over 24 h) (g) Wake bout length (h) NREM bout length (i) REM bout length (g-i average sleep and wake bout length (seconds)
between lights on (ZT0-12) and lights off (ZT12-24) periods); (j) Wake bout number (k) NREM bout number (I) REM bout number (j-| average
bout numbers between lights on (ZT0-12) and lights off (ZT12-24) periods); (m) Total Wake, (n) Total NREM, (o) Total REM (m-o total sleep
and wake (minutes) during 24 h period) (*p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA with Tukey post hoc correction for multiple
comparisons; n = 7 young saline, n = 10 young PBA, n = 9 aged saline, n = 9 aged PBA)
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S2). Lastly, in the 24hr period, PBA-treated aged mice had a reduced
number of REM bouts compared to aged saline mice (p < 0.05,
Figure 1c, Table S2). Thus, PBA treatment consolidated both NREM
and REM sleep in aged mice.

To obtain a more detailed description of changes in sleep and
wake behavior, we also analyzed the data during the lights on (sleep
or inactive) and lights off (active) periods in 12 h bins. We found that
aged mice had fragmented wake compared to young mice and that
PBA treatment consolidated wake in aged mice, particularly at night,
which is the normal waking period for these animals. Specifically,
aged mice displayed more wake bouts during the lights off period
compared to young mice (p < 0.05; Table S3, Figure 1j). PBA treat-
ment in aged mice reduced wake bout numbers during the lights
on and lights off periods compared to aged saline mice (p < 0.01,
p < 0.01; Table S3, Figure 1j) and increased wake bout length during
the night (active period) compared to aged saline mice (p < 0.05,
Table S3, Figure 1g).

As described for wake, sleep in aged mice is fragmented, with
more NREM bouts in the lights off period (p < 0.05, Table S3,
Figure 1k). PBA-treated aged mice displayed an increase in NREM
bout duration at both lights on and off periods compared to aged
saline mice (p < 0.01 and p < 0.01; Table S3, Figure 1h) as well as
a reduction in the number of NREM bouts during both lights on
and lights off compared to aged saline-treated mice (p < 0.05 and
p < 0.01, respectively; Table S3, Figure 1k). Lastly, with PBA treat-
ment, aged mice had fewer REM bouts during lights on compared
to aged saline mice (p < 0.05, Table S3, Figure 1l). Together, these
data indicate that PBA treatment consolidated both REM and NREM
sleep.

Aging has been shown to reduce the homeostatic response to
sleep loss (Hasan et al., 2012), as well as reduce peak theta power
and slow wave activity (Wimmer et al., 2013). We examined the
recovery sleep response to 6hrs of sleep deprivation and found no
significant effect of age or treatment on total NREM sleep follow-
ing sleep deprivation (Figure S1A). Spectrogram analyses of the EEG
recordings of NREM, REM, and wake indicated that there were no
effects of age or treatment (Figure S1A-E). We found no differences
in delta power (0-4 Hz) or peak theta (6-8 Hz) (data not shown) be-
tween aged saline-treated mice and young saline-treated mice, nor
were there any changes with PBA treatment (Tables S4 and S5).
Further, no changes were observed in the intensity of delta rebound
or in the swiftness of delta discharge following sleep deprivation,
indicating that chaperone treatment did not alter the homeostatic

response to sleep loss (Figure S1F).

2.2 | PBAreduces ER stress in the cerebral
cortex of aged mice

It is known that PBA treatment reduces UPR activity in aged dros-
ophila brains (Brown et al., 2014) and protects against ER stress in
mouse brains (Li et al., 2019) and pancreas tissue (Guo et al., 2017;
Ozcan et al., 2006). Using immunofluorescence, we examined the

effect of PBA treatment on ER stress in the cerebral cortex in young
and aged mice as the cortex is known to regulate sleep and wake
(Krone et al., 2021; Muzur et al., 2002; Naidoo et al., 2011) Thus,
molecular changes in the cortex could be reflected in behavior. We
specifically focused on the PERK pathway, given the role for PERK
in sleep regulation. We have previously shown in drosophila that
PERK activation under unstressed conditions increases sleep while
PERK inhibition reduces sleep (Ly et al., 2020). We have also demon-
strated that increased ER stress and chronic PERK activation in aging
is associated with poor sleep and wake quality (Brown et al., 2014;
Naidoo et al., 2008, 2011).

We found that saline-treated aged mice displayed more ER stress
and UPR activity in the cerebral cortex when compared to young
mice (Figure 2). Specifically, we observed increased phosphoryla-
tion of PERK and of ATF4, a downstream target of activated PERK
(p < 0.05, Figure 2). PBA had no effect on PERK activation in young
mice, which remained low (Figure 2). However, PBA treatment re-
duced PERK activation and ATF4 staining in aged mice (p < 0.05,
Figure 2), consistent with previous findings and indicating that ER
stress is ameliorated with chaperone administration.

As PBA treatment consolidated sleep and wake in aged mice,
we wanted to examine any effect of PBA treatment in orexin neu-
rons, which are responsible for maintenance of state (Alexandre
et al., 2013; Mochizuki et al., 2004). We counted orexin neurons
and calculated the percentage that were p-PERK-positive (Figure S2)
and found that there were no significant differences in any groups
(Figure S2).

2.3 | PBA administration improves cognitive
performance in aged mice

In addition to worsening sleep quality, cognitive ability also de-
clines with age (Nebes et al., 2009; Ohayon & Vecchierini, 2002;
Wimmer et al., 2012). To determine if chaperone treatment im-
pacts cognition in this model of aging, young and aged mice were
subjected to two hippocampal-dependent cognitive tasks, the spa-
tial object recognition test (SOR) and the Y-maze test (Figure 3a).
To quantify learning in the SOR test, a discrimination index was
calculated, to determine the amount of time spent with the moved
object compared to the unmoved object (Chuluun et al., 2020;
Haettig et al., 2011).

Young mice exhibited a strong preference for the moved ob-
ject (discrimination index) in the SOR test, regardless of treatment
(Figure 3c). Aged mice that received only saline injections could not
discriminate between the moved and unmoved object compared to
young saline-treated mice (p < 0.05), thus demonstrating impaired
cognition (Figure 3c). With PBA treatment, aged mice exhibited an
improved ability to discriminate between the two objects, preferring
the moved object, compared to aged saline mice (p < 0.05). PBA-
treated aged mice performed indistinguishably from young mice,
indicating that PBA treatment rescued the cognitive impairment
(Figure 3c).
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FIGURE 2 PBA treatment reduces
UPR activity in the cortex of aged mice.
Confocal images of cortex across groups.
Left: p-PERK; Right: ATF4. Below: Mean
+ SE percent area of p-PERK and ATF4
within cell bodies in cortex (n = 4-5
animals per group; two-way ANOVA with
Tukey post hoc correction for multiple
comparisons, *p < 0.05, **p < 0.01; Abbr:
Young Saline = YS; Young PBA = YB; Aged
Saline = AS; Aged PBA = AP)
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FIGURE 3 Chaperone treatment improves performance in the SOR test and reduces hippocampal p-PERK in aged mice. (a) Schematic
of SOR and Y-maze tests; (b) Percent alternations from Y-maze test; (c) Discrimination index of SOR test; (d) Western blot analysis of BiP
levels in all groups, representative blot image below; (€) Mean + SE percent area of p-PERK (left) and ATF4 (right) in the CA3 region of the
hippocampus. (*p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA with Tukey post hoc correction for multiple comparisons; n=8-10 SOR
test) Left: confocal images (n = 4-5/group; Abbr: Young Saline = YS; Young PBA = YP; Aged Saline = AS; Aged PBA = AP)

Concurrently with the SOR test, young and aged mice were
subjected to the working memory Y-maze test. A good working
memory is evident via repeated complete alternations, enter-
ing into each of the three arms of the apparatus consecutively
(Figure 3a). All groups performed variably in this test, and there
were no clear differences in performance, regardless of age, or
treatment (Figure 3b).

Interestingly, 66.67% of the PBA-treated aged mice that dis-
played improved performance in the SOR test (i.e., passed the test)
also had improved sleep consolidation (greater average NREM bout
duration and lower NREM bout numbers) compared to the aged

saline-treated mice. This suggests that with PBA treatment, there
is a positive correlation between consolidated sleep and improved

cognition.

2.4 | PBA treatment reduces UPR activity
specifically in the hippocampus of aged mice

To understand how learning was improved by chaperone treatment,
we used immunofluorescence to examine the effect of treatment

on the expression of ER stress markers in the hippocampus. We



HAFYCZ ET AL.

first probed for the endogenous chaperone protein BiP via Western
blot assay and found that aged saline-treated mice had less BiP than
young mice, recapitulating results from previous studies (p < 0.05,
Figure 3d; Naidoo et al., 2008, 2018). PBA treatment in aged mice
rescued BiP levels (p < 0.05, Figure 3d). Further, we found that aged
saline-treated mice displayed more ER stress and UPR activity in
the CAS3 region of the hippocampus, with increased p-PERK and
ATF4 staining relative to young mice (p < 0.01 and p < 0.05, respec-
tively, Figure 3e). With PBA treatment, there is a significant reduc-
tion in the expression of p-PERK and its downstream target ATF4 in
CA3 in aged mice (p < 0.01 and p < 0.001, respectively, Figure 3e).

2.5 |
CREB

PBA treatment increases expression of p-

Given the effect of PBA treatment on cognitive performance in aged
mice in the SOR test, we determined whether PBA treatment was
correlated with changes in the expression of markers of synaptic
plasticity. Phosphorylated CREB is a well-known marker of synap-
tic plasticity and its activation is associated with memory formation,
while its inhibition or downregulation is associated with disrupted
memory (Bourtchuladze et al., 1994; Xiong et al., 2013; Yu et al,,
2017). CREB is a transcription factor that drives the expression of
key proteins involved in memory, like BDNF, which plays a role in
synaptic function and memory processes (Gonzalez et al., 2019;
Panja & Bramham, 2014). While any changes in p-CREB could reflect
other molecular alterations, given the role of p-CREB in memory, we
sought to determine if PBA treatment and improved SOR perfor-
mance correlated with increased p-CREB staining.

Immunofluorescence staining of hippocampal sections for CREB
and p-CREB indicated that aged saline-treated mice had reduced
p-CREB levels compared to young mice, particularly evident in the
dentate gyrus (p < 0.05, Figure 4a). PBA treatment had no appar-
ent effect on p-CREB in young mice, though aged mice that were
treated with PBA displayed increased hippocampal p-CREB relative
to saline-treated aged mice (p < 0.01, Figure 4a).

We next determined the mechanism linking ER stress and UPR
activity to the changes observed in p-CREB levels. It has been shown
that GADD34, a phosphatase downstream of PERK that dephos-
phorylates elF2a (Tsaytler & Bertolotti, 2013), also inhibits AKT
(protein kinase B), a CREB kinase (Du & Montminy, 1998; Farook
et al., 2013; Sen, 2019).

We therefore probed levels of GADD34, p-AKT, and AKT in the
hippocampi of young and aged mice via Western blot assays to de-
termine whether p-AKT was altered with drug treatment. Western
blot analyses revealed that there was an increase in GADD34 in aged
saline mice compared to young saline mice (p < 0.05, Figure 4b).
Further analyses revealed a reduction in GADD34 in the hippocampi
of aged PBA-treated mice compared to aged saline-treated mice

(p < 0.05, Figure 4b). We also observed that aged saline-treated mice
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had less p-AKT than young mice (p < 0.05). PBA treatment in aged

mice increased p-AKT expression compared to aged saline-treated
mice (p < 0.05, Figure 4cp), suggesting that PBA treatment led to
increased AKT activation in aged mice.

2.6 | Binding Immunoglobulin Protein (BiP)
overexpression in the hippocampus improves
proteostasis, cognition, and CREB activity in the
hippocampus of aged mice

Having observed the benefit of systemic administration of chap-
erone treatment on sleep and learning, we wanted to determine
whether specifically increasing chaperone levels in the hippocampus
would be sufficient to improve learning in aged mice. We therefore
overexpressed BiP in the hippocampus using an AAV-CaMKII-BiP
viral vector. Control mice received an AAV-CaMKII-mCherry vector
microinjection.

BiP overexpression was confirmed by immunostaining and
Western blot (Figure 5 and Figure S3). BiP expression was markedly
increased in the dentate gyrus (Figure 5) and CA3 region (Figure S3).
Control vector injection was also confirmed with prominent mCherry
fluorescence visible in the dentate gyrus (Figure 5) and CA3 of the
hippocampus (Figure S3). BiP immunostaining was quantified with
Western blot assays in bulk hippocampal tissue where we observed
an increase in BiP expression in aged AAV-BiP mice relative to AAV-
control aged mice (p < 0.05, Figure 5a).

Hippocampal tissue in these mice was examined via immuno-
fluorescence to probe markers of ER stress, with a focus on the
PERK pathway. Young mice regardless of virus appeared to have
little PERK activation in the CA3 region with minimal visible p-
PERK staining (Figure 5). Aged AAV-control mice displayed more
activated PERK (p-PERK) relative to young AAV-control mice
(p < 0.01, Figure 5b). Critically, BiP overexpression in aged mice
had reduced p-PERK staining relative to AAV-control aged mice,
most clearly in the CA3 region of the hippocampus (p < 0.01,
Figure 5b).

Following BiP viral overexpression, we subjected all mice to the
SOR and Y-maze cognitive tasks. Young mice displayed a preference
for the moved object in the SOR test regardless of viral injection
(Figure 6a). Aged mice that received AAV-BiP were able to discrim-
inate between the moved and unmoved objects, preferring the
moved object relative to aged AAV-control injected mice (p < 0.01,
Figure 6a), indicative of improved cognition. Aged mice that received
AAV-BIP injections performed similarly to young mice. However, as
with PBA treatment, young and aged mice performed variably in the
Y-Maze test, regardless of age or which virus was injected (data not
shown).

We examined p-CREB levels to determine if BiP overex-
pression led to an increase in p-CREB in aged mice, as with PBA
treatment. Aged AAV-control mice had less p-CREB compared to
young AAV-control mice which was clearly evident in the dentate
gyrus (p < 0.05, Figure 6b). With BiP overexpression, aged mice
displayed an increase in CREB activation relative to aged AAV-
control mice (p < 0.01, Figure 6b), indicating that BiP overexpres-
sion in the hippocampus is sufficient to restore CREB activation
in aged mice. We also probed GADD34 and AKT activation to de-
termine if CREB levels were altered in AAV-BiP aged mice by a
mechanism similar to that observed with PBA treatment. As with
the PBA study, we found that aged AAV-control mice had more
GADDS34 and less p-AKT in the hippocampus compared to young
mice (p < 0.05 and p < 0.0512, respectively, Figure 6c-d). AAV-
BiP-injected mice displayed a significant reduction in GADD34
and a significant increase in p-AKT compared to that in aged AAV-
control mice (p < 0.05, Figure 6c-d).

Altogether, these data suggest that increasing endogenous chap-
erone levels locally in the hippocampus in aged mice is sufficient to
partially restore proteostasis in these brain regions, as observed via
a reduction in PERK activation. BiP overexpression is further cor-
related with improved cognition in aged mice and increased CREB
and AKT activation.

3 | DISCUSSION

In this study, we postulated that restoring proteostasis via chap-
erone treatment would consolidate sleep and improve cognition in
aged mice. We have shown that treatment with the chemical chap-
erone, PBA, consolidates sleep and wake in aged mice, recapitulating
the results from drosophila studies (Brown et al., 2014). With age,
sleep and wake are fragmented (Naidoo et al., 2008, 2011; Wimmer
et al., 2013), which we observed again here in the control aged
saline-treated mice. PBA treatment consolidated behavioral state in
aged mice, which was correlated with reduced UPR activity, specifi-
cally PERK activation, in the cortex. Importantly, we note that PBA is
also a histone deacetylase (HDAC) inhibitor (Ricobaraza et al., 2009).
While we did not explore any effects of PBA as an HDAC inhibi-
tor, we have conducted similar aging sleep characterization studies
in drosophila using sodium butyrate, which acts only as an HDAC
inhibitor and not a chaperone (Kim et al., 2007; Zhang et al., 2016),
and found no changes in sleep with sodium butyrate treatment (data
to be published). In addition to sleep and wake fragmentation, it has
been well-documented that age impairs rebound sleep and slow
wave activity following sleep deprivation via gentle handling (Hasan
etal., 2012; Mander et al., 2017; Wimmer et al., 2013). However, we
were unable to recapitulate these effects under our experimental

FIGURE 5 Hippocampal BiP overexpression reduces p-PERK staining in aged mice. Confocal images of hippocampal BiP staining (left,
green) and p-PERK (right, green) in young and aged mice. Merged images are shown for mCherry-tagged (red) control virus-injected mice. (a)
Western blot analysis of BiP; images below (n = 5 for all groups). (b) Mean + SE percent area of p-PERK in CA3 region of the hippocampus
(n = 4-5 animals per group; all quantifications were analyzed via two-way ANOVA with Tukey post hoc correction for multiple comparisons,
*p < 0.05, **p < 0.01; Abbr: Young Control = YC; Young BiP = YB; Aged Control = AC; Aged BiP = AP)
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conditions. It is possible that object exploration sleep deprivation

methods do not produce the same changes in rebound sleep and
slow wave activity as gentle handling and mechanical sleep depriva-
tion methods. It would be fascinating to compare the effects of dif-
ferent sleep deprivation methods on rebound sleep in future studies.

We have previously demonstrated that PERK signaling is in-
volved in sleep regulation (Ly et al., 2020). In particular, that in-
hibiting PERK reduces sleep, while overexpressing PERK induces
sleep (Ly et al., 2020). We have shown that PERK activation and
the ensuing translational block through p-elF2a led to a de-
crease in translation of a wake promoting peptide in Drosophila
(Ly et al., 2020). Phosphorylated elF2a dependent inhibition
of protein translation has been shown to promote sleep in mice
(Methippara et al., 2009), likely though a similar mechanism. We
think that PERK activation signals sleep in order to relieve the ER
stress that ensues with wakefulness through phosphorylation of
elF2a and that the subsequent translational block is alleviated by
GADD34, downstream of PERK, signaling wake. However, with
age BiP, which negatively regulates the UPR, is reduced result-
ing in chronically activated UPR and PERK and in higher expres-
sion of GADD34 (Brown et al., 2014; Naidoo et al., 2008, 2011).
The bidirectional effects of enhanced GADD34 and PERK on the
phosphorylation status of elF2ua likely alters sleep state during
aging. Further, chronic activation of the PERK pathway leads to
apoptotic signaling, contributing to a maladaptive response and to
poor cellular health in both aging and disease (Naidoo et al., 2005,
2008, 2011). Restoring proteostasis in the brains of aged mice via
chaperone treatment contributes to the prevention of behavioral
state fragmentation by reducing ER stress and PERK activation,
allowing for the resumption of normal protein translation.

Sleep is thought to serve many different functions, one of which
is the consolidation of memories (Aton et al., 2009; Diekelmann &
Born, 2010; Seibt et al., 2012; Tudor et al., 2016). Critically, changes
in sleep with age have been linked to poorer cognition; specifically
that poor quality NREM sleep is linked to poor memory, as is sleep
fragmentation and increased daytime sleepiness (Mander et al.,
2017; Pandi-Perumal et al., 2002; Welsh et al., 1986; Wolkove et al.,
2007). Several other studies have shown a correlation between poor
sleep quality with age and working memory, long-term memory, ver-
bal knowledge, and spatial reasoning (Nebes et al., 2009; Schmutte
etal., 2007). Notably, in our experiments, the PBA-treated aged mice
that had improved sleep consolidation also performed well in the
SOR test. However, a shortcoming of this study is that we only used
male mice. In future planned experiments, females will be used as it
is vital to determine if similar mechanisms affect sleep and cognition

with age in female subjects. As discussed above, chronic activation

of the UPR with age attenuates protein translation through PERK ac-
tivation and p-elF2a (Brown et al., 2014; Naidoo et al., 2008, 2011)
yet protein synthesis is necessary for memory formation and synap-
tic function (Hernandez & Abel, 2008; Seibt et al., 2012; Tudor et al.,
2016). We have shown here that both global and local hippocampal
chaperone treatment reducing PERK activity improved learning in
aged mice. Reduction in PERK activation with chaperone treatment
indicates that chaperone treatment de-represses translation, thus
allowing for learning in aged mice and is consistent with previous
studies that show inhibiting or reducing PERK activation improves
memory (Halliday & Mallucci, 2015; Halliday et al., 2015; Ma et al.,,
2013; Radford et al., 2015). PERK inhibition via GSK2606414 in a
prion-disease model reduced PERK activity and had neuroprotective
effects (Moreno et al., 2012). BiP overexpression also reduced PERK
activity in CA3 and CA1 but the most marked increase of BiP was
observed in the dentate gyrus and CA3 regions of the hippocampus.
It is possible that BiP overexpression in the dentate gyrus and CA3
was able to affect PERK activation in adjacent regions, as it has been
established that modifying the UPR in one region can have effects
on more distal regions (Taylor & Dillin, 2013), and it is well-known
that the dentate gyrus projects to CA3, which sends its projections
to the CA1 (Lisman, 1999). We posit that the improved proteostasis
with chaperone treatment, at both the local hippocampal level and
global level, coupled with improved sleep quality, could both con-
tribute to improved cognition in this model of aging. We acknowl-
edge that a limitation of our study is that we did not extensively test
cognitive behavior with a comprehensive set of tests; however, our
data do support the idea that chaperone therapy improves learning
in aged mice in the SOR test.

Coupled with reduced ER stress and PERK activity in the hip-
pocampi of aged mice, we also observed that chaperone ther-
apy increased p-CREB levels in the hippocampi of aged mice.
Phosphorylated CREB has been shown in various studies to be
involved in memory processes (Blendy et al., 1996; Bourtchuladze
et al., 1994; Graves et al., 2003; Yu et al., 2017; Zhou et al., 2013).
CREB is a transcription factor that leads to the expression of several
synaptic plasticity factors, such as BDNF, which is involved in mem-
ory formation (Bekinschtein et al., 2008; Gonzalez et al., 2019; Panja
& Bramham, 2014; Sharma et al., 2021). CREB activation provides
an interesting target molecule, particularly because the UPR, spe-
cifically PERK (Sen et al., 2017), has been shown to directly affect
CREB activity. GADD34 could disrupt CREB activity by preventing
its phosphorylation via p-AKT (Sen, 2019) thus directly linking UPR
activity to pathways involved in memory formation. Our results sug-
gest that this might be the case, as we observed more p-PERK and

GADD34 in the hippocampus of control aged saline-injected mice,

FIGURE 6 Hippocampal BiP overexpression increases p-CREB and p-AKT in aged mice. Confocal images of p-CREB (green) staining
across all four groups. Merged images are shown for mCherry-tagged (red) control virus-injected mice (n = 5-8 for all groups). (a)
Discrimination index from SOR test (n = 8-10 for all groups); (b) Mean +SE percent area of p-CREB in the dentate gyrus of the hippocampus
(n = 4-5 animals per group); (c) Western blot quantification of GADD34, images below (n = 5-6 animals per group); (d) Ratio of p-AKT/AKT
using actin as a loading control, images below (n = 4-6 animals per group); (Data presented as mean + SE; all analyses were done via two-
way ANOVA with Tukey post hoc correction for multiple comparisons *p < 0.05, **p < 0.01, ***p < 0.001, Abbr: YC = young control, YB =

young BiP, AC = aged control, AB =aged BiP)
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accompanied by less p-AKT and p-CREB relative to young mice.
With PBA, p-PERK and GADD34 levels decrease, while p-AKT and

p-CREB levels are increased. Similarly, BiP overexpression in the

hippocampus also increased p-AKT and p-CREB. Thus, reducing
ER stress via supplementing chaperone levels in the hippocampi of
aged mice is sufficient to restore some cognitive function through
increasing p-AKT activity and p-CREB levels. However, p-CREB is an
indirect measure of molecular changes and could reflect alterations
in several signaling pathways. While GADD34 altering p-AKT levels
is a possible explanation for the changes observed in p-CREB, there
could be other factors at play. Because PERK activation ultimately
leads to reduced global translation, it is highly likely that there are
other kinases affected by this translation block that lead to dimin-
ished p-CREB levels. PERK activation has been shown to directly
affect parts of memory formation and consolidation pathways, and
increased PERK activity has been associated with decreased syn-
aptic strength and poor memory consolidation (Halliday & Mallucci,
2014; Havekes et al., 2012; Hetz & Mollereau, 2014; Sharma et al.,
2018). It has also been shown that PERK activation and subsequent
elF2a phosphorylation impairs LTP (Costa-Mattioli et al., 2007). It
could be this collective dysfunction in protein quality control sys-
tems and sleep with age that together contribute to memory impair-
ments via impacting pathways involved in memory processes.

Our results suggest that alleviating ER stress through chaperone
therapy could improve health span in the growing aged population
by consolidating sleep and by improving learning via restoring pro-

teostasis in the brain.

4 | METHODS

4.1 | Mice

Animal experiments were conducted in accordance with the guide-
lines of the University of Pennsylvania Institutional Animal Care
and Use Committee. Mice were maintained as previously described
(Chellappa et al., 2019; Naidoo et al., 2008). Mice were housed at
23°Cona 12:12 h light/dark cycle and had ad libitum access to food
and water. For PBA treatment studies, 47 male C57BL6é mice, 24
aged (18-22 months old) and 23 young (2-6 months old), were ob-
tained from the National Institute of Aging. Survival and distribution
of these mice are presented in Table S6. A separate set of 36 male
C57BL6 mice were used for BiP viral overexpression experiments.

All mice survived surgery and underwent cognitive testing.

4.2 | Drug administration

Sodium 4-phenyl butyrate (PBA) (Cayman Chemical, Ann Arbor, Ml)
was administered twice weekly via intraperitoneal (IP) injections at a
dose of 40mg/kg and in the drinking water as a 0.8% PBA concentra-
tion in a 1% sucrose solution. This dose was determined by a com-
parison of doses used in similar studies and our own unpublished

pilot data (Cao et al., 2016; Ricobaraza et al., 2011). Vehicle-treated
mice received IP sterile saline injections twice weekly and were
given a 1% sucrose solution as drinking water. Treatment began
when mice were 18 months old (aged) or 2-3 months old (young)
and continued for 10-12 weeks. Following treatment, all mice were
subject to electroencephalogram implant surgeries. After recovery,
all mice underwent cognitive behavioral testing and sleep record-
ings. Mice were sacrificed via transcardial saline perfusions at ZTO
immediately following the recovery sleep period. Half brains were

collected and either flash frozen or fixed in 4% paraformaldehyde.

4.3 | Electroencephalogram (EEG) surgery and
sleep recordings

Electroencephalogram surgeries were performed as previously de-
scribed, with minor adjustments (Naidoo et al., 2018; Perron et al.,
2015). Briefly, mice were anesthetized with isoflurane. Four EEG
electrodes and two EMG electrodes were implanted and held in
place with dental acrylic. After one week recovery from surgery,
mice were individual housed and connected to EEG cables and ac-
climated for three days prior to the start of recordings. Recordings
took place as previously described (Naidoo et al., 2018; Perron et al.,
2015). Recordings started at ZTO lights on (10:00 a.m.) and contin-
ued for two consecutive days. The first 24 h of recording served as
baseline sleep recordings. During the second day of EEG recordings,
from ZTO to ZT6 (10:00 a.m. to 4:00 p.m.) the mice were sleep de-
prived via novel object presentation and gentle handling if neces-
sary as previously described (Zhu et al., 2018). Mice were allowed
18 hours of recovery sleep from ZTé to ZTO (4:00 p.m. to 10:00
a.m.). Data were scored with SleepSign Analysis Software (Kissei
Comtec Co., LTD), and spectral data were analyzed as previously
described (Franken et al., 2001; Hasan et al., 2012; Lim et al., 2013;
Naidoo et al., 2018; Perron et al., 2015), with additional code gener-
ated by Dr. Isaac Perron (python, https://pypi.org/project/eeg-sleep
-analysis/).

4.4 | Stereotaxic injection surgery

Stereotaxic hippocampal injections were performed to deliver a BiP
viral overexpression vector (Vector Biolabs; AAV5-CamKIlla-GRP78;
titer 4.8 x 10%2 GC/ml) and an mCherry control vector (Addgene;
pAAV5-CaMKlla-mCherry; titer 2.3 x 107% GC/ml) into the hip-
pocampi of young and aged mice. Stereotaxic injections were per-
formed as described. Following general anesthesia (2% isoflurane)
and sterilization of surgical area and tools, an incision was made on
the top of the skull and local bupivacaine was administered. Four
burr holes were drilled for bilateral hippocampal injections, with
coordinates as follows: AP +1.8 mm, ML +0.8 mm, +1.8 mm, DV
-1.7 mm, -1.9 mm. Using a 1 ul Hamiliton Syringe, 50 nanoliters of
virus were injected per burr hole. Mice were given subcutaneous
injections of meloxicam and saline post-operation for analgesia and
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hydration, respectively. Topical antibiotic ointment was used follow-
ing the suturing of the surgical site. Mice were observed for 3 days of
recovery. Behavioral testing occurred four weeks after surgery date
to allow for sufficient viral expression. Transcardial perfusions were
performed at ZTO following testing, and half brains were collected
and either flash frozen or fixed in 4% paraformaldehyde.

4.5 | Y-Maze spontaneous alternation test

The Y-Maze test was performed as previously described (Kraeuter
et al., 2019). Briefly, a single mouse was placed in the center of the
apparatus and was allowed to move freely through the maze for
5 min. Each individual arm entry and the order in which the entries
occurred were recorded. After testing, the number of alternations
(3 separate arm sequential arm entries) was counted and presented
as a percentage.

4.6 | Spatial objection recognition (SOR) test

The spatial objection recognition test is well-established hippocampal-
dependent spatial memory test (Bevins & Besheer, 2006; Cavoy &
Delacour, 1993). The mice are placed together for an hour in the test-
ing apparatus for three consecutive days prior to testing to acclimate
to the container. Testing occurs in two phases. The first is the training
phase where two identical objects are placed on one side of the ap-
paratus. Mice are placed individually in the apparatus for 10 min and
all interactions (smelling, touching, etc.) are counted. After training, the
mice are returned to their home cage and left undisturbed for about
one hour. Before the start of the testing phase, one of the identical
objects is moved to the opposite side of the apparatus. Mice are placed
in the apparatus during the testing phase similar to the training phase,
but only for 3 minutes. Interactions with each object are measured
again. Discrimination index calculations were performed as previously
described as a measure for how well the mice distinguish between the

moved and unmoved object (Sivakumaran et al., 2018).

4.7 | Immunohistochemical assays

Post-fixed half-brain coronal sections were sliced at 40 pm using
a cryostat as previously described (Zhu et al., 2007). Every other
section was placed in 24-well plates containing cryoprotectant for
free-floating immunohistochemistry staining and stored at -20°C, as
previously described (Naidoo et al., 2008, 2018). For all makers, we
compared n = 5-8 in each of the four groups.

4.8 | Immunofluorescence

Immunofluorescence (IF) staining was conducted as previously
described (Naidoo et al., 2011). Primary antibodies are as follows:
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p-CREB (ser133) (1:300, Cell Signaling 87G3); CREB (1:200, Cell
Signaling 86B10); p-PERK (Thr980) (1:200, Bioss bs-3330R); ATF4
(1:500, ProteinTech, 60035-1-lg); pelF2a (1:100, Cell Signaling
3597S); and BiP/anti-KDEL (1:1000, Enzo Life Sciences ADI-SPA-
827F). Secondary antibodies are as follows: Alexa Fluor 488 donkey
anti-rabbit IgG (1:500); Alex Flur 594 donkey anti-mouse IgG (1:500);
and Alexa Fluor 488 donkey anti-mouse IgG (1:500).

4.9 | Quantitative analysis of IF images

Confocal images were acquired as previously described (Owen et al.,
2021), using Leica SP5/A0OBS microscope. Confocal laser intensities,
nm range, detector gain, exposure time, amplifier offset, and depth
of the focal plane within sections per antigen target were standard-
ized across compared sections. Confocal images were quantified as
previously described (Zhu et al., 2018). Briefly, 3-4 sections were
imaged per animal (n =4-5 animals per group). Using ImageJ soft-
ware, the images were converted to an 8-bit grayscale with de-
tection threshold standardized across all images to detect percent
areas. The percentage area covered within the target region was

measured, and average percent areas for each mouse were analyzed.

4.10 | Western blot staining

Frozen brain tissue was prepared for Western blot assays as previ-
ously described (Naidoo et al., 2008, 2018). Briefly, brain tissue
was homogenized on ice with lysis buffer containing protease in-
hibitors. After centrifugation, protein concentration for each sam-
ple was determined with a BCA protein assay and samples were
prepared such that each contained 20ug of protein. SDS-PAGE
gels were run as previously described (Naidoo et al., 2008), and
protein bands were imaged and quantified via infrared imaging on
an Odyssey scanner (LiCor). For all markers, we compared n = 5-8
for each of the groups. Primary antibodies are as follows: BiP/
anti-KDEL (1:1000, Enzo Life Sciences ADI-SPA-827F); GADD34
(1:500, Protein Tech 10449-1-AP); p-AKT (1:500, Cell Signaling
9271); and Akt (1:500, Cell Signaling 9272). Secondary antibodies
are as follows: LiCor IRDye 680RD Goat anti-Mouse (1:10,000);
LiCor IRDye 800RD Goat anti-Mouse (1:10,000); LiCor IRDye
800RD Goat anti-Rabbit (1:10,000); and Odyssey IRDye 680 Goat
anti-Rabbit (1:10,000).

411 | Statistical analyses

Data are presented as the average + standard error of the mean
(SEM) of sample size n. Statistical analyses were performed in PRISM
(GraphPad Software, La Jolla, CA). Unless otherwise specified, two-
way ANOVA was used to determine interaction effects, with Tukey
post hoc corrections for multiple comparisons. p < 0.05 was the
threshold for determining statistical significance.
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