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Aging is marked by an accumulation of damaged and modified brain proteins, and the
ubiquitin-proteasome system (UPS) is important for cellular protein degradation. Recent
work has established a critical role for the UPS in memory and synaptic plasticity, but the
role of the UPS in age-related cognitive decline remains poorly understood. We trained
young, middle-aged, and aged male and female rats using trace fear conditioning (TFC)
to investigate the effects of age and sex on memory. We then measured markers of
UPS-related protein degradation (phosphorylation of the Rpt6 proteasome regulatory
subunit and K48-linked polyubiquitination) using western blots. We found that aged
males, but not aged females, showed behavioral deficits at memory retrieval. Aged
males also displayed reduced phosphorylation of the Rpt6 proteasome subunit and
accumulation of K48 in the basolateral amygdala, while aged females displayed a similar
pattern in the medial prefrontal cortex. These findings suggest that markers of UPS
function are differentially affected by age and sex in a brain region-dependent manner.
Together these results provide an important step toward understanding the UPS and
circuit-level differences in aging males and females.

Keywords: ubiquitin-proteasome system, trace fear conditioning, aging, amygdala, prefrontal cortex, sex
differences

INTRODUCTION

It is well established that women are at a greater risk for Alzheimer’s disease and age-associated
dementias. Although a disparity exists in the representation of female subjects in neuroscience
research (Beery and Zucker, 2011), there is also a growing literature that describes genetic and
hormonal factors related to age-related memory decline in women (e.g., Frick, 2009; Neu et al.,
2017). But, even in the absence of brain disease, the gradual decline of cognitive ability with age is a
growing problem among both men and women (Thies and Bleiler, 2013).
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Brain aging is marked by an accumulation of damaged
and modified proteins in neurons, and this buildup of altered
protein is the result of a gradual deterioration of both cellular
quality control mechanisms and decreased protein degradation
processes (Carrard et al., 2002). The ubiquitin-proteasome
system (UPS) is the primary proteolytic mechanism which is
responsible for the degradation of these damaged proteins (Saez
and Vilchez, 2014). Additionally, dysfunctions in the UPS are
associated with neurodegenerative disorders such as Alzheimer’s
(Oddo, 2008) and Parkinson’s disease (Betarbet et al., 2005).
While a growing body of work highlights the important role
of the UPS in regulation of memory and synaptic plasticity in
young adult animals (Jarome andHelmstetter, 2013), how altered
UPS function contributes to age-related cognitive decline, as
well as potential differences between males and females, remains
poorly understood.

Trace fear conditioning (TFC) is a simple and well-controlled
associative learning procedure that engages many of the same
brain circuits required for human episodic memory (Knight
et al., 2004; Gilmartin et al., 2014). Task-related neural activity as
well as synaptic plasticity linked to TFC memory formation and
retrieval are required in the dorsal hippocampus (DH; Yoon and
Otto, 2007) and medial prefrontal cortex (mPFC; Gilmartin and
Helmstetter, 2010; Reis et al., 2013) as well as in the basolateral
region of the amygdala (BLA; Kwapis et al., 2011; Kochli et al.,
2015). Successful performance in this memory test is thought to
depend on the coordinated interaction of a network of forebrain
regions, that are not required when animals are trained with
standard ‘‘delay’’ auditory fear conditioning (Esclassan et al.,
2009; Gilmartin and Helmstetter, 2010).

We recently demonstrated that impairments in TFC memory
in aged male rats are associated with changes in UPS function.
Specifically, we found that following memory retrieval 22-mo old
male rats had decreased phosphorylation of the Rpt6 proteasome
regulatory subunit (pRpt6) and increased accumulation of lysine
48 (K48)-linked polyubiquitinated protein in the BLA (Dulka
et al., 2020). The Rpt6 is an adenosine triphosphate (ATP)-
dependent regulatory subunit found in the 19S regulatory
particle of the proteasome and is phosphorylated at Serine-120
by Ca2+ /calmodulin-dependent protein kinase II α (CaMKIIα;
Djakovic et al., 2009). Phosphorylation of Rpt6 at Serine-120
is critical for the regulation of increased proteasome activity
and activity-dependent changes in synaptic strength (Djakovic
et al., 2012). We have previously shown that CaMKII regulates
Rpt6 phosphorylation and K48 accumulation during the
formation of a long-term fear memory (Jarome et al., 2013),
while inhibition of CaMKII prevents retrieval-induced increases
in proteasome activity and Rpt6 phosphorylation in the amygdala
(Jarome et al., 2016). Both acquisition and retrieval of fear
memory also increases UPS-related signaling at amygdala
synapses (Jarome et al., 2011; Orsi et al., 2019).

Research suggests that females have lower K48 accumulation
in the spinal cord compared to males (Jenkins et al., 2020),
and aged female rats may display decreased catalytic activity
of the proteasome in the cortex, striatum, and substantia nigra
(Zeng et al., 2005). In another study, female fruit-flies show an
age-associated increase in basal proteasome expression, while

the proteolytic capacity of the three different catalytic subunits
of the 20S proteasome complex decline as a function of age in
these females. Conversely, males show no change in proteolytic
capacity, regardless of age (Pomatto et al., 2017). While these
studies highlight interesting differences in basal proteasome
expression and catalytic capacity, the effects of learning-related
neural activity on UPS markers in the aging female brain
remain unknown.

Little has been done to investigate the interaction between age
and sex during TFC. Although young females have been shown
to learn better than males in trace eye-blink conditioning (Dalla
et al., 2009), age was not considered in this study. Other work
suggests that there are no differences in TFC memory between
young and middle-aged male and female rats (Hodes and Shors,
2007). However, the relationship between old age and sex during
TFC has not been explored. Interestingly, some cell signaling
pathways in the prefrontal cortex may modulate TFC learning
in female, but not in male rats (Kirry et al., 2018), suggesting that
this region might show functional difference in TFC based on
sex. In the present study, we have sought to extend our previous
research by examining the effects of aging on memory decline,
phosphorylation of the Rp6 subunit, and K48 accumulation in
both males and females across several brain regions critical for
TFC memory.

MATERIALS AND METHODS

Animals and Housing Conditions
Subjects were male (n = 7 per group) and female (n = 10 per
group), Fisher 344 (F344) rats obtained from the National
Institute on Aging (NIA) colony at Charles River (Raleigh, NC)
at the ages of 3-, 15-, and 22-month (mo) old at the time of
delivery. The same animals were used for the behavioral and
molecular components of this study. The rats were individually
housed with ad libitum access to water and rat chow. The animal
colony was maintained at a 14:10 h light–dark cycle with all
experiments occurring under the light portion of the cycle. All
experiments were approved by the Institutional Animal Care and
Use Committee at the University of Wisconsin-Milwaukee and
conducted within the ethical guidelines of the National Institutes
of Health (NIH).

Conditioning Apparatus
Fear conditioning was conducted in a set of four Plexiglas
and stainless-steel chambers within sound-attenuating boxes as
described previously (Dulka et al., 2020; Trask et al., 2020).
Briefly, the floor included 18 stainless steel bars connected
to a shock generator (Coulbourn Instruments). Each chamber
had a speaker to allow delivery of white noise cues, overhead
illumination with a 7.5 W bulb, and ventilation fans to provide a
constant background noise (55 dB). The chambers were cleaned
with 5% ammonium hydroxide solution between sets of rats
(Context A). A set of similar chambers (Context B) served as
a shifted context for auditory CS testing. There were several
distinct features associated with Context B, including textured
Plexiglas flooring, infrared illumination, and 5% acetic acid
cleaning solution.
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Trace Fear Conditioning Procedures
All animals were handled for 3 days prior to behavioral
manipulation. This consisted of transport to the behavior room
and then gentle restraint in a towel. The TFC training was
conducted in Context A, while auditory CS testing (retrieval) was
conducted in Context B. All animals were trained in TFC on Day
1 with six CS-UCS pairings after a six min baseline (BL). The
CS was a 10 s white noise cue (72 dB) and the UCS was a 1 s
electric footshock (1 mA). The CS and UCS were separated by a
20 s trace interval (TI), and CS-UCS pairings were separated by a
variable intertrial interval (ITI) of 240 s± 20 s. One day following
conditioning, rats received a long-term memory test consisting
of two 30 s CS presentations following a 2 min BL period. The
two CSs were separated by an ITI of 175 s, and the second CS
was followed by a 2 min post-CS period. The ITI and post-CS
period were combined into a single stimulus free period (SFP).
The SFP timepoint at testing was chosen for analysis because it
represented CS-induced fear to the trace interval and, thus, was
a time at which the TFC-trained animal would have received the
footshock during training (Kwapis et al., 2011; Dulka et al., 2020).

Behavioral Scoring
Freezing behavior was defined as the cessation of all movement
excluding respiration (Fanselow, 1980) and was automatically
scored in real-time with FreezeScan 1.0 detection software
(Clever Sys, Inc.) calibrated to a trained human observer. Rearing
behavior within the conditioning apparatus during the retrieval
session was also scored. A rear was defined as when the rat
rose on its hind legs (front paws either in the air or using the
walls as support) and the position was held for a least 2 s. The
rears were scored manually from video by an observer blind to
group assignments.

Crude Synaptosomal Membrane
Fractionation
Animals were sacrificed with an overdose of isoflurane 90 min
following memory retrieval testing. Brains were rapidly removed
and flash frozen on dry ice. We chose a 90 min timepoint
to remain consistent with the procedures used in Dulka et al.
(2020). Using a cryostat (Leica Biosystems), the BLA, mPFC,
and CA1 region of the DH were dissected from the brains.
Synaptosomal membrane fractions were obtained using methods
described previously (Dulka et al., 2020). Briefly, tissue samples
were homogenized in TEVP buffer with 320 mM sucrose and
centrifuged at 1,000× g for 10 min at 4◦C. The supernatant was
collected and spun at 10,000× g for 10 min at 4◦C. The resulting
pellet containing the synaptosomal fraction was resuspended
in phospho-homogenization buffer (50 mM Tris-HCl, 6 mM
sodium deoxycholate, 150 mM NaCl, 1mM NaF, two mini
EDTA-free complete protease inhibitor tablets (Roche), 0.1%
SDS, 1 mM sodium orthovanadate) and measured using a DC
Protein Assay (Bio-Rad).

Western Blot Method
Following the preparation of the synaptic fractions, protein levels
were normalized and were loaded into a 7.5% SDS/PAGE gel and
then transferred to PVDF membranes using a Turbo Transfer

System (BioRad). Membranes were incubated in 5% milk in
Tris-buffered saline (TBS) + 0.1% Tween-20 (blocking buffer)
for 1–2 h before being incubated in primary antibody solutions
for pRpt6 (ProSci, 1:850), total Rpt6 (tRpt6; Abcam:ab178681;
1:1,000), K48 polyubiquitination (Cell Signaling: #8081, 1:500),
or β-actin (Cell Signaling: #3700, 1:1,000) and 3% bovine
serum albumen in TBS + 0.1% Tween-20 overnight at 4◦C.
Membranes were then incubated in the appropriate secondary
antibody (1:20,000) in blocking buffer for 60 min at RT
(β-actin), 90 min at RT (pRpt6), or 4 h at 4◦C (tRpt6;
K48). Following a final wash, membranes were prepped in
a chemiluminescence solution (Clarity ECL, Bio-Rad) for
3 min. Images were captured and densitometry performed
using NIH Genesys. The phosphorylated Rpt6-Serine120 rabbit
polyclonal antibody was generated commercially (ProSci)
against a synthetic peptide (NH2-CALRND(pS)YTLHK-OH) as
described previously (Djakovic et al., 2012; Jarome et al., 2013;
Dulka et al., 2020).

Data Analysis
A three-way analysis of variance (ANOVA) test was used
to compare freezing during training and retrieval. These 2
(Sex: male, female) × 3 (Age: 3-mo, 15-mo, 22-mo) × 2
(Period/training: BL, TI; Period/retrieval: CS, SFP) ANOVAs
were followed by planned comparisons to explore the effect of
age and sex. The rearing behavior was analyzed using a two-way
ANOVA followed by Fisher’s LSD post hoc tests. For the analysis
of protein levels as measured using western blots, one-way
ANOVAs followed by Fisher’s LSD post hoc tests were used
to compare mean optical density across the age groups within
each sex. Western blot samples are expressed as a percentage
of TFC-trained 3-mo old animals within each sex. To remain
consistent with our previous work, pRpt6 and K48 are not taken
as a proportion of tRpt6 and β-actin, respectively (Dulka et al.,
2020). However, we verified that these control proteins did not
differ between groups as a function of age. Additionally, while
animals from each age group were represented on each blot,
the different sexes were run on different blots. Thus, across sex
comparisons were not made for western blot data. Statistical
outliers were screened according to themethods outlined in Field
(2005). These outliers included two samples in the BLA for pRpt6
(one 15-mo male and one 22-mo male); two samples in the
mPFC for pRpt6 (one 15-mo female and one 22-mo female); and
3 samples in the DH for pRpt6 (one 15-mo male, one 15-mo
female, and one 22-mo female), as well as one sample in the
DH for K48 (one 15-mo male). Alpha was set at 0.05. Data are
presented as mean± standard error of the mean (SEM).

RESULTS

A schematic of the experimental design can be seen in Figure 1A.
On the first day, TFC memory acquisition occurred (Figure 1B).
A 3-way ANOVA conducted on freezing behavior during this
training session found main effects of period (BL vs. TI),
F(1, 45) = 777.52, P < 0.001, sex, F(1, 45) = 21.28, P < 0.01, and
age, F(2, 45) = 5.12, P = 0.01, and a period × age interaction,
F(2, 45) = 3.87, P = 0.03. No other interactions were significant,
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FIGURE 1 | Subjects were trained in trace fear conditioning (TFC) and tested for memory retention 24 h later. (A) A schematic of the experimental design.
(B) During training, both 22 month (mo) and 15-mo males showed more freezing behavior than 3-mo males at baseline (BL). However, all animals reacted normally to
shock, as seen by increased freezing during the trace intervals (TI). (C) During retrieval testing, while no effects of age were noted during the conditioned stimulus
(CS) period, during stimulus free period (SFP) 22-mo old males displayed a deficit in memory retention. No effect of age was noted in females. (D) To better
understand the behavioral topography of fear responses, rearing behavior was also analyzed during the retrieval test. Overall, females engaged in more rears than
males did. (E) We also performed planned comparisons across sex within each age group during retrieval testing. At the SFP period, 3- and 15-mo males froze more
than their female counterparts, while 22-mo old males did not. Data are shown as mean ± standard error of the mean (SEM). *Indicates P < 0.05.

largest F = 1.29. Planned comparisons showed that during BL,
15-mo males froze more than 3-mo males (P = 0.01), while
22-mo males also froze more than 3-mo males (P < 0.001).
No differences were noted between females at BL (smallest
P = 0.20). During the averaged TI periods of training, there
were no differences among ages or between sexes (smallest
P = 0.07), suggesting that all the rats acquired the freezing
response regardless of age or sex.

On the second day, memory retention was tested ( Figure 1C).
For this test session, a 3-way ANOVA was conducted to assess
behavioral performance. We again found main effects of period
(CS vs. SFP), F(1, 45) = 36.35, P < 0.001 and sex, F(1, 45) = 20.97,
P < 0.001. While there was nearly an effect of age, it did
not reach statistical significance, F(2, 45) = 3.09, P = 0.055. The
same was true of the period × age interaction, F(2, 45) = 2.48,
P = 0.095. The three-way interaction (period × sex × age)
was also not significant, F(2, 45) = 2.13, P = 0.13. During the
CS timepoint, planned comparisons found that although 3-mo
old males tended to freeze less than 15-mo males (P = 0.06).
Females showed no differences in freezing based on age (smallest
P = 0.22). This was not completely unexpected, given that we
previously found no effect of age in males during the CS (Dulka
et al., 2020). It has been suggested that a more appropriate time
point to assess trace fear recall is SFP time point because this is

when the animal should have learned to expect a shock and, thus,
is a conditional response to the auditory cue (Gilmartin et al.,
2012). During the SFP time point, 22-mo males froze less than
15-momales (P = 0.02) and tended to freeze less than 3-momales
(P = 0.065). Females, on the other hand, showed no differences
in freezing (smallest P = 0.27).

Planned comparisons within each age group across sexes were
also performed to further understand these behavioral effects.
During training, we found that at the BL period 15-mo males
froze more than 15-mo females, F(1, 45) = 8.17, P = 0.006, and
22-mo males froze more than 22-mo females, F(1, 45) = 12.97,
P = 0.001. Additionally, during the TI period 3-mo males
tended to display higher rates of freezing than 3-mo females,
F(1, 45) = 4.00, P = 0.051. No other planned comparisons at
training were significant (largest F = 2.54, P = 0.12). Differences
within each age group across sex were also noted during
memory retrieval. During the CS period, while 3-mo males
did not differ from 3-mo females (F = 1.13), 15-mo males
froze more than 15-mo females, F(1, 45), = 5.60, P = 0.02).
During the SFP period, 3-mo males froze more than 3-mo
females, F(1, 45) = 9.97, P = 0.003, 15-mo males froze more
than 15-mo females, F(1, 45) = 8.77, P = 0.005, but 22-mo old
animals did not differ from one another, F(1, 45) = 2.06, P = 0.16
(Figure 1E).
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To further understand the influence of sex during the
retrieval test, we examined other behaviors as male and female
rodents may differ in their behavioral topography in response to
conditioned fear (e.g., Gruene et al., 2015a). It was noted during
real time testing that some animals spent more time engaging in
behaviors such as rearing rather than freezing. Analysis of rearing
frequency from video during the retrieval session revealed a
significant main effect of sex, F(1, 45) = 16.20, P < 0.001, such
that females engaged in a greater number of rears compared to
males overall (Figure 1D). However, there was no main effect
of age, F(2, 45) = 1.17, P = 0.32, and no age × sex interaction
(F < 1). Planned comparisons show that 3-mo females engaged
in more rearing than 3-mo males (P = 0.01), 15-mo females
tended to rear more than 15-mo males (P = 0.051), and 22-mo
females also engaged in more rears than their male counterparts
(P = 0.02). Thus, this increase in rearing might explain the
overall pattern of reduced freezing observed during retrieval in
females (Figure 1E). Overall, these results replicate our previous
finding that aged (22-mo) males have deficits in the retention of a
trace fear memory. However, contrary to our expectations, aged
females did not display a significant memory deficit.

To determine how age affects memory-driven protein
degradation, we next quantified four protein targets of interest
(pRpt6, tRpt6, K48, and β-actin) within brain regions known to
be critical for TFC. We first quantified pRpt6 and tRpt6 protein
in BLA (Figure 2A) synaptic fractions. Replicating our previous
work (Dulka et al., 2020), we found that age was associated
with a decline in pRpt6 in males, F(2, 12) = 3.91, P = 0.049

(Figure 2B). Specifically, 22-mo males displayed lower levels of
pRpt6 compared to 3-mo males (P = 0.02) and 15-mo males
(P = 0.06). However, no differences in Rpt6 phosphorylation
were observed in females (Figure 2C; F < 1) in the BLA.
Levels of tRpt6 protein did not differ across age groups
in males, F < 1, or females, F(2, 20) = 1.16, P = 0.33,
suggesting that differences observed in retrieval associated
Rpt6 phosphorylation were not due to differences in total
Rpt6 protein (Supplementary Figures 1A,B).

In the mPFC (Figure 2D), as in our previous study (Dulka
et al., 2020), we found that males displayed no differences
in pRpt6 within synaptic fractions, F(2, 14) = 0.35, P = 0.70
(Figure 2E). However, females showed clear differences based
on age, F(2, 22) = 9.08, P = 0.001 (Figure 2F). Twenty-two
month females displayed reduced pRpt6 compared to both 3-mo
(P < 0.001) and 15-mo old females (P = 0.01). Again, tRpt6 levels
did not differ in this structure across age groups in males,
F(2, 13) = 1.08, P = 0.37, or females, F < 1 (Supplementary
Figures 1E,F). Together, these data show that aged males display
decreases in Rpt6 phosphorylation in the BLA, while aged
females show this pattern in the mPFC.

We also performed western blots for a lysine 48 (K48)
polyubiquitin tag that targets proteins for degradation by the
proteasome (Jarome et al., 2013, 2016). In the BLA (Figure 3A),
age-related differences in K48 accumulation were observed in
males (Figure 3B), F(2, 12) = 4.98, P = 0.03, but not in females,
F < 1 (Figure 3C). Specifically, 22-mo males displayed greater
K48 levels compared to 3-momales (P = 0.009) and 15-momales

FIGURE 2 | Ninety minutes following the retrieval session, synaptic fractions were obtained in order to analyze the phosphorylation of the Rpt6 subunit using
western blots. In the BLA (A), 22-mo old males display reduced pRpt6 (B), while females show no difference (C). However, in the mPFC (D), while males show no
differences in pRpt6 (E), females 22-mo old females display reduced pRpt6 (F). Results are expressed as mean percentages of 3-mo old rats within each sex (±
SEM). Blots have been cropped for clarity to show representative samples. Here, the mPFC is defined as the area including both the prelimbic cortex (PL) and
infralimbic cortex (IL). *Indicates P < 0.05.
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FIGURE 3 | Synaptic fractions were also used to analyze the accumulation of K48-linked polyubiquitination using western blots. In the BLA (A), 22-mo old males
display increased K48 (B), while females show no such accumulation (C). However, in the mPFC (D), males show no differences in K48 (E), but females 22-mo old
females display increased accumulation of K48 (F). Results are expressed as mean percentages of 3-mo old rats within each sex (± SEM). Blots have been cropped
for clarity to show representative samples. The mPFC is defined as the area including both the prelimbic cortex (PL) and infralimbic cortex (IL). *Indicates P < 0.05.

(P = 0.04), who did not differ from each other (P = 0.40). We also
analyzed β-actin in the BLA, and this loading control protein did
not differ across age groups in males, F(2, 12) = 2.74, P = 0.10, or
females, F < 1, again demonstrating that this effect was specific
to proteins associated with memory retrieval (Supplementary
Figures 1C,D).

In the mPFC (Figure 3D), males displayed no effect of age on
K48 levels, F(2, 17) = 1.32, P = 0.29 (Figure 3E), but we observed
a marginal effect suggesting an accumulation of K48-tagged
proteins in females, F(2, 25) = 2.64, P = 0.09 (Figure 3F). Because
of this pattern, we investigated differences across age groups in
the females using LSD post-hoc analyses and found that 22-mo
old females displayed increased K48 compared to 3-mo old
females (P = 0.04). Fifteen-mo old females also had increased
K48 expression compared to the 3-mo old females (P = 0.08). As
before, no differences were noted in β-actin levels as a function
of age in males, F(2, 18) = 1.27, P = 0.30, or females, F(2, 25) = 2.58,
P = 0.10 (Supplementary Figures 1G,H). These data show that
agedmales show increases in K48 accumulation in the BLA, while
aged females show increases in K48 in the mPFC.

Although the DH has a longstanding role in trace fear
memory, we previously observed no effect of age of the
phosphorylation of Rpt6 following TFC in this region (Dulka
et al., 2020). However, because this prior study was done
solely with male subjects, here we quantified proteins in the
DH to see if this pattern was similar or different in females.
Consistent with our recent work, no effects on pRpt6 were
noted in the DH in males or females, Fs < 1 (Supplementary
Figure 2A). Similarly, no changes in tRpt6 were noted in males,
F(2, 14) = 1.90, P = 0.19, or females, F < 1 (Supplementary
Figure 2B). No differences were observed in K48 accumulation
in males, F(2, 16) = 2.55, P = 0.11, or females, F(2, 21) = 1.86,
P = 0.18 (Supplementary Figure 2D). Finally, no changes

in β-actin were observed in males, F < 1, or females,
F(2, 25) = 1.87, P = 0.18 (Supplementary Figure 2C). This
suggests that memory-related changes in Rpt6 phosphorylation
and K48 accumulation occur in the BLA of males and the mPFC
of females.

DISCUSSION

In the present study, we have found that aged (22-mo
old) males displayed a clear deficit in trace fear memory
retention similar to what has been reported previously
(Moyer and Brown, 2006). Memory deficits in 22-mo old
males were associated with decreased phosphorylation of the
Rpt6 subunit and a corresponding increase in the accumulation
of K48 polyubiquitinated proteins within the BLA (as in Dulka
et al., 2020). Alternately, aging in females was associated with
changes in the activity-driven markers of UPS activity within
the mPFC but not BLA, an opposite pattern to their male
counterparts. We found that 22-mo old females displayed
clear reductions in pRpt6 and increased accumulation of
K48-tagged proteins within the mPFC relative to young
adults. These results provide the first evidence that changes
in proxy measures for UPS activity such as phosphorylation
of the Rpt6 subunit and K48-linked polyubiquitination with
aging are reflected in different brain regions in males and
females. This may ultimately have important implications
for understanding age-related cognitive decline in men
and women.

One important consideration here is that pRpt6 and K48 were
measured after memory testing, and therefore we cannot separate
potential baseline differences in protein degradation between
males and females from activity driven by memory retrieval
and expression of behavioral responses. Previous work from our
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laboratory indicates that memory retrieval (compared to a no
retrieval condition) specifically promotes Rpt6 phosphorylation
(Jarome et al., 2016). While we did not measure phosphorylation
of Rpt6 in unstimulated animals, we found here as in prior
work (Dulka et al., 2020) that total Rpt6 protein levels did
not differ between groups suggesting that the differences we
observed, were due to activity driven by memory retrieval. We
also cannot rule out the possibility that the memory impairment
observed in the aged males during testing was not a result of
impaired acquisition.

Another caveat to the present work is that, we only analyzed
one cellular component, the synaptic fraction. There may be
additional effects of age and sex following TFC memory retrieval
in cytoplasmic and nuclear fractions (e.g., Orsi et al., 2019).
One recent study found that young male, but not female, rats
had increased protein degradation in the nuclei of amygdala
cells after fear conditioning, while females had elevated baseline
levels of overall UPS activity in amygdala nuclei (Devulapalli
et al., 2021). Additionally, we only took brain tissue at 90 min
following retrieval. It is possible that females display a different
time course of protein expression, as this pattern of expression is
currently unknown.

Based on its importance for TFC, one might have expected
the DH to show changes in UPS activity following the retrieval
of a trace fear memory. This could also be attributable to the
choice of cellular compartment analyzed. Prior work has also
established that in some situations protein degradation is critical
for plasticity in DH (e.g., Lee et al., 2008; Cullen et al., 2017),
but the lack of DH effects seen here is consistent with our
previous studies that focused on aged males (Dulka et al., 2020;
Trask et al., 2020).

Prior work supports age-related deficits in TFC in males,
but upto this point female rats have not been included for
comparison. We predicted a parallel memory deficit in both
sexes as a function of age but did not find significant differences
in behavioral performance between old and young females.
This lack of effect may represent differential sensitivity of the
procedure based on sex, but this seems unlikely given that
young animals of both sexes should learn comparably (Kirry
et al., 2019). Alternatively, we may not have seen a significant
deficit in the 22-mo females due to the large amount of
variability in the younger female subjects. While the behavioral
outcomes related to sex are to some degree ambiguous, the
present study presents compelling data that markers of the
UPS are differentially affected by age and sex in brain region-
dependent manner.

Recently, there has been growing interest in understanding
sex differences in memory networks critical for fear learning
(Tronson and Keiser, 2019). Important sex differences may
exist throughout the brain, including at the level of neural
circuits. For instance, human structural imaging connectivity
data suggest that male brains are optimized for intra-hemispheric
communication while female brains are optimized for inter-
hemispheric communication (Ingalhalikar et al., 2014). In
another study in rats, differences in dendritic arborization of
infralimbic cortex (IL)-to-BLA neurons between high freezing
and low freezing males, but not females, were observed

following the retrieval of an extinction memory (Gruene
et al., 2015b). Combined with the results of the present
study, these data provide evidence that, when examining
differences in learning and plasticity between males and
females, the effects may be determined in part by the brain
region studied. Critical differences in circuit level activity may
emerge throughout the lifespan. Because of this, how and why
male and female brain circuit activity differs as a function
of age is an area of neuroscience research that warrants
further investigation.

In sum, the present study is the first to investigate the
relationship between aging, sex, trace fear memory, and UPS
mechanisms. We show here that age-related memory decline
in male rats is associated with decreases in activity-driven
phosphorylation of the Rpt6 subunit of the proteasome and
increases in accumulation of K48 polyubiquitinated proteins
within the BLA. Although females show no significant effect
of age on memory retention, they display age-related decreases
in pRpt6 and increases in K48 within the mPFC. Altogether
these data extend our knowledge of sex differences in aging
and protein degradation and provide a compelling first step
towards the study of circuit-level differences in aging males
and females.
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SUPPLEMENTARY FIGURE 1 | Control proteins were analyzed using
western blots. In the BLA, total Rpt6 (tRpt6) did not differ in males (A) or in
females (B). β-actin levels also did not differ in males (C) or females (D). In the
DH, tRpt6 did not differ in males (E) or in females (F). Again, β-actin levels also
did not differ in males (G) or females (H). Results are presented as
mean ± SEM.

SUPPLEMENTARY FIGURE 2 | Synaptic fractions were also obtained from the
DH, and western blots were used to analyze pRpt6, tRpt6, β-actin, and
K48-linked polyubiquitination. In males, no differences were observed in pRpt6
(A), tRpt6 (B), β-actin (C), or K48 (D). Similarly, in females, no differences were
observed in pRpt6 (E), tRpt6 (F), β-actin (G), or K48 (H). Results are presented
as mean ± SEM.
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