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Abstract The incidence of neurodegenerative disorders
and cognitive impairment is increasing. Rising preva-
lence of age-related medical conditions is associated
with a dramatic economic burden; therefore, developing
strategies to manage these health concerns is of great
public health interest. Nutritionally based interventions
have shown promise in treatment of these age-
associated conditions. Astaxanthin is a carotenoid with
reputed neuroprotective properties in the context of
disease and injury, while emerging evidence suggests
that astaxanthin may also have additional biological
activities relating to neurogenesis and synaptic plastici-
ty. Here, we investigate the potential for astaxanthin to
modulate cognitive function and neural plasticity in
young and aged mice. We show that feeding astaxanthin
to aged mice for 1 month improves performance on
several hippocampal-dependent cognitive tasks and in-
creases long-term potentiation. However, we did not
observe an alteration in neurogenesis, nor did we
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observe a change in microglial-associated IBA1 immu-
nostaining. This demonstrates the potential for
astaxanthin to modulate neural plasticity and cognitive
function in aging.

Keywords Aging - Cognitive decline - Inflammation -
Nutraceutical - Neuroplasticity

Introduction

Aging is an intricate process that encompasses multiple
physiological changes, eventually leading to reduced
organ homeostasis and resilience. Aging is a prominent
predisposing factor for many neurodegenerative disor-
ders, but even normal aging in the absence of pathology
can be associated with mild cognitive impairment in a
subset of the elderly. The clinical presentation of cogni-
tive dysfunction is highly variable, but is typically de-
scribed as impaired memory, attention, or loss of exec-
utive function (Arvanitakis et al. 2016). The population
of people over 65 years of age is increasing and this
demographic shift is expected to lead to increased inci-
dence of neurodegenerative disease. Additionally, the
rising prevalence of age-related medical issues is pre-
sumed to be accompanied by a dramatic economic bur-
den; therefore, developing strategies to manage the dele-
terious consequences of aging is becoming a significant
issue in public health (Johnson et al. 2013; Velkoft 2010).

One promising strategy in the intervention or preven-
tion of the insidious effects of aging is the use of
nutritionally based factors. Dietary foods, extracts, and
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natural compounds have been successful in generally
promoting health and preserving cognitive function
(Bickford et al. 2017; Bickford et al. 2015; Grimmig
et al. 2017b; Miller et al. 2017). Carotenoids have been
investigated for their impact on human health; one ca-
rotenoid that has gained significant attention recently is
the xanthophyll astaxanthin (AXT). AXT has been in-
vestigated for a potential therapeutic role in various
clinical conditions, notably cardiovascular disease, met-
abolic syndrome, athletic performance, and cancer
(Guerin et al. 2003; Kidd 2011; Yamashita 2013). Inter-
estingly, even though these conditions are diverse, they
do share common features of oxidative stress and in-
flammation, both of which are known to increase with
age and contribute to neural dysfunction. AXT has been
used therapeutically in models of neurodegenerative
disease and neuronal injury. For example, the applica-
tion of AXT was found to mitigate cytotoxicity from
amyloid (3 fragments in vitro, by interrupting the apo-
ptotic cascade and calcium dysregulation (Chang et al.
2010; Lobos et al. 2016; Wang et al. 2010). AXT
attenuated neurotoxicity in an in vivo model of
Parkinson’s disease (Grimmig et al. 2018; Grimmig
et al. 2017). AXT-treated animals were also protected
from the hippocampal damage in an amygdala kindling
model of epilepsy (Lu et al. 2015), from aluminum
chloride toxicity (Al-Amin et al. 2016a), and in traumat-
ic brain injury (Ji et al. 2017). These observations es-
tablish that AXT has a neuroprotective effect against
pathological conditions. However, emergent evidence
from recent work suggests that AXT may also have
the capacity to increase neurogenesis and neural plastic-
ity and may therefore play a role in modulating cogni-
tive function, recently reviewed here: (Galasso et al.
2018; Grimmig et al. 2017a). Yook et al. 2016 demon-
strate that AXT treatment can increase stem cell prolif-
eration in the hippocampus and this was associated with
improved spatial memory in adult mice (Yook et al.
2016). It has also been shown that consumption of
AXT may increase brain-derived neurotrophic factor
(BDNF) (Wibrand et al. 2013; Wu et al. 2014), an
important growth factor for neural development,
growth, and function (Binder and Scharfman 2004).

A few studies have reported that AXT can improve
aspects of cognition, although this is most frequently
attributed to a neuroprotective mechanisms in animal
and cellular models of neurodegeneration and neural
injury (Ji et al. 2017; Wibrand et al. 2013; Xu et al.
2015). Given that symptoms of cognitive dysfunction
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are also seen in some elderly individuals during normal
aging, it is possible that AXT treatment may be effective
in rescuing the age-related cognitive decline in non-
pathological conditions. However, relatively few studies
have assessed the effect of AXT on cognitive function in
normal, healthy mice, while the impact of AXT on the
aged CNS has been largely ignored. Here, we investi-
gate the potential for AXT to modulate cognitive func-
tion and synaptic plasticity under physiological condi-
tions in both young and aged mice.

Materials and methods

All procedures were conducted according to the Nation-
al Institute of Health Guide and Use of Laboratory
Animals and the University of South Florida IACUC.
Male C57BL/6J were used in these studies at both 3 and
18 months of age. Animals were housed in groups of 4
and maintained in controlled conditions of 21 °C and a
12-h light/dark cycle.

Dietary treatment

Mice were treated with a natural astaxanthin supplement
sold as Bioastin®, generously donated to the lab by
Cyanotech Corporation. This material was incorporated
into a Harlan Teklad rodent diet to achieve a dose of
30 mg/kg body weight. Because Bioastin® is a product
that contains a relatively high volume of inactive ingre-
dients such as cellulose and gelatin, we included an
additional dietary condition where mice were fed equal
concentrations of the Bioastin® product without
astaxanthin as a vehicle control. However, we have
previously reported that the vehicle condition does not
have an effect different from standard chow, and it is
unlikely that the inactive ingredients should effect the
endpoints in this study. These compounds were deliv-
ered to the mice by an experimenter 3% per week in
order to ensure the freshness of the food and test com-
pounds. Diets were available ad libitum for 1 month
prior to behavioral analysis. In order to confirm that the
mice were consuming the enriched diets, research staff
regularly recorded the food intake per cage and body
weight of the mice and did not observe any significant
differences in weight gain over the course of the exper-
iment due to the dietary treatments.



GeroScience (2019) 41:77-87

79

Behavioral testing
Novel object/novel place

This test is a useful tool to evaluate spatial memory and
recognition in rodents. Mice were allowed to explore a
moderately lit arena (40 cm X 40 cm) for 15 min 24 h
prior to training in order to habituate the animals to the
test environment. Mice were placed back in the arena
the next day and allowed to explore two identical ob-
jects placed equidistantly from the center as a 5-min
familiarization trial, before being placed into a holding
container for a 10-min intertrial interval. This was re-
peated two more times for a total of 3 training trials.
Mice were returned to the home cage for 1 h then
returned to the test chamber. The testing phase included
one familiar object in the same location from the training
session and one novel object that was placed in opposite
corners of the chamber. Animal behavior was recorded
using ANY-maze software (Stoelting) and test videos
were evaluated for time interacting with either the fa-
miliar or novel object. Data from the videos was scored
by an experimenter blind to treatment conditions.

Fear conditioning

Hippocampal function and memory formation were fur-
ther assessed by training the mice to associate a 90-dB
tone (CS-conditioned stimulus) presented for 30 s and
co-terminating with a 0.5-mA foot shock (US-uncondi-
tioned stimulus). Twenty-four hours after training, mice
were put back in the training chamber without exposure
to the tone and shock, and freezing behavior was mon-
itored for 3 min. Freezing was operationally defined by
no activity for two consecutive seconds. Freezing be-
havior was also monitored in an altered context para-
digm. Briefly, mice were placed to a novel environment
and allowed to explore for 3 min before being exposed
to the same 90-dB CS for the remaining 3 min of the
test. Animal behavior was recorded and monitored by
ANY-maze software (Stoelting). Freezing behavior in
response to the conditioned stimulus was evaluated and
presented as a percentage of the time freezing relative to
the beginning phase of the test without the tone.

Electrophysiology

Mice assigned to electrophysiology experiments were
rapidly euthanized immediately before 400 um sections

were prepared by vibratome. Hippocampi were careful-
ly dissected out of the sections and allowed to recover in
the recording chamber for an hour before experimenta-
tion. Field recordings (fEPSPs) were generated by stim-
ulating in the CA3 Schaffer collaterals, and collected
from the stratum radiatum of the CAl with a glass
microelectrode filled with artificial cerebrospinal fluid
and impedance between 1 and 5 m{2. After placement of
electrodes and stable responses were observed from
each slice, the input/output relationship was established
by 30 repeated stimulations from 0 to 15 mV, steadily
increasing stepwise by 0.5 mV. The following experi-
ments were conducted using the stimulus determined to
evoke a fEPSP of approximately 50% of the max re-
sponse. Paired-pulse facilitation (PPF) was used to eval-
uate the presynaptic, short-term responses by delivering
two stimulations every 20 ms, where each subsequent
pair of stimuli was separated by an additional 20 ms (up
to 300 ms); long-term potentiation (LTP) was evoked
using a theta-burst protocol, and waveforms were eval-
uated for the change in slope of the fEPSPs.

Immunohistochemistry

Brains were fixed with 4% paraformaldehyde for 24 h
then incubated in a 30% sucrose solution for 3 days to
protect the tissue from cryo-damage during sectioning.
Forty-micrometer-thick sagittal sections were prepared
on a cryostat. Every sixth section was selected for all
IHC procedures, this periodicity allows consistent sam-
pling of the structure, although extra sections medial and
lateral of the hippocampus were also included to ensure
thorough investigation of the entire region. Free-floating
sections were blocked in 10% serum before being incu-
bated in primary antibody (KI 67, Jackson Chemicals
1:500; Doublecortin, Santa Cruz 1:200; IBA 1, WAKO
Chemicals 1:2500). Primary antibodies were diluted in
PBS containing serum and Triton X-100 overnight at
4 °C while the sections were incubated in biotinylated
secondary antibody for 60 min at room temperature.
Avidin-biotin complex (Vector Labs) was used to in-
crease substrate formation from the precipitation reac-
tions which were developed with diaminobenzidine
(Sigma-Aldrich).

Quantification

Estimated population was determined using the optical
fractionator probe and unbiased stereological methods
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(Microbrightfield, Cholchester VT). The hippocampus
was sampled with a counting frame and grid size of
150 x 150 wm in order to count all of the positive cells
within the structure of interest because aged animals
have substantially reduced neurogenesis. IBA 1 was
assessed using a digital image analysis program,
NearCYTE (nearcyte.org), as previously described
(Grimmig et al. 2017; Nash et al. 2015). Briefly, we
were able to quantify the area of positive IBA 1 staining
by creating high-resolution images with the AxioScan
microscope (x 20 objective). Using NearCYTE soft-
ware, regions of interest were applied to the images,
and then compared to a threshold of intensity set by an
experimenter blind to treatment conditions. This compar-
ison generates a ratio of the number of pixels that match
the user’s defined criteria within the region compared to
those that fall below the threshold. We have previously
determined that data collected with NearCYTE and
expressed as a percent positive area reliably and accu-
rately corroborates the data collected with unbiased ste-
reology and presented as an estimated population of
positive cells within a region (Nash et al. 2015).

Data analysis

The data is presented graphically as the group mean and
standard error of the mean. Statistical analysis was per-
formed using GraphPad Prism software. Two-way
ANOVA was conducted, while the Bonferroni multiple
comparisons post hoc tests (unless otherwise specified)
were used to further compare differences between
groups. Cued and context fear-conditioning data were
analyzed using SPSS statistics 23 software for a repeat-
ed measure ANOVA.

Results
AXT modulates synaptic plasticity

Recent research has generated substantial evidence to
establish AXT as a neuroprotective agent, while results
from the most current studies are just beginning to come
together to suggest the potential for AXT to have a role
in promoting or maintaining neural plasticity to modu-
late cognitive function in healthy animals. Here, we
show for the first time that AXT supplementation can
modulate synaptic plasticity in both young and aged
mice. Animals that consumed a diet enriched with
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AXT displayed enhanced early-phase LTP induced
using a theta-burst stimulation protocol. Both young
and aged mice showed increased slopes of the fEPSPs
after theta-burst stimulation (Fig. 1a and b). We deter-
mined that AXT supplementation alone does not signif-
icantly alter synaptic transmission through the calcula-
tion of input/output curves comparing all experimental
groups (Fig. 1c), nor was any alteration detected for
paired-pulse facilitation, suggesting unaffected presyn-
aptic function (data not shown).

AXT modulation of synaptic plasticity is not explained
by increased neurogenesis

Yook et al. 2016 demonstrated that AXT treatment
was associated with increased immunolabeling of
BrdU within the subgranular layer of the hippocam-
pus in young mice (Yook et al. 2016). This suggests
that AXT supplementation may have the capacity to
stimulate the proliferation of neural progenitor cells
(NPCs), and ultimately neurogenesis in the dentate
gyrus. Given this preliminary result, the impact of
AXT supplementation on neural growth in both
young and aged mice was evaluated. This investiga-
tion used unbiased stereological quantification of
immunohistochemical labeling of KI 67 (a marker
of dividing cells). As expected, we observed an
age-related decrease in KI 67-positive cells in the
subgranular zone, as it is known that stem cell pro-
liferation slows dramatically with age. We did not
observe a significant increase in NPCs of diet-treated
animals even though we did observe a slight trend
towards increased cell numbers (Fig. 2a). The popu-
lation of neural progenitors in the dentate gyrus is of
interest, in part because of their capacity to give rise
to neurons. Stem cell proliferation can support the
growth of new neurons that can be recruited into and
fortify existing circuits in the brain. Given the recent-
ly reported findings that AXT treatment can stimulate
NPC proliferation and upregulate BDNF, a molecule
important for the structural growth and development
of neurons, we also evaluated the number of newly
differentiated neurons within the subgranular zone of
the hippocampus. As expected, we measured a sig-
nificant reduction in young neurons labeled with
doublecortin (DCX) in the aged animals. However,
the marginal increase in KI 67 was not correlated
with a rescue in DCX in the AXT-treated aged ani-
mals (Fig. 2b). We have determined that AXT
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Fig.1 One month of dietary supplementation of AXT was able to
enhance early-phase LTP at the CA1-CA3 synapse in the hippo-
campus. Both age groups that consumed an AXT-enriched diet
demonstrate an increased slope of the fEPSPs after theta-burst
stimulation compared to their age-matched controls. Aged animals
treated with AXT (A AXT) show enhanced LTP compared to the
aged control mice (A CTL). Young ATX-supplemented animals
(Y AXT) also show enhanced LTP compared to the young mice on

supplementation also does not significantly increase
the differentiation to neurons, and that neurogenesis
does not explain the increased LTP.

AXT does not significantly alter microglial function

Multiple studies report that AXT treatment can alter the
proinflammatory profile both in vivo and in vitro, sug-
gesting that AXT may be directly involved in modulat-
ing microglial activity (Al-Amin et al. 2016b; Balietti
etal. 2016; Kim et al. 2016; Kim et al. 2010; Park et al.
2013; Zhang et al. 2014). This mechanism of action may
underlie the observed neuroprotection in models using
CNS insults, given the role of microglial activation in
neurodegenerative disease and injury. Microglia are also
involved in synaptic pruning in early postnatal periods,
and are therefore heavily involved in establishing the
neural circuitry in the developing brain, as well as sculpt

Fiber Volley (mV)

the CTL diet (Y CTL) (a), and this trend remains significantly
different during the last 10 min of the experiment (b). One-way
ANOVA; F24.72; *¥p < 0.01, **¥*p < 0.001. The observed trends
in enhanced early-phase LTP were not due to direct dietary-
induced alterations of synaptic transmission, indicated by similar
relationships between stimulus intensity and synaptic response (c)
or by short-term plasticity mediated at the presynaptic site (data
not shown)

and refine these connections later on (Paolicelli and
Gross 2011; Schafer et al. 2012). Given the rela-
tionship between microglial function and neural in-
tegrity, microglia morphology and activation were
evaluated in this model by assessing alterations in
IBA1 expression levels in the brain. All microglia
express IBA 1 regardless of activation state, al-
though perturbations that activate microglia are
known to correlate with increased expression of
IBA 1; therefore, the relationship between IBA 1
expression levels across experimental conditions
can elucidate a dietary effect on microglial activity.
Digital image analysis of IBA 1 staining indicates
that AXT treatment does not significantly alter the
expression of IBA 1 in the hippocampus cortex or
striatum (Fig. 3a—c). However, there does appear to
be general trends for AXT to marginally increase
IBA 1 levels in both age groups.
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AXT modulates cognitive function

AXT supplementation improves performance in cogni-
tive behavioral tasks. One month of consuming a diet
enriched with AXT improved recognition of the novel
object in the novel object recognition task. This task
exploits a rodent’s innate curiosity and propensity to
explore new stimuli in the environment; exploration
time will decrease with repeated exposure to an object
as animals become more familiar with that object. Test
videos were hand scored by an observer blind to exper-
imental conditions and evaluated for time interacting
with each object. We observed that animals that con-
sumed the AXT-enriched diet show increased prefer-
ence for the novel object during the testing phase, as
they spent more time interacting with the novel object
than the familiar one presented during the training phase
(Fig. 4a and b, respectively). This preference for novelty
is evident in both the young and aged mice, indicating
that AXT supplementation improved short-term recog-
nition memory regardless of age. These trends did not
seem to be influenced by locomotor activity around the
chamber during the test (data not shown).

AXT supplementation led to a behavioral improve-
ment in 24 h contextual fear conditioning, a test that
indicates hippocampal function and associative memo-
ry. Freezing behavior was monitored during the course
of this training event and was comparable across treat-
ment conditions by the end of the training (Fig. Sa).
Twenty-four hours later, the mice were re-exposed to the
training chamber without the tone, and freezing behav-
ior was evaluated as a gauge of associating the environ-
ment with the aversive training stimuli. Aged animals
that were treated with AXT displayed more freezing
behavior to the training environment, indicating that
they had a better memory of the aversive training events
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compared to their age-matched controls. This AXT-
mediated improvement for contextual memory was only
observed in the aged animals; the young AXT-treated
mice demonstrated similar freezing behavior to the con-
text compared those who consumed the standard NIH
diet. Interestingly, we also observed a dietary effect in
the cued context paradigm. For cued context, animals
were placed in novel environment and allowed to ex-
plore before being exposed to the training tone
representing two distinct 3 min phases of the test. An
increase of freezing behavior to the tone indicates an
association of the tone and foot shock retained from the
training event; the formation of the fear memory is a
process also largely mediated by the amygdala (Duvarci
and Pare 2014). We observed an overall dietary effect of
AXT supplementation increasing the freezing response
to the tone, evident in both age groups. However, in
agreement with the contextual fear conditioning, the
effect was only significant in the aged animals, reiterat-
ing that AXT rescues an age-related deficit in fear asso-
ciative learning but does not augment this cognitive
process in the young (Fig. 5b). Aged mice show a
heightened freezing response after the first presentation
of the tone during fear-conditioning training. This age-
related discrepancy normalizes by the end of training as
seen during the minute 7 of training in which experi-
mental groups show comparable freezing behavior and
there is no significant impact of AXT on acquisition in
either age group (Fig. 5c).

Discussion
AXT has steadily gained attention for a potential thera-

peutic role in neurodegenerative disease. There are nu-
merous reports to establish that AXT treatment is
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Fig.3 Consuming a diet enriched with AXT does not significant-
ly alter the expression of IBA 1 in the hippocampus (a), cortex (b),
or striatum (¢). Two-way ANOVA n.s.

effective at protecting neurons from various CNS insults
in models of specific neurodegenerative disorders and
neural injury (Al-Amin et al. 2016a; Grimmig et al.
2017; Ji et al. 2017; Zhang et al. 2014), while there are
relatively few studies investigating the benefit of AXT
in the healthy or aged CNS (Balietti et al. 2016; Park
etal. 2013). Here, we investigate the capacity of AXT to
modulate cognitive function in young and aged mice.
We show for the first time that AXT supplementation
enhances synaptic plasticity at the CA1-CA3 synapses
of the hippocampus in both young and aged animals.
This observation is noteworthy because we expected to
only see a rescue of synaptic function in the aged ani-
mals, as aging is associated with deteriorating synaptic

plasticity. In contrast, young animals do not suffer from
impaired synaptic plasticity, yet AXT supplementation
was able to improve LTP compared to their age-matched
counterparts who consumed the control diet. This sug-
gests that AXT may have a direct mechanism of action
in facilitating LTP, in addition to the anti-inflammatory
and antioxidant properties that have been the over-
whelming focus of studies investigating the therapeutic
potential of this molecule in various diseases. It has been
documented in that AXT will cross the blood-brain
barrier and accumulates in the brain (Choi et al. 2011;
Manabe et al. 2018) and that there are no age-related
differences in AXT blood levels (Grimmig et al. 2018).
Thus, it is possible that the effect we are observing is a
direct effect of AXT in the brain. We did not observe
that the presence of AXT modulates synaptic transmis-
sion on its own, evidenced by no differences in relation-
ships of stimulus intensity (input) to synaptic response
(output) across experimental conditions. We also did not
observe significant differences in presynaptic activity
(PPF). These findings suggest that AXT supplementa-
tion is exerting its action on facilitating long-term po-
tentiation in the post synaptic signaling cascades that
promote calcium influx and lead to increased insertion
of AMPA receptors into the post synaptic membrane. To
date, it is unclear if AXT is directly acting on down-
stream signaling cascades that regulate calcium signal-
ing or AMPA receptor modulation, but there are numer-
ous studies that report changes in signaling pathways
that are known to play a role in early-phase LTP (Kim
et al. 2010; Wang et al. 2010; Xu et al. 2015). AXT has
been shown to increase levels of BDNF (Gite et al.
2018; Jietal. 2017), and AKT/GSK3B/CREB signaling
(Qiao etal. 2017). These reports suggest potential mech-
anisms that could contribute to a post synaptic mecha-
nisms being altered by the presence of AXT that is
responsible for increasing LTP in our treated animals.
As there are many potential mechanisms, future studies
could thoroughly examine the post synaptic mecha-
nisms that underlie these observations of enhanced LTP.

It is interesting to note that an AXT-mediated effect
of increasing neurogenesis was not observed in this
study, as hypothesized. It has been shown that AXT
treatment can stimulate cellular division of neural pro-
genitor cells in the dentate gyrus, and that consumption
of AXT is associated with increased levels of BDNF.
Therefore, it was hypothesized that a diet enriched with
AXT would promote the proliferation of neural progen-
itors and be associated with increased differentiation of
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Fig. 4 One month of consuming a diet supplemented with AXT
increased time of interaction with the novel object (a). One-way
ANOVA, p <0.001; F 4.436. Two-tailed T tests, *p <0.0.5. The
exploration of the familiar object was similar across all

doublecortin-positive neurons in this region. However,
our stereological estimates revealed that while AXT
may slightly increase the number of KI 67-positive
progenitor cells in the hippocampus, it did not lead to
notable increases in the number of new neurons in the
same regions. Our electrophysiological data confirms
that, in fact, dietary treatment of AXT is likely not
functionally increasing the number of new neurons or
active synaptic connections in the hippocampus, as the
input/output curves of diet treated and control

a Contextual Fear Conditioning b

Y
o

*k

—

experimental conditions (b). One-way ANOVA n.s. This dietary
effect on increased recognition of the novel object is apparent in
both young and aged animals, although not due to alterations in
locomotor activity around the test chamber (data not shown)

conditions are similar in both age groups suggesting that
there are comparable number of active synapses in the
field that contribute to the fEPSP. This observation is
notable because previous reports regarding possible
mechanisms of action of AXT in studies that assess
neuroprotection and neurodegeneration all come togeth-
er to suggest likely neurogenic, structural changes, even
at the level of the synapse as a viable mechanism for
AXT to preserve neural integrity and cognitive function
(Wibrand et al. 2013; Wu et al. 2014; Yook et al. 2016).
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Fig. 5 One month of dietary supplementation of AXT improves
the memory retention of aged mice in the 24-h fear-conditioning
paradigm, indicated by increased freezing behavior in response to
the environment where they previously experienced aversive
events (a). Two-way ANOVA, dietary effect, *p <0.05; F 1, 89.
Two-tailed T test, **p <0.01. Both young and aged mice treated
with AXT show an improved performance in the altered context
paradigm, demonstrating an increase in freezing behavior to the
presentation of the conditioned stimulus compared to the freezing
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Trial #

behavior in the first phase of the test before exposure to the tone
associated with the foot shock. However, the effect is only signif-
icant in the aged animals (b). Repeated measure ANOVA, *p <
0.05. Aged animals show more freezing behavior compared to the
young during training. However, by the end of the training, mice
show a comparable freezing response and there is no discernable
influence of AXT on the learning curve (¢). One-way ANOVA of
the percent freezing during the last minute of training indicates no
significant interaction
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However, our data does not support a structural change
as the basis for improved performance on the cognitive
tasks, as evidenced by the KI 67 and doublecortin
staining combined with the input/output relationship
assessed by electrophysiology.

Many studies establish anti-inflammatory properties
of AXT (Al-Amin et al. 2016b; Balietti et al. 2016; Kim
et al. 2016; Kim et al. 2010; Xu et al. 2015; Zhou et al.
2015). Given the role of neuroinflammation in neurode-
generation, and the role for microglia in maintaining
synaptic connections, we assessed the impact of AXT
on gross microglial morphology by measuring immu-
noreactivity to IBA 1. IBA 1 is a protein expressed on
the cellular surface of all microglia. While this marker
will label all microglia, these cells are known to upreg-
ulate this protein when they respond to various insults.
Therefore, the relative expression of IBA 1 can indicate
differences in microglial activity across the diets and
ages of animals used in our study. We did not detect
significant age-related or diet-related changes in gross
microglial morphology. Aging is known to increase
microglial activation and is associated with an upregu-
lation of IBA 1 and can relate to gross morphological
changes that typically correlate with microglial function
(Norden and Godbout 2013), and so this was an unex-
pected result. However, based on our digital image
analysis of immunoreactivity to IBA 1, AXT does not
significantly alter the expression of IBA 1 in the hippo-
campus, corteX, or striatum. It is possible that our ani-
mals were very healthy and as yet did not display age-
related alterations of microglial activity. However, it is
also possible that AXT is modulating microglial
function in subtle ways that do not influence over-
all morphology that would be detected in the image
analysis performed in this study. Future studies
could look at older mice and could focus on pre-
cisely characterizing the impact of AXT on
microglial physiology and function.

Our data demonstrates that mice treated with AXT
show improved performance in hippocampal-dependent
behavioral tasks. We observed an improvement in spa-
tial and recognition memory in the novel object/novel
place recognition tests. Furthermore, we observed sim-
ilar trends in both young and aged mice, suggesting that
AXT treatment both rescued the deficit for exploring the
novel object in the aged mice, but also improved recog-
nition in the young mice even above and beyond the
young counterparts. As stated previously, the capacity
for AXT to enhance learning and memory in the young

animals is a novel finding that suggests a direct mech-
anism of action in neural plasticity.

We also observed a behavioral improvement in fear
conditioning. As expected, aged animals that consumed
the standard rodent diet demonstrate impaired recall of
the fear-associated memory of the aversive events they
encountered during training. This impairment is evident
in the aged mice on the control diet displaying less
freezing behavior in the 24-h contextual fear-
conditioning test than the young control mice, who
typically do not suffer from any learning or memory
impairment. In contrast, the AXT-enriched diet seemed
to rescue the age-related memory deficit. Aged animals
that were fed the AXT-supplemented diet show better
retention of the fear-related memory foot shock and
freeze more during exposure to training context. The
association of the aversive events with the training con-
text is a process mediated by the hippocampus and thus
indicates that AXT treatment is associated with im-
proved hippocampal function in aged animals.

We also observed a behavioral improvement in
the altered context paradigm, in which the trained
animals are exposed to a novel environment and
presented with the same training tone that was pre-
sented preceding the foot shock during training. In
this paradigm, all sensory cues except the training
tone are altered, so that the only stimuli the animals
are likely to associate with the fear-conditioning
training are the specific tone. In these experiments,
mice from all experimental conditions show minimal
freezing to the altered context before the presentation
of the tone. These results were expected, as there
should have been no negative associations formed to
any of the stimuli presented in the novel context.
Interestingly, there is a main effect for the AXT
supplementation to increase freezing behavior to
the conditioned stimulus in both young and aged
mice. However, the effect is only significant in the
aged animals, reflecting the AXT-mediated rescue of
an age-associated cognitive deficit, similar to the
trends observed in fear conditioning. The formation
of this fear-associated memory is a process that is
mediated by the amygdala and may be indicative of
another cognitive domain affected by AXT
supplementation.

Thus, our study reveals that AXT treatment may
have a direct role in modulating synaptic plasticity in
the hippocampus. Here, we show that enhanced syn-
aptic plasticity is a mechanism of action of AXT that
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underlies some of the improved performance on
hippocampal-dependent tasks. Therefore, our data
support the premise that AXT has the potential to
restore cognitive function in an aged animals.
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