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Abstract

Age-related cognitive decline has been associated with proinflammatory cytokines, yet the precise
relationship between cognitive decline and cytokine load remains to be elucidated. p-
caryophyllene (BCP) is a cannabinoid receptor 2 (CB5) agonist with established anti-inflammatory
effects that is known to improve memory and increase lifespan. It is of interest to explore the
potential of BCP to reduce age-related cognitive decline and proinflammatory cytokine load. In
this study, we assessed changes in circulating cytokines across the lifespan, memory performance
in young and aged mice, and the effects of BCP on memory function and cytokine load. The
plasma levels of 12 cytokines were assessed in male Swiss-Webster mice at 3, 12, and 18 months
of age using multiplexed flow cytometry. Working memory was compared in 3 and 12 month-old
mice using spontaneous alternations. A dose-response function (100-300 mg/kg, subchronic
administration) for BCP-induced memory restoration was determined in 3 and 12 month-old mice.
Finally, the effects on cytokine levels of the peak memory enhancing dose of BCP was assessed in
18 month-old mice. Circulating levels of several cytokines significantly increased with age.
Multilinear regression analysis showed that 1L-23 levels were most strongly associated with age.
Aged mice showed deficits in working memory and higher levels of IL-23, both of which were
reversed by BCP treatment. BCP appears to reverse age-associated impairments in memory and
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modulates cytokine production. 1L-23 may play a significant role in the aging process, and future
research should determine whether it has utility as a biomarker for novel anti-aging therapeutics.

Introduction

As the world population rapidly ages, it is important for measures to be taken to ensure
quality of life as well as longevity in the middle aged to elderly. The literature provides
evidence that aging provokes heightened inflammation throughout many organ systems,
including the brain [1, 2]. Increased brain inflammation, or neuroinflammation, can sensitize
the elderly brain to adverse effects, such as an increased vulnerability to the negative effects
of stress [1]. The idea that aging is associated with a progressive decline in the ability to
cope with stressors and a progressive increase in the whole body load of proinflammatory
cytokines has been termed “inflamm-aging” [3]. It has been argued that inflamm-aging is
driven by immunosenescence [4] and may be a key component of the etiology and
progression of many aging-related diseases, such as atherosclerosis, heart disease, and type
Il diabetes. Inflamm-aging could have specific relevance for aging-related brain diseases like
Alzheimer’s disease [5]. Despite the extensive research on the importance of inflamm-aging,
we do not yet have a clear understanding of the specific proinflammatory cytokines that
accelerate aging. A better characterization of these cytokines may provide novel biomarkers
for the development of interventions to slow or reverse inflamm-aging.

Previous studies have related aging to levels of proinflammatory cytokines circulating in the
blood. Perhaps the most well characterized cytokines in the context of aging are tumor
necrosis factor alpha (TNF-a), interleukin-1p (IL-1p), and interleukin-6 (IL-6). Increased
circulating levels of TNF-a are associated with dementia [6] and predictive of mortality [7]
in centenarians. The levels of circulating TNF-a and IL-6 are elevated and predictive of
mortality in octogenarians [8, 9]. Elevated levels of IL-6, C-reactive protein, and the
endogenous protein antagonist of the IL-1 receptor have been reported in a sample of more
than 1000 participants aged 65 years and older, and were associated with declines in
physical performance [10]. A causal relationship between cytokine load and exacerbated
aging remains to be established, yet it has been shown that the presence of these
proinflammatory cytokines can induce DNA damage [11], impair autophagic cleansing of
tissue [12], induce oxidative stress [12, 13], accelerate stem cell aging [14], and trigger other
processes that suggest that proinflammatory cytokines accelerate aging [15]. Additional
research is necessary to fully characterize the precise changes in cytokine load associated
with aging.

As humans age, an important determinant of quality of life is cognitive function. The
progressive increase in circulating proinflammatory cytokines in inflamm-aging has been
associated with age-related cognitive decline [16] as well as enhanced neuroinflammation,
neurodegeneration, and brain release of cytokines by the microglia that act as resident
phagocytic inflammatory cells in the brain [17]. Microglial cells are vital in recruiting these
inflammatory mediators and activated microglial cells are neuropathological hallmarks in
many neurodegenerative diseases [18, 19]. In animal models, neuroinflammation has been
closely tied to impaired function of the hippocampus, an area of the brain critical for spatial
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working memory, as well as disruption of hippocampal-dependent cognitive tasks. Glial
activation and cytokine production following exposure to lipopolysaccharide endotoxins
impair spatial working memory as indexed by spontaneous alternation performance in the
hippocampal-dependent T-maze task [20] and disrupts long-term potentiation in
hippocampal synapses [21, 22]. In line with the depth in which they have been studied in the
context of aging, TNF-a are IL-1p are two cytokines with well characterized roles in
neuroinflammation-associated cognitive impairments. For example, acute application of
IL-1B and TNF-a impairs hippocampal synaptic plasticity [23-25]. Likewise, in a mouse
model of accelerated senescence, IL-1p levels are elevated in the hippocampus and TNF-a
and IL-6 levels are elevated in the hippocampus and cortex as compared to control mice
[26]. Few studies have examined the relationship between other proinflammatory cytokines
and aging. The identification of cytokines specifically associated with aging may provide
new targets for the amelioration of age-related neuroinflammation and cognitive decling,
which is of great interest.

As outlined in this paragraph, a series of exciting recent studies has supported the
endocannabinoid system as a promising target for the treatment of neuroinflammation and
age-related cognitive decline, because activation of CB2 receptors may both ameliorate
neuroinflammation and engender procognitive effects. Cannabinoid receptors are G-protein
coupled receptors that are classified as two basic types: CB1 and CB2 receptors. CB1
receptors are mainly found in the brain where they mediate the psychoactive effects of
cannabinoids that activate them. CB2 receptors are predominantly located in peripheral
tissues and immune cells [27] but have been recently found to be present in the brain [28].
Mice that genetically lack CB2 receptors recapitulate the effects of aging, in that they exhibit
impaired memory consolidation and reduced hippocampal synapses. Likewise, in the same
study, wild-type mice showed impaired memory consolidation following administration of
the CB2 receptor antagonist AM630 and enhanced memory consolidation following
administration of the CB2 receptor agonist JWH133 [29]. Similarly, endocannabinoid
enzyme inhibitors and synthetic agonists attenuate neuroinflammation and have procognitive
effects in hippocampal-dependent tasks through activity at CB2 receptors [30-32]. The
combination of reduced neuroinflammation and procognitive effects following activation of
the CB2 receptor makes it a compelling target for treating age-related cognitive decline.

B-caryophyllene (BCP) is a naturally occurring phytocannabinoid that is a selective CB2
receptor agonist [33], and has been reported to attenuate oxidative stress,
neuroinflammation, and glial activation in several model systems [34-36]. BCP seems to be
particularly attractive as an agent to reverse inflamm-aging and associated cognitive decline.
It is generally regarded as tolerable, safe, and non-toxic and has been approved by the US
Food and Drug Administration and European Food and Safety Authority as a food additive.
BCP has particular relevance for aging as it increases lifespan by 22% in round worms [37].
BCP also decreases cognitive deficits, inflammation in the hippocampus, and mRNA levels
of IL-1B and TNF-a in the cortex of the APP/PS1 transgenic mouse model of Alzheimer’s
disease [38]. To build upon this literature, in this study, we used multiplexed flow cytometry
to assess changes in circulating cytokines across the life-span in wild-type mice to discover
which cytokines are most closely associated with aging. We then determined whether BCP
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can reverse cognitive deficits in aged male mice and whether improved cognitive function is
associated with decreased levels of aging-related cytokines.

Materials and Methods

Animals

Male Swiss-Webster mice (CFW; Charles River Laboratories, Inc.; Wilmington, MA) served
as the subjects of these experiments. Swiss-Webster mice were chosen for these studies
because these mice are a general purpose strain that has been used extensively to study
behavior, physiology, and neurochemistry [39-43]. Mice were housed in groups of 2—-3 mice
and were given food (Laboratory Rodent Diet #5001, PMI Feeds, Inc., St. Louis, MO, USA)
and water ad /ibitum. The temperature of the facility was maintained at 22-23.5 °C on a 12
hour light/12 hour dark cycle. Mice were routinely handled prior to the initiation of
experimental data collection to minimize stress. A total of 21 mice were used to complete all
experiments. Mice were maintained for at least two weeks after arrival in the vivarium prior
to testing. All studies were carried out in accordance with the Guide for Care and Use of
Laboratory animals as adopted and promulgated by the National Institutes of Health, and
experimental protocols were approved by the Institutional Animal Care and Use Committee
at Mercer University. Cytokine load was assessed in separate groups of mice at 3, 12, and 18
months of age as described below. Hippocampal spatial working memory was assessed in
the mice at 3 and 12 months of age using the Y-maze task as described below. Mice were
assessed repeatedly to determine whether a repeated measures design could be utilized with
the Y-maze task in young and aged mice. These young and aged mice then underwent
dosing with BCP across a range of ascending doses to assess working memory before and
after treatment. The very aged 18-month-old mice underwent dosing with the most effective
dose of BCP in the working memory study to assess its impact on circulating cytokine load.

Drugs and Dosing Regimen

BCP was commercially purchased (Sigma Aldrich, St. Louis, MI) and diluted to the desired
concentrations with olive oil and administered by intraperitoneal (IP) administration. Each
mouse was administered BCP on a Monday/Wednesday/Friday dosing schedule for one
week with the Friday dosing being an acute dose administered 30 minutes prior to beginning
the Y-maze test. The doses given were 100 mg/kg, 178 mg/kg and 300 mg/kg. All injection
volumes across the doses were matched to each other and the vehicle volume through serial
dilution of the stock of BCP, and all injections were less 0.6 ml per mouse. These doses and
the dosing regimen were chosen based on previous studies [18, 36]. Between each dosing
regimen, a washout period was observed for one week. After the wash out period, Y-maze
performance was measured to ensure there were no lasting effects of BCP before the next
treatments were initiated. The dosing regimens used to assess the effects of BCP on
cognition and cytokine load were identical. As 178 mg/kg was the most effective dose of
BCP in the memory study, it was also used for the cytokine study.

Cognitive Assessment

The use of spontaneous alternations in the Y-maze has been proposed to measure
hippocampal-dependent spatial working memory [44]. Moreover, cytokines may impair
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memory by disrupting hippocampal synaptic plasticity [23-25] and CB2 agonists may
reverse memory loss by restoring hippocampal synaptic plasticity [30-32]. The methods we
used for this test are described in brief as they have been previously reported [39]. Each
mouse was examined in the Y-maze for 10 minutes, and the sequence of arm entries and
total arm entries were recorded. Following each test the maze was cleaned and wiped down
with Decon 0.01%. Our primary measure of working memory was spontaneous alternations,
calculated using the formula below:

# triads

——————————— = spontanious alternations
total arm entries — 2

This task is typically used for single acute assessments of working memory, often with a
between subjects group design. However, given the time and logistical challenges of aging
studies, and our desire to test a range of doses of BCP because the appropriate dose range
for anti-aging effects was not previously known, we aimed to use a repeated-measures
design for this memory study. Therefore, prior to beginning the drug dosing, we assessed
performance in the Y-maze once per week (on Fridays) for 3 weeks in the 3- and 12-month-
old mice to ensure performance was not altered by repeated testing.

Circulating Cytokine Analysis

Blood collection was performed humanely through submandibular bleeding [45]. Blood was
collected from treatment naive mice at the 3-, 12-, and 18-month time points. Blood was
collected before and after treatment in the mice at 18 months. Each mouse was bled prior to
treatments with a 2-week minimum recovery period prior to initiation of the treatment. For
the treatment group, samples were taken 30 minutes after the final 178mg/kg BCP injection
to match the memory study. Approximately 250 uL of whole blood was transferred into BD
microcontainer tubes coated with 1 mg EDTA and was immediately chilled and
subsequently centrifuged at 4200 RPM for 15 minutes at 4°C. Subsequently, plasma was
collected, aliquoted, and at —80°C until analysis was performed. Cytokine concentrations
were assessed using flow cytometry with bead-based multiplex immunoassay
(Legendplex™, Biolegend, San Diego, CA) according to the manufacturer’s protocol. The
results were read on a FACSAria Il flow cytometer (BD Biosciences, San Jose CA) and the
data were evaluated with the Legendplex™ data analysis software (VigeneTech, San Diego,
CA). This multiplexed method provided data on 12 cytokines in total. These cytokines
included TNF-a, IL-1B, and IL-6, which have been previously associated with aging. It also
provided data on cytokines with a less well established relationship with aging, including
IL-1a, monocyte chemoattractant protein-1 (MCP-1), IL-10, IL-17, IL-23, IL-27, interferon
(IFN) - beta (IFNB), IFN~y, and granulocytemacrophage colony-stimulating factor (GM-
CSF).

Data Analysis

The circulating cytokine data were initially analyzed by one-way analysis of variance
(ANQWVA) for group differences at each of the ages. Linear regression analysis was then used
to assess the association between age and cytokine level. To provide an integrated
assessment of the relationship between cytokine level and age, all 12 cytokines were
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analyzed using multilinear regression analysis. Prior to the regression analysis, collinearity
between cytokines was assessed based on the method of variable inflation factor (VIF) [46].
Briefly, a univariate elimination of cytokines was implemented based on the VIF value. The
cytokine with the greatest VIF was removed first and new VIF values were generated. This
process was repeated until a VIF value of < 5 was attained for all remaining cytokines. The
final set of cytokines was included in the multilinear regression analysis. This analysis was
performed in the R statistical software package (version 3.4.3). The dose-response function
for the effects BCP on memory was assessed by repeated measures one-way ANOVA, with
post-hoc comparisons by Dunnett’s test in comparison to vehicle. Treatment effects on
cytokine levels were assessed by paired t-test, and corrected for multiple comparisons by the
Bonferroni method to maintain the probability of making a type 1 error at 5%. All treatment
analyses and graphical data presentations were created using GraphPad Prism (La Jolla,
CA).

Relationship Between Circulating Cytokines And Aging

Table 1 shows the results of one-way ANOVA for group differences in cytokine levels in 3-,
12-, and 18-month-old mice. To evaluate the association between cytokines and aging,
multilinear regression was conducted. However, to minimize the chances for bias due to
collinearity, we first investigated the presence of collinearity between cytokines using the
VIF method. Cytokines were removed individually in a repeated manner in order to reach
cytokines with a VIF < 5. As a result, seven cytokines (IL-23, IL-1a, INFy, IL-1B, IL-6,
IL-17a and GM-CSF) were retained and included in the multilinear regression (Table 2).
Two cytokines, IL-23 and IL-1pB, were identified to have a significant association with aging
as evident by their p-values.

Effects of BCP on Working Memory

To assess the applicability of a repeated-measures design to the study of spontaneous
alternations in the Y-maze in young and aged mice, we first determined whether
performance changes (either improves or degrades) with repeated testing. As shown in
Figure 1, changes in performance were assessed once per week for three weeks in young (N
= 8) and aged (N = 7) mice. One-way repeated-measures ANOVA revealed no significant
difference in performance across this testing schedule in young (F; 21 = 1.327; p = 0.287) or
aged (F2 1g = 0.199; p = 0.821) mice. We then compared performance between the young
and aged mice (Figure 2). Student’s t-test revealed that aged mice exhibited significantly
(T13 =10.16; p < 0.001) fewer spontaneous alternations than young mice in the Y-maze task.
Moreover, BCP treatment significantly increased the number of spontaneous alternations in
aged mice (Fp,21 =4.79; p<0.05) but did not affect the performance of young mice (Figure
3). Dunnett’s post-hoc test revealed that aged mice exhibited significantly more spontaneous
alternations at 100 and 178 mg/kg. As a control for behavioral disruption and decreased
locomotor activity, we further examined the effects of BCP on the number of arms explored
in the Y-maze over the 10-minute session. One-way repeated-measures ANOVA revealed a
significant main effect of BCP treatment on arm entries in the young (Fp 21 = 7.572; p <
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0.001) but not the aged (F2 1g = 0.921; p = 0.450) mice. Dunnett’s post-hoc test revealed that
young mice exhibited significantly fewer arm entries at 300 mg/kg.

Effects of BCP on Circulating Cytokines

After analyzing the relationship between aging and cytokine levels, the effects of BCP were
assessed by measuring cytokine levels before and after treatment. As seen in Figure 4, paired
t-test revealed that BCP treatment significantly reduced circulating levels of IL-23 (Tg =
3.88; p<0.001), IL-27 (Tg=2.92; p < 0.01) and IFN-B (Tg =4.17; p <0.01) in 18 month
old mice.

Discussion

The major findings of the present study are that: 1) IL-23 appears to be the cytokine (among
those that we have studied) most strongly associated with aging, and 2) BCP both reverses
age-related cognitive deficits and decreases circulating levels of IL-23. These data establish
that there is a cognitive deficit in aged mice that have undergone natural age-related decline.
This builds upon studies that have used toxin or genetic manipulations to accelerate the
aging process. As such, this model may have translational relevance for the age-related
decline faced by all humans. This study corroborates previous studies showing that aging is
associated with increases in TNF-a and IL-6 levels, but also reports the novel finding, based
on multilinear regression analysis, that 1L-23 is the cytokine most closely associated with
aging. The further findings that BCP both improves cognitive performance and decreases
circulating IL-23 are suggestive of some causal relationship between IL-23 and cognitive
decline, but this remains to be determined. Overall, our findings provide evidence of a novel
immune pathway that may drive the aging process and a novel mechanism through which
BCP, and perhaps other CB2 receptor agonists, may act to reverse age-related cognitive
decline.

Neuroinflammation can lead to impairments in attention, mood, memory, decision making,
problem solving, and motor function, all of which can significantly impact daily activities.
Targeting neuroinflammation has been shown to be a viable option in combating age-related
cognitive decline [2]. Nonsteroidal anti-inflammatory drugs (NSAIDS) improve declines in
hippocampal-dependent memory and reverse increases in cytokine load in middle-aged rats
[47] as well as reverse loss of hippocampal synaptic plasticity and hippocampal-dependent
memory in mouse models of Alzheimer’s disease [48, 49]. Anti-inflammatory agents such
as phenolic compounds found in fruits and vegetables, minocycline, resveratrol, and dietary
flavonoids have all been reported to have benefits for aging [17]. The present study builds
upon this literature as BCP has established anti-inflammatory properties. However, the
present study, to the best of our knowledge, is also the first to associate the beneficial effects
of an anti-aging compound to decreased concentrations of IL-23. In combination with the
previously reported data that BCP may extend the lifespan [37], there is now an emerging set
of convergent data that BCP specifically, and the CB2 receptor in general, is deserving of
further study in the context of aging.

There are several additional lines of research that support additional study of BCP and the
CB2 receptor in aging and age-related cognitive decline. It has been reported that the
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progressive increase in proinflammatory cytokines in inflamm-aging is associated with age-
related cognitive decline [16]. Moreover, modifiable lifestyle factors such as improved sleep
integrity and reduced adiposity are known to reduce proinflammatory cytokine load and
protect cognitive function [16]. It has likewise been shown that stimulation of CB2 receptors
improves diabetic insulin resistance due to adiposity [50] and improves sleep quality [51].
The convergence of these phenomena suggests that common mechanisms may be at work. In
studies of cognitive function, the fatty-acid amide-hydrolase (FAAH) inhibitor URB597
reversed neuroinflammation and improved deficits in both short- and long-term visual
recognition memory in rats that had been exposed to ethanol [32]. Pharmacological
inhibition of monoacylglycerol lipase (MAGL) immediately after training of the inhibitory
avoidance task enhances memory consolidation through activation of CB2 receptors [31].
Likewise, the synthetic cannabinoid agonist WIN55,212-2 and the FAAH inhibitor URB597
both enhance memory consolidation in the inhibitory avoidance task through a mechanism
found to involve CB2 receptors [30].

We report in this study that BCP increased spontaneous alternation behavior at 100 and 178
mg/kg in the aged mice. We chose in the present study to utilize Y-maze assessments of
working memory as this task selectively depends upon the hippocampus [44], cytokines may
impair memory by disrupting hippocampal synaptic plasticity [23—-25], and CB2 agonists
may reverse memory loss by restoring hippocampal synaptic plasticity [30-32]. However,
the Y-maze task uses within session learning and memory that is sensitive to environmental
conditions, and the literature above documents that CB2 agonists also improve inhibitory
and visual recognition memory. Future studies should extend our findings to additional
learning and memory paradigms as the combination of potentially addressing
pathophysiological changes that drive age-related decline and direct procognitive activity
make the CB2 receptor a compelling target for age-related cognitive decline. It is notable
that the 300 mg/kg dose did not show a similar effect to the other doses in the Y-maze. It did
not significantly improve performance in the aged mice, and seemed to produce a modest
impairment in young mice. We have not specifically determined the reason for this
difference. There are many other examples of drugs that produce what has been termed an
inverted-U shaped dose-response function in behavioral studies [52]. For other drug classes,
this has been associated with the recruitment of additional pharmacological targets as well as
non-specific behavior disrupting effects [52-55]. The 300 mg/kg dose of BCP reduced the
number of alleys that young but not aged mice explored, suggesting that some behavioral
disruption may have occurred.

We propose that BCP, and perhaps other CB2 agonists, may be in a unique position to slow
or reverse age-related cognitive decline because they reduce levels of IL-23, which we have
found to be the cytokine most strongly associated with aging. Our findings that 1) BCP
appears to be more effective in aged mice than young mice, 2) 1L-23 appears to only be
elevated in aged mice, and 3) that BCP reduces IL-23 levels support this proposition.
Previous studies also support an association between I1L-23 and aging, as well as the
capacity of CB2 receptor agonists to influence IL-23 levels. 1L-23 is a member of the IL-12
family of cytokines that are released by brain microglial cells to promote and maintain cell-
mediated inflammatory responses, including the release of TNF-a. In an AD mouse model,
it has been shown that reduced IL-12/IL-23 signaling corresponds with a decreased plaque
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load and improved cognitive function [56]. CB2 receptors are known to be expressed on
phagocytic cells and modulate the release of cytokines. In the brain, the IL-12/IL-23
pathway has been associated with the pathogenesis of multiple sclerosis. It has also been
shown that anandamide works, at least partially, through CB2 receptors expressed on brain
phagocytic microglial cells, and their associated ERKY2 and JNK pathways, to inhibit IL-23
release [57]. This has been corroborated in similar studies [58, 59]. It is interesting to note
that these studies also report that the anti-inflammatory cytokine IL-10 modulates IL-12/
IL-23 signaling. We found that IL-10 levels were also raised in aged animals, perhaps as a
compensatory response to the elevated level of IL-23. The roles of inflammatory signaling
and inflammatory pathways in aging remains complicated and not particularly well
understood. Beyond the complexity of the number of potential molecules and pathways that
may be involved, individual differences in the response to cytokines such as 1L-10 and TNF-
a can play an important role in the final outcome of inflammation [60]. Nevertheless, the
present study and its supporting literature suggest that this system is worthy of further study
in the search for treatments to mitigate, slow, or reverse the symptoms of aging. It is also of
interest that we did not find an age-related increase in IL-1p mice that underwent natural
ageing, which lies in contrast to the elevations in IL-1p reported in genetic mouse model of
accelerated senescence [26] or Alzheimer’s disease [38]. This suggests that IL-1( levels
could, at least in mice, differentiate natural age-related decline from aging accelerated by
pathophysiology.

Future studies should extend the findings reported in this manuscript. In addition to a
chronic increase in cytokine load, inflamm-aging has been associated with
immunosenescense, or long-term declines in immune system responsivity [61]. The immune
system provides a healthy balance within the body to promote optimal functioning. Either
over or under activity of this system can lead to deleterious consequences. We have focused
on cytokine load in the current study for the reasons presented. However, future research
should extend these studies to examine immunosenescense. Likewise, it is possible that sex
may have important influences on age-related inflammatory systems, as it has been reported
in humans that TNF-a is associated with male but not female mortality [8]. There could also
be species dependent differences in inflamm-aging. As with humans and mice, aged horses
show increased levels of TNF-a.; however, they also shown increased levels of 1L-15 and
IL-18, both of which are poorly documented in humans and mice [62]. In the current study,
we only examined male Swiss-Webster mice, and so, future research should examine
whether our reported findings generalize across sex and species. In the present study, only
systemic levels of IL-23 were determined. Unlike the known transport of TNF-a [63], IL-1
[64], and IL-6 [65] across the blood-brain barrier (BBB), the brain bioavailability of IL-23 is
not particularly well understood. Moreover, it has been documented that only central levels
of IL-23 drive the progression of experimental autoimmune encephalomyelitis in mice using
viral-mediated IL-23 gene transfer to the brain or the periphery, demonstrating the
importance of determining central levels of IL-23 in future studies [66]. Despite this, it has
also been reported that elevated levels of TNF-a and IL-23 are associated with BBB
disruption [67], IL-23 can act through its receptor to damage the neurovascular unit [68],
disruption of the BBB can facilitate brain transport of cytokines [69], and there is crosstalk
between IL-23 and TNF-a [70]. It is possible that age-associated increases in systemic
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levels of I1L-23 could lead to increased brain infiltration of itself and other inflammatory
cytokines through chronic and perhaps progressive disruption of the BBB.

Conclusions

In the present study, it was shown that IL-23 is the cytokine most closely related to aging in
mice. BCP decreases IL-23, a cytokine belonging to the IL-12 family, and appears to reverse
age-related cognitive decline in hippocampal dependent working memory. BCP appears to
be worthy of further study as a treatment to ameliorate the effects of aging through
inhibition of the IL-12 cytokine family.
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Highlights

Age-related cognitive decline has been associated with proinflammatory
cytokines, but the precise relationship between cognitive decline and cytokine
load remains to be elucidated.

Several proinflammatory cytokines significantly increased with age, but
multilinear regression analysis showed that IL-23 levels were the most
strongly associated with age.

Aged mice showed deficits in working memory in the hippocampal-
dependent Y-maze task. The cannabinoid 2 receptor agonist p-caryophyllene
improved working memory and decreased

IL-23 levels in aged mice.

BCP appears to reverse age-associated impairments in memory and IL-23
may play a significant role in the aging process.

Behav Brain Res. Author manuscript; available in PMC 2020 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lindsey et al.

Page 16

Young Mice

7] 85-

c

= —

“ —

5 70

e

<z

0

39

Qo

c o 55

E e

| =

o

o

@ 40 :
Trial 1 Trial 2 Trial 3

Aged Mice

7] 85-

=

o

)

“ —

£ 70

-

-

25 '

‘e a 551

s —

c

o

o

w  m :
Trial 1 Trial 2 Trial 3

Figure 1:
To ensure repeated measures did not alter Y-maze performance, the mice were examined

three times on a once per week schedule following the same protocol to determine if there
were any chances in performance. Each mouse was exposed to the Y-maze for 10 minutes
after a 15-minute acclimation period to the testing room. For each 10-minute test,
spontaneous alternations were calculated and averaged for each group. All values represent
the mean + SEM. N = 7-8 per group. There was no significant difference in the from the
first to third trial in either the 3 month or 12 month mice indicating that his is a stable
phenotype that is amenable to repeated measures designs.
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Figure 2:

Base line performance in young (3 months of age) and aged (12 months of age) mice. Each
mouse was exposed to the Y-maze for 10 minutes after a 15-minute acclimation period to the
testing room. For each 10-minute test, spontaneous alternations were calculated and
averaged for each group. All values represent the mean + SEM. N = 7-8 per group; **=p <
0.001 as assessed by unpaired t-test.
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Figure 3:

Dose of BCP (mg/kg, IP)

Effects of BCP treatment on spontaneous alternations in the Y-maze in young (3 months of
age; TOP) and aged (12 months of age; BOTTOM) mice. Spontaneous alternations in the Y-
maze are used to measure hippocampal-dependent spatial working memory. BCP was
administered every other day for 1 week with the last dose administered 30 minutes before
testing. Each mouse was exposed to the Y-maze for 10 minutes after a 15-minute
acclimation period to the testing room. For each 10-minute test, spontaneous alternations
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were calculated and averaged for each group. All values represent the mean + SEM. N= 7-8
per group; *=p < 0.05 as assessed by Dunnett’s post-hoc test.
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Figure 4:
The effects of BCP administered at 178 mg/kg on circulating cytokine levels in very aged

mice (18 months of age). As in the memory study, BCP was administered every other day
for 1 week with the last dose administered 30 minutes before blood samples were collected.
Multiplexed flow cytometry was utilized to measure cytokine levels. Data are presented as
the mean + SEM; * = p<0.05, ** = p<0.01, *** = p<0.001 as assessed by students t-test for
before and after treatment.
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Table 1:

Differences in circulating cytokines in Swiss-Webster mice at 3, 12, and 18 months of age. Group differences
in cytokine level across age were analyzed by one-way analysis of variance followed by the appropriate post
hoc tests. The association between age and cytokine level was further evaluated by determining how well it fit
a linear or an exponential increase function. There were significant increases in circulating TNF-a., MCP-1,
IL-10, IL-23, IL-27, IFNB, and IFNy levels. There was a significant decrease in circulating IL-1p levels. The
cytokine levels represent picograms of cytokine protein per milliliter of plasma.

Cytokine 3 Months (Mean + 12 Months (Mean + 18 Months (Mean + Group Difference  Group Difference

SEM) SEM) SEM) (F value) (F value)
TNF-a 6.59 +/- 3.17 20.03 +/-0.73 39.11 +/- 5.06 19.47 P <0.0001
IL-1B 86.68 +/- 3.17 20.03 +/-0.73 39.11 +/-5.06 80.87 P < 0.0001
IL-6 14.59 +/- 1.54 37.30 +/- 15.04 20.52 +/-1.07 2.85 P=0.08
MCP-1 6.28 +/- 0.85 13.55 +/- 0.33 17.87 +/- 1.56 27.85 P <0.0001
IL-1a 41.71 +/- 14.51 57.80 +/- 17.05 20.58 +/-2.19 2.25 P=0.13
I1L-10 21.81 +/-3.59 180.30 +/-10.04 138.90 +/- 8.24 126.80 P < 0.0001
1L-17 21.28 +/- 3.39 21.29 +/-1.04 21.71+/-2.11 0.01 P=0.99
1L-23 1.86 +/- 0.47 34.89 +/-1.11 372.60 +/- 40.97 62.80 P < 0.0001
1L-27 53.45 +/- 11.38 110.30 +/- 4.08 480.40 +/- 17.84 298.60 P < 0.0001
IFNB 67.45 +/- 3.45 330.60 +/- 12.26 271.10 +/- 10.26 333.1 P <0.0001
IFNy 5.30 +/-2.31 27.14 +/- 1.60 30.62 +/- 4.48 17.98 P < 0.0001
GM-CSF 30.01 +/-11.27 46.70 +/- 1.26 45.66 +/-2.48 1.59 P=0.23
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Table 2:
Multilinear Regression Analysis
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To evaluate the association between cytokines and aging, a multilinear regression was conducted. The R?2 of
the regression model was 0.935.

Cytokine

Regression Coefficient  Standard Error P value

IL-23
IL-la
IFNy
IL-1B
IL-6
IL-17
GM-CSF

0.017116 0.003049 P <0.0001
0.000185 0.005611 0.9741
0.047750 0.049504 0.3491
-0.146936 0.030955 P <0.0001
0.004026 0.024075 0.8692
0.035373 0.088869 0.6958
-0.034712 0.030023 0.2645
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