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Abstract

Methamphetamine (METH) abusers are prone to develop a variety of comorbidities, including
cognitive disabilities, and the immunological responses have been recognized as an important
component involved in the toxicity of this drug. Cytokines are among the key mediators between
systemic inflammatory status and tissue responses. One of these, interleukin 1 (IL-1), has been
hypothesized to be involved in cognitive functions and also appears to play a pivotal role

among inflammatory molecules. In the present study, we demonstrate that exposure of mice

to METH markedly increased the protein level of IL-1p in hippocampal tissue. Additionally,
METH administration induced a decline in spatial learning as determined by the Morris water
maze test. We next evaluated the hypothesis that blocking IL-1p signaling can protect against
METH-induced loss of cognitive functioning. The results indicated that METH-induced impaired
spatial learning abilities were attenuated by co-administration of mouse IL-1 Trap, a dimeric
fusion protein that incorporates the extracellular domains of both of the IL-1 receptor components
required for IL-1 signaling (IL-1 receptor type 1 and IL-1 receptor accessory protein), linked to
the Fc portion of murine 19gG2a. This effect was associated with a decrease in hippocampal IL-1f
level. The current study indicates for the first time that the loss of METH-related cognitive decline
can be attenuated by neutralizing IL-1 signaling. Our findings suggest a potential new therapeutic
pathway for treatment of altered cognitive abilities that occur in METH abusing individuals.
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1. Introduction

As recently reported by the United Nations Office on Drugs and Crime, there is a global
increasing trend in drug use, with as many as 255 million adults admitting to taking drugs
within the past year (United Nations Office on Drugs and Crime, 2017). Abuse of synthetic
drugs, such as amphetamines and prescription stimulants, lags behind only the plant-based
drugs (cocaine, opiates and cannabis), reaching 37 million users globally. A growing use
of these drugs has been observed in North America, South-West Asia and parts of Europe.
Methamphetamine (METH), the most popular stimulant drug, is characterized by a high
neurotoxicity due to excessive release of dopamine, dysfunction of the ubiquitin-proteasome
system, increased protein nitration and reticular stress, blood-brain barrier disruption, and
overproduction of inflammatory cytokines (Yu et al., 2015). All of these mechanisms seem
to orchestrate METH toxicity and may contribute to cognitive decline frequently associated
with METH abuse (Soontornniyomkij et al., 2016). However, it is not clear which factor
(if any) is mediating this machinery. Identification of such primary factors would provide
promising targets for intervention to attenuate toxicity associated with METH abuse.

Immunological responses may play an important role in METH toxicity, as increased levels
of proinflammatory cytokines, such as tumor necrosis factor, interferons and interleukins
are routinely observed in METH-exposed animals or cells. In addition, it was reported

that METH-induced neurotoxicity was attenuated in IL-6 knockout mice (Ladenheim et al.,
2000), suggesting a potential casual role of this cytokine. IL-6 is a cytokine that can be
upregulated by other proinflammatory molecules, such as IL-1, via the AKT pathway and
NF«xB transcription factor (Cahill and Rogers, 2008).

IL-1 is a major proinflammatory cytokine that can induce a number of other inflammatory
factors to stimulate immune responses. Its two isoforms, IL-1a and IL-1p, occur in the
form of precursor proteins that are cleaved to their mature forms by calpain or caspase

1, respectively. Pro-IL-1a, IL-1a and mature IL-1p are biologically active, exerting
physiological effect by binding to the same IL-1 receptor (IL-1R). IL-1 is produced mainly
by macrophages; in addition, microglia appear to be the major source of this cytokine in
the CNS. Apart from its role in regulating inflammatory and host defense responses, IL-1f
has also been implicated in learning and memory (Rizzo et al., 2018). While adequate levels
of IL-1p are required for proper synaptic plasticity and learning processes, elevated IL-1p,
recognized as a hallmark of neuroinflammation, adversely impacts multiple learning and
memory systems, contributing to excitotoxicity and neurodegeneration (Rizzo et al., 2018).

In the present study, we indicate that chronic exposure to METH results in increased levels
of IL-1pB, an effect that was linked to impaired neurogenesis (Park et al., 2016). We further
explored this finding by showing that inhibition of binding of IL-1 to its receptor is sufficient
to protect against loss of spatial learning abilities in mice exposed to METH.
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2. Materials and methods

2.1. Project design and drug treatment

All animals were provided by the Animal House of the Department for Experimental
Medicine, Medical University of Silesia, Katowice, Poland, and were treated in accordance
to the Directive 2010/63/EU for animal experiments using the protocols approved and
monitored by the Local Ethics Committee for Animal Experimentation in Katowice.

13 week old C57BL/6NCrL male mice were divided into the following experimental groups
(n =12 per group) in a weight matched manner: (i) METH exposed, (ii) METH exposed
and co-administered with murine IL-1 Trap (mIL1T), (iii) controls treated with saline and
co-administered with mIL1T, and (iv) controls treated only with saline. Exposure to METH
was accomplished by i.p. injections with METH (methamphetamine hydrochloride, M8750,
Sigma-Aldrich, MO, US) solution in saline three times per day for 4 days with an escalating
dose regimen (starting with 0.2 mg/kg to the final dose of 2.4 mg/kg), using a step-wise
increase of 0.2 mg/kg with each injection. Then, mice were exposed for one more day to

a binge-like high METH dosage which consisted of 3 successive injections of 4.0 mg/kg
METH at 3 h intervals. This escalating regimen of METH dosing was adapted from our
earlier study (Park et al., 2016). Control mice were injected in the same manner with saline.

Mice received mIL1T (granted by Regeneron Pharmaceuticals Inc., Tarrytown, NY) twice,
both at 30 mg/kg. The first dose was given i.p. 15 min before the first METH injection,

and the second dose was given after three days of METH administration, i.e., before the last
two days of METH exposure. The dosing was established based on the Tmax and Cmax for
mIL1T provided by the literature (Rydgren et al., 2013).

Eight randomly chosen animals from each group were allocated for the behavioral tests.
Four remaining mice from each group were sacrificed by decapitation 24 h after the last
METH dose. The sera, hippocampi and cortices were collected in these animals for ELISA
and immunoblotting.

2.2. ELISA and immunoblotting

On the day of euthanasia, ~0.5 mL of orbital sinus blood was collected. The blood was
allowed to clot by leaving it for 30 min on ice. The samples were then centrifuged

(2000x%g for 15 min), and the serum was collected and stored at —80 °C. Individual
hippocampal and cortical samples were homogenized in RIPA lysis buffer (Millipore, MS,
US) supplemented with protease and phosphatase inhibitor cocktail (Thermo Scientific,
MA, US). The homogenates were centrifuged at 14,000xg for 15 min, and the supernatants
were used for either ELISA or immunoblotting. Protein concentrations were determined
using RotiQuant assay (Carl Roth, DE). Levels of IL-1p and IL-6 were measured with

the commercially available ELISA kit (Mouse IL-1beta ELISA Kit, ab100705; Mouse IL-6
ELISA Kit, ab100713; both from Abcam, UK).

For immunoblotting, the samples were separated on 4-15% SDSPAGE and transferred
onto PVDF membranes (Bio-Rad Laboratories, CA, US). Membranes were blocked for
2 h at room temperature in Casein Blocking Buffer (Sigma-Aldrich, MO, US), and
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incubated overnight at 4 °C (10% casein in TBST) with rabbit anti-IL-1 RAcP (1:1000;
Abcam, ab8110), rabbit anti-1L-1 Receptor 1 (IL-1R1) antibody (1:1000; Abcam, ab238457)
or rabbit anti-p-actin (1:5000; Sigma-Aldrich). After washing, the membranes were
incubated with secondary donkey anti-rabbit IgG antibody (Abcam, ab205722). Individual
immunoblots were visualized by Clarity Western ECL Blotting Substrates (Bio-Rad)

and detected by ChemiDoc™ Touch Imaging System (Bio-Rad). Targeted proteins were
quantified by ImageLab Software 6.0.1 (Bio-Rad) by blinded observer. Western blots were
repeated twice, and the results were normalized to actin, expressed as percentage of mean
control. The values from each blot were averaged.

Cell culture samples were processed for immunoblotting as described earlier (Park et al.,
2013; Skowronska et al., 2018). The following antibodies were used for detection of NeuN,
GFAP, and B-tubulin (internal control): rabbit anti-NeuN (1:1000; Abcam, ab177487), rabbit
anti-GFAP (1:1000; Abcam, ab7260), and rabbit anti-beta tubulin (1:1000; Cell Signaling
Technology, 2136). In addition, the following secondary antibodies were applied: RDye®
800CW goat antirabbit IgG (Li-Cor, P/N 925-32211) and IRDye® 680LT goat anti-rabbit
IgG (Li-Cor, P/N 925-68022) for detection by Licor CLX Imaging System. The signal
quantification was performed using Image Studio 4.0 software (Licor).

2.3. Morris water maze (MWM) test

Hippocampus-dependent cognitive processes, such as spatial learning and memory, were
measured by the MWM test in two paradigms according to well-established protocols
(Vorhees and Williams, 2006). The first paradigm (initial spatial acquisition learning) started
four days after the last day of METH or saline administration. Based on spatial cues, the
mice learned the location of a hidden platform (11 cm in diameter) for five constitutive days
(D1-D5), during four 1-minutelong trials per day. On the day D5 the additional trial was
done to strengthen memory retention before the upcoming reversal learning phase. On the
6th day (the probe trial, D6), the platform was removed, and the animals were allowed to
swim for 1 min to evaluate retention memory.

In the second paradigm, the platform was located in the opposite quadrant of the pool to
evaluate cognitive flexibility in the reversal relearning mode of the MWM test. This part of
the test lasted for five days of learning (R1-R5), followed by the day of the probe trial (R6),
similar to the previous test.

The MWM consisted of a round pool (90 cm in diameter) filled with water (25 °C)
containing non-toxic white tempera paint, to make the water opaque. The experiment was
performed in a square room (2 x 2 m). The following parameters were evaluated: a) average
latency to reach the platform, b) proximity measure (cumulative distance in centimeters of
mice from the center of the platform location recorded 5 times per sec. until the animal
reached the platform or for 60 s during the probe trial), ¢) swimming speed, and d) percent
quadrant time (amount of time mice spent in individual quadrant during the probe trial
searching for the removed platform).
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2.4. Open field test

The open field test, which measures locomotor and exploratory activity, was performed two
days after the last day of METH or saline injections. Mice were placed for 10 minin a
transparent square cage (40 x 40 cm) located in a new, unknown room. The movements of
animals were recorded by infrared detectors (TruScan, Coulbourn Instruments, PA, US), and
the movements, total distance, and velocity were calculated.

2.5. Differentiation of neural progenitor cells (NPCs)

Primary NPCs, derived from cells isolated from embryonic day 14 mouse cortex, were
purchased from Stemcell Technologies (Vancouver, Canada) and cultured according to

the technical manual provided by the company on poly-D-lysine (100 pug/ml; Sigma) and
laminin (1 pg/ml; Sigma) coated dishes. Neurospheres were allowed to expand to 100-150
um in diameter, followed by passage or harvesting. The cells were used in less than fifth
passage. To maintain NPCs in an undifferentiated/proliferating state, Complete Proliferating
Medium (Stemcell Technologies), containing 20 ng/ml of recombinant human epidermal
growth factor (rhEGF), was used. In order to differentiate NPCs, the medium was switched
to Complete Differentiation Medium (Stemcell Technologies), and cells were allowed to
differentiate for 14 days. During the differentiation process, cells were treated with METH
10 uM and/or IL-1B 1 ng/mL. Cell culture media were changed every other day, and during
that time new aliquots of METH 1 and/or IL-1p were added to the media.

2.6. Statistical analysis

Prism 7.0 (GraphPad Software, CA, US) was used for statistical analyses and figure
generation. The water maze results were analyzed by two-way repeated measures ANOVA,
followed by Neuman-Keuls post hoc test, which has a correction for multiple comparison.
For probe trials, percent of time spend in individual quadrants was tested via nonparametric
Kruskal-Wallis test with Dunn’s post hoc and the proximity results were examined via

a two-way ANOVA. Cell culture experiments were analyzed using one-way ANOVA,
followed by the Tukey test. The above mentioned data was presented as a mean + S.E.
ELISA data was compared with two-way ANOVA following Tukey test, and Pearson
correlation (r) was used to measure dependence between cytokines levels. Western Blot
data from tissue homogenates was presented as median + min to max and compared by
non-parametric Kruskal-Wallis test with Dunn’s post hoc. In all analyses, the p value less
than 0.05 was considered to be statistically significant.

3. Results

3.1. METH administration increases levels of IL-1p in the hippocampus

IL-1B has been implicated in the alterations of learning and memory (Rizzo et al., 2018);
therefore, we measured IL-1p levels in the sera, hippocampal and cortical homogenates of
METH-exposed and control mice using highly sensitive ELISA kit. Elevated hippocampal
protein levels of IL-1p were observed in METH-exposed mice (two-way ANOVA; METH
treatment for (F (1, 12) = 6.739, p = 0.0234)) (Fig. 1A), while serum and cortical levels
of IL-1p did not differ among groups (Table 1). To demonstrate the specificity of these
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responses, mice were co-administered mIL1T. Two doses of mIL1T administered during
METH exposure were sufficient to normalize hippocampal levels of IL-1p (interaction F

(1, 12) =10.47, p = 0.0071) (Fig. 1A). Additionally, we measured IL-6 levels in the
hippocampal (Fig. 1B) and cortical (Table 1) homogenates. No statistically significant
differences were observed in the concentrations of IL-6 in the analyzed brain samples
between METH-treated and control mice. However, the Pearson correlation coefficient
revealed positive correlations between IL-1f and IL-6 levels in the hippocampal (r = 0.79, p
= 0.0004; Fig. 1C) and cortical (r = 0.53, p = 0.041; Fig. 1D) samples.

Because mIL1T acts partially by attenuating binding to the IL-1 receptor accessory protein
(IL-1RACcP), we measured the expression of this protein in the hippocampal homogenates
(Fig. 1E, F). The mean levels of IL-1RACP were elevated in METH treated animals as
compared to saline (p = 0.01) or mIL1T (p = 0.03) exposed mice, indicating increased
production of this protein in response to METH administration (Fig. 1F). However,

this METH-induced effect was attenuated by co-administration of mIL1T. In contrast to
IL-1RACP expression, we did not observe any significant differences in the hippocampal
levels of the IL-1R1 protein among the experimental groups (Fig. 1E, G).

3.2. METH administration does not affect locomotor performance

In order to evaluate a possible impact of METH and/or mIL1T exposure on the locomotor
abilities of mice, we employed the open field test. The studies were performed three days
after the last dose of METH. The test evaluated the number of movements, movement time,
velocity and total distance traveled. No differences in the measured functional locomotor
parameters were observed between the experimental groups (Table 2).

3.3. METH abuse deteriorates spatial learning but not memory retention. Inhibition of IL-1
signaling attenuates METH-induced impairment of spatial learning

Altered cognitive function may be one of the most important long-term outcomes of METH
abuse. Therefore, the MWM test to measure spatial learning and memory was performed in
mice four days after the last doses of METH. Two-way-repeated measures ANOVA revealed
overall significant differences for time spend to reach the platform (time F (9, 252) =40.12,
p < 0.0001; treatment F (3, 28) = 4.705, p = 0.0088) and the total distance to the target (time
F (9, 252) = 43.72, p < 0.0001; treatment F (3, 28) =4.198, p = 0.0142). Between-group
analysis indicated that METH-administered mice required more time (Fig. 2A) to reach

the platform. In addition, the proximity measure that reflects the distance of mice from

the center of the platform was higher in mice exposed to METH (Fig. 2B). Importantly,
neutralization of the biological impact of IL-1 signaling by mIL1T significantly attenuated
these effects. The impact of METH and/or mIL1T was the most apparent at days 2—3 of the
test, when statistically significant differences were noted.

In the reversal phase of the MWM test (marked by the symbol “R” in Fig. 2A and B),

the platform was moved to the opposite quadrant of the pool, allowing to attest memory
cognitive flexibility. In this test, METH-exposed animals also showed affected learning
abilities. Importantly, mice in the METH+ mIL1T group performed better than the mice in
the METH group, with statistical significance observed at day R2 (Fig. 2A). These mice
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demonstrated the best cognitive flexibility at the first day of the reversal learning phase, and
performed significantly better than the saline treated controls.

The MWM test employed in the present study is dependent on distal cues for navigation
from the start locations and around the perimeter of an open swimming arena to locate

the submerged escape platform. While the test is highly reliable, it relies on the ability of
mice to swim. Therefore, it was important that METH and/or mIL1T administration did
not affect swimming speed (Fig. 2C). These results were consistent with normal locomotor
performance in all treated groups as determined in the open field test (Table 2).

On the trial day (Day 6), the platform was removed, and the animals were evaluated for
retention memory by measuring the percentage of time that mice spent in the individual
quadrants of the pool (Fig. 3A). As indicated, mice from all groups spent the most time in
the quadrant were the platform was located during the learning phase. These results suggest
that the long term memory and memory retention were not affected by METH exposure. The
lack of the differences in the proximity measure among the experimental groups at D6 (Fig.
3B) additionally supports this conclusion. Moreover, we did not observe any differences
during the probe trial performed at R6 (Supplementary information).

3.4. IL-1pB exposure diminishes NPC differentiation into mature neurons

In order to explain the deleterious effect of IL-1p on cognitive function, we next evaluated
the impact of this cytokine on differentiation of NPCs. Because NPCs can differentiate to
both neurons and astrocytes, NeuN was used as a marker of mature neurons and GFAP as

a marker of astrocytes in these experiments. As illustrated in Fig. 4, a 2 week exposure to
METH or IL-1p significantly diminished differentiation of NPCs into both astrocytes and
neurons. Interestingly, a combined exposure to METH+ IL-1p affected formation of neurons
to a higher degree as compared to these factors acting alone. We also analyzed if NPCs

can express this cytokine on the gene levels. As demonstrated in Supplementary Fig. 2,
non-differentiated mouse NPCs do not express this cytokine.

4. Discussion

In the present study, we have shown that alterations in cognitive functioning, as defined

by spatial learning, in mice exposed to METH can be attenuated by pharmacological
neutralization of IL-1 signaling. To our knowledge, this is the first report clearly showing
that cognitive decline related to METH exposure may be associated with IL-1 levels. The
evidence of this dependency relies on the use of a mouse homolog of Rilonacept, a clinically
approved IL-1 inhibitor. The inhibitory impact of mIL1T is accomplished by neutralizing
IL-1 signaling. Indeed, mIL1T consists of the extracellular components of the IL-1 receptor
(IL1R) and IL-1RacP conjugated with the Fc region of IgG. The trap binds both IL-1a

and IL-1p, effectively preventing them from interaction with IL-1R. While mIL1T has a
higher affinity to IL-1p than IL-1a, its effects cannot differentiate the biological impact

of these IL-1 isoforms as they share the same IL-1R. Because mIL1T is a relatively

large molecule, its penetration through the blood-brain barrier appears to be unlikely

under regular conditions. However, METH possesses well established blood-brain barrier
disruption properties (Northrop and Yamamoto, 2015; Toborek et al., 2013); therefore, it
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may facilitate penetration of mIL1T into the brain, allowing for IL-1 trapping. Part of

the METH-induced BBB alterations is related to the well-recognized susceptibility of the
vascular endothelium to oxidative and pro-inflammatory damage (Lee et al., 2004; Lee et al.,
2001; Lee et al., 2002; Toborek et al., 1995).

Because of the focus of the present study on the neurotoxicity of METH, we employed

an involuntary route of METH administration (namely, escalating doses of i.p. injections)
that allowed for a strict control of METH dosage and exposure times. In contrast,
self-administration of METH is a more frequent approach in studies on drug addiction.
While self-administration models reproduce several features of addiction, they also have
limitations, such as implanting an indwelling catheter in the jugular vein and maintaining the
catheter, interference with the animals by the personnel conducting the experiments, training
to nose-poke for i.v. infusion, and various reinforcement strategies (e.g., food restriction)
that may induce compounding effects. In addition, voluntary vs. involuntary METH
administration exerts distinctive neurochemical adaptations, such as different patterns of
dopamine and glutamate release in the nucleus accumbens (Lominac et al., 2012), with
self-administration typically leading to sensitization and protection against neurotoxicity
(Marshall and O’Dell, 2012). METH-induced glutamate release evokes inflammatory
reactions through stimulation of microglial activation and production of inflammatory
cytokines (Salamanca et al., 2014). Therefore, different types of METH administration may
induce different patterns of immune response.

The use of only male mice is a study limitation as females and males respond differently
to METH abuse (Dluzen and Liu, 2008; Ruda-Kucerova et al., 2015). Women appear to

be more dependent on and committed to METH but show diminished dopamine responses
and a lower degree of METH toxicity (Dluzen and Liu, 2008). In an experimental model of
METH abuse, female rats were found to self-administer significantly lower dose of METH
but to be more vulnerable to relapse of METH seeking behavior. This effect was detected
in all females, independently of current phase of their estrous cycle (Ruda-Kucerova et al.,
2015). It should be noted the model of involuntary METH administration employed in the
present study did not include a relapse stage.

Early studies by Yamaguchi et al. observed that METH stimulates expression of IL-1
MRNA in the brain, particularly in the hypothalamus (Yamaguchi et al., 1991a,b),
suggesting that this cytokine may be partially involved in the production of the central
responses in METH abuse. More than a decade later, /n vitro investigations showed that
METH can induce production of IL-1p in macrophages (Tipton et al., 2010) and microglial
cells (Jiraporn et al., 2010). Our current results, using the same METH administration
pattern to mice as reported recently (Park et al., 2016), indicated elevated hippocampal
levels of IL1p. In contrast, METH and/or mIL1T administration did not affect levels of
IL-1p in serum and the cerebral cortex. Nonetheless, we cannot exclude the presence

of METH-induced inflammatory changes in other organs and brain areas, since METH
concentration, distribution and metabolism vary between organs (Riviere et al., 2000).

We also evaluated the levels of IL-6 and additional components of IL-1 signaling, i.e.

the expression of IL-1R1 and IL-1RACP that serves as its co-receptor required for signal
transduction of IL-1/IL-1R complexes (Weber et al., 2010). No differences were shown for
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IL-1R1 expression, but increased levels of IL-1RAcP were observed as the result of METH
treatment. This effect is in line with the study showing that METH can stimulate expression
of IL-1RAcP mRNA (Najera et al., 2016). In contrast, it was shown that IL-1p upregulates
expression of IL-1RI and IL-1RII, but not IL-1RacP (Huang et al., 2011; Pousset et al.,
2001; Yoon and Dinarello, 1998). While the hippocampal I1L-6 expression did not differ
significantly among the experimental groups, a positive correlation was observed between
IL-1B and IL-6 levels in the hippocampus and, to a lesser extent, in the cerebral cortex.
These findings are in line with the notion that IL-1p is a potent inflammatory effector of
METH action (Xu et al., 2018), with ability to recruit other proinflammatory molecules
(Cahill and Rogers, 2008; Eskan et al., 2008) and orchestrate immunotoxic machinery.

A growing body of evidence supports the importance of proinflammatory cytokines

in METH-induced neurotoxicity and cognitive decline. It has been shown that IL-1f
mediates METH-related sleep disturbances (Schmidt and Wisor, 2012), but not hyperthermia
(Seminerio et al., 2012). A recent study focused on the role of the inflammatory response

in the occurrence of METH-induced cognitive deficits reported that disturbances in spatial
memory may be improved when an anti-inflammatory agent is administered (Jennifer M.
Loftis et al., 2013). It was also observed that the METH-related decrease of dopamine and
serotonin was diminished in IL-6 knockout mice (Ladenheim et al., 2000).

The spatial learning delays observed in the present study appears to be associated with
increased IL-1p, with some prior evidence suggesting that IL-1f interferes mostly with
hippocampus-dependent memory (Huang and Sheng, 2010). The fact that the hippocampus
is a vulnerable brain structure to IL-1B-mediated impact is supported by the observation that
it contains, especially in the dentate gyrus, the highest amount of IL-1 receptor in the CNS
(Parnet et al., 2002). In this context, it is important to note that exposure to IL-1p inhibited
differentiation of NPCs both into mature neurons and astrocytes (Fig. 4). While there is no
clear indication that aberrant neurogenesis played a role in METH-induced alterations of
spatial memory, our recently published manuscript, using the same mouse model of METH
exposure as that in the present study, indicated alterations of hippocampal neurogenesis
(Park et al., 2016). Interestingly, IL-1p is not produced by NPCs (Supplemental Fig. 2),
suggesting that the IL-1 B protein detected in the hippocampus (Fig. 1) was derived not
from NPCs but from other cell types of the hippocampus, and/or they originated from the
periphery and penetrated into the brain via disrupted BBB. Should the latter hypothesis
prove correct, it may provide a new therapeutic strategy to protect against METH-induced
cognitive alterations.

In the present study, we focused on tasks involving hippocampal dependent mechanisms,
because it was proposed that IL-1p signaling modulates predominantly spatial learning
(Huang and Sheng, 2010). In addition, exposure to METH disrupted the blood-brain barrier
preferentially in the hippocampal region (Toborek et al., 2013). However, both METH and
mIL1T administrations were systemic and the improved spatial memory might result from
reduction of IL-1p impact also in other brain regions. It is well recognized that METH abuse
induces a broad spectrum of cognitive changes, both in humans and laboratory animals,
including deficits in memory, attention, and decision-making skills. The extent of cognitive
deficits depends on the dose and the time of treatment; thus, it is highly associated with
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the applied model. Exposing rats to a binge neurotoxic METH regimen results in lasting
impairments in their novel object recognition memory, recognition of socially relevant
odors, as well as impaired inhibitory control. Cognitive impairment was also observed in
motor learning, which may involve hippocampal or striatal dependent mechanisms. For
example, poor learning of sequences of turns in the radial arm maze or the Cincinnati

water maze, a task that is striatal-dependent and relies on response learning rather than

on place learning, was observed in rats exposed to a binge METH regimen (Marshall and
O’Dell, 2012). Deficits in tasks determined by hippocampal function appear to be dependent
on METH dose and administration regimen. Some authors observed little or no effect of
METH exposure on rats’ performance in MWM (Friedman et al., 1998; Herring et al., 2008;
Schroder et al., 2003), whereas we and the others (Chen et al., 2012; Loftis et al., 2013;

Wau et al., 2003) showed a dysfunction of the spatial parameters measured by this test in
METH-exposed mice. Indeed, spatial learning, but not memory retention, appears to be
predominantly affected in our model of METH toxicity.

Neuroinflammation, along with hypothalamic functioning may also underpin addictive
behavior (Harricharan et al., 2017). While this connection has been studied primarily in

the context of alcohol, opioid, or cocaine dependency (Evans and Cahill, 2016; Harricharan
etal., 2017; Kane and Drew, 2016), it is likely that activation of the immune system and
inflammation can also contribute to METH addiction (Krasnova et al., 2016). Indeed, IL-1p,
i.e., the main inflammatory cytokine induced by METH exposure, was demonstrated to
induce impairments of long-term potentiation and memory functions, the effects that were
linked to altered actin polymerization (Tong et al., 2018). Simultaneously, the development
of METH-craving in response to synaptic stimulation relays on actin remodeling, and
inhibition of actin polymerization prevents relapse to METH use (Young et al., 2015). The
involvement of inflammatory reactions in the development of drug addiction is supported by
the observation that mice with targeted deletions of the TNF-a gene self-administered more
METH than controls (Loftis and Janowsky, 2014). Finally, it was demonstrated that anti-
inflammatory suppression of glia reduced the amount of self-administered METH (Snider et
al., 2013) and attenuated relapse (Beardsley et al., 2010).

4.1. Conclusions

Taken together, our data indicate that inhibition of METH-stimulated elevation of IL-1
isoforms may attenuate the loss of cognitive abilities associated with exposure to this drug
of abuse. This report brings attention to the importance of IL-1 isoforms in METH-induced
toxicity, suggesting a potential new pathway for treatment of altered cognitive abilities that
occur in METH abusing individuals.
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Fig. 1.

Impact of METH and/or mIL1T on IL-1, IL-6, IL-1RacP, and IL-1R1 expression. Mice
were administered with METH and/or mIL1T as described in the Materials and Methods
section, and hippocampal protein levels of IL-1p (A) and I1L-6 (B) were measured by
ELISA. The results were analyzed by two-way-ANOVA followed by Tukey post hoc test;
mean + S.E. The positive Pearson’s correlation was observed among IL-1p and IL-6 levels
in the hippocampi (C) and cortices (D) of examined mice. In addition, hippocampal protein
expression of IL-1RacP (E, F) and IL-1R1 (E, G) were evaluated by immunoblotting. The
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blots were normalized to Bactin levels and analyzed by the Kruskal-Wallis test with Dunn’s
post hoc test; the results are median + min to max. (E) Representative images, and (F and G)
quantitative data from these experiments. All measurements were performed 24 h after the
last METH injection (n = 3—4; *p < 0.05, **p < 0.01).
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Fig. 2.

; the learning phase of the test) the animals learned

and spatial learning was evaluated by Morris water maze test four days after the last dose
suggesting that the experimental groups differed in spatial learning abilities. (C) Exposure to

METH-induced cognitive decline is attenuated by mIL1T. Mice were treated as in Fig. 1,
of METH. For the first five days (D1-D5

animals relearned a new location of the platform, testing cognitive flexibility. The statistical
differences were observed in (A) latency to reach the platform and (B) proximity measure,

the location of the platform. Then, the reversal learning was applied (R1-R5) when the

Brain Behav Immun. Author manuscript; available in PMC 2020 May 09.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liskiewicz et al.

Page 17

METH and/or mIL1T did not affect swimming speed of mice during the training period. All
results were analyzed by two-way repeated measures ANOVA with Student Newman-Keuls
test; mean + S.E.; n = 8; *p < 0.05, **p < 0.01, ***p < 0.001).
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The long term spatial memory retention is unaffected by METH treatment. Memory
retention was evaluated as part of the Morris water maze test by removing the platform
during the probe trial (D6) and measuring (A) the time spend in target quadrant were the
platform was located during the learning period (Kruskal-Wallis test with Dunn’s post hoc
test; the results are median + min to max) and (B) proximity measure from the location

of the removed platform. (A-B) Two-way-ANOVA; mean * S.E) (n = 8; *p < 0.05, **p <
0.01, ***p < 0.001. (C) Diagram of the Morris water maze pool quadrants with the marked
location of the platform and where mice were placed to find the platform.
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Exposure to METH and/or IL-1p diminishes differentiation of neural progenitor cells
(NPCs) to mature astrocytes and neurons. Primary mouse NPCs were induced to
differentiate in the presence of METH (10 pM) and/or IL-1B (1 ng/ml) for 2 weeks. Control
cells were exposed to vehicle. Then, the protein levels of GFAP and NeuN were assessed by
immunoblotting as the markers of astrocytes and mature neurons, respectively. p-tubulin was
assessed as the internal control. (A) Representative images, and (B and C) quantitative data
from these experiments. The results were analyzed by one-way ANOVA with Tukey post
hoc test; mean = S.E. (n = 3 in each group; p < 0.05, **p < 0.01, ***p < 0.001 compared to

control).
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Table 2

Functional parameters measured by the open field test in mice (mean £ S.E.).

Control miL1T METH METH + mIL1T
No. of moves 9238(3) 90 (2.7) 9213 (3)  89.75(2.6)
Move time (s) 416 (23) 414 (21) 430 (51) 417 (47)
Velocity (cm/s) 4.2(0.3) 4(0.4) 45(0.3) 4.3(0.3)

Distance moved (cm) 1802 (203) 1702 (226) 1963 (201) 1803 (155)
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