Magnetic nanoparticle stimulation of the nucleus accumbens affects neural activity but not
behavior during opioid reinstatement in rats
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Introduction

Opioid use disorder (OUD) is a chronic, relapsing disease characterized by cycles of drug
seeking followed by periods of abstinence and relapse (Strang et al., 2020). In 2021, over 80,000
Americans died of opioid overdose, highlighting the growing need for new treatments for OUD
(CDC, 2023). Deep brain stimulation (DBS) has been proposed as a treatment for OUD and
involves surgical implantation of electrodes into the nucleus accumbens (NAc). DBS of the NAc
has been shown to attenuate drug cravings in humans and reduce drug-seeking behavior in
laboratory animals (Wang et al., 2018, Guo et al., 2013). However, DBS is highly invasive with
risks for side effects and surgical complications, necessitating research into other methods for the
treatment of OUD (Chang et al., 2022).

Research has shown that mechanical vibration of magnetic nanoparticles (MNPs) is able
to stimulate neurons (Nacev et al., 2017). Furthermore, intranasal MNPs may be able to be
magnetically guided to specific areas of the brain such as the NAc. This study expands on
preliminary data that suggested MNP stimulation of the NAc is able to attenuate opioid
reinstatement in rats, a model of relapse. Here, MNP stimulation of the NAc was not found to
impact behavior during oxycodone reinstatement in rats. However, preliminary data suggest that
MNP stimulation of the NAc results in increased activity in the medial prefrontal cortex (mPFC)
and has sex-dependent effects on the NAc.

Materials and Methods

Experimental Animals. 7 male and 9 female Sprague-Dawley rats were acquired from Charles
River Laboratories. Rats were individually housed and given food and water ad libitum. Housing
facilities ran on a 12-hour light/dark cycle, and all experimental procedures were performed
during the light phase.

Surgical Procedures. Adult rats were anesthetized with intraperitoneal ketamine and
dexmedetomidine prior to surgical procedures. First, an indwelling catheter was placed in the
external jugular vein. Rats were then mounted onto a stereotaxic apparatus and received bilateral
1 pL injections of either magnetic iron nanoparticles (3 males and 5 females) or saline (4 males
and 4 females) into the NAc. The following coordinates were used for stereotaxic injections: A/P
+1 mm, M/L £ 2 mm, and D/V -7 mm relative to the bregma. Rats were monitored for three days
after surgery to assess healing of the surgical sites. Rats that appeared in pain received
subcutaneous meloxicam.

Self-Administration. Each rat was placed in an operant chamber (Med Associates) for two hours
a day and allowed to self-administer intravenous oxycodone by pressing a lever. Each operant
chamber housed two levers with paired cue lights and a house light. The house light would
illuminate at the start of each self-administration session. One lever was set as active while the
other lever was inactive and had no programmed consequences. Pressing the active lever a
sufficient number of times according to the fixed ratio (FR) schedule of reinforcement would
result in an infusion of oxycodone at 0.1 mg/kg delivered over 5 seconds accompanied by a 5
second illumination of the paired cue light. Rats began on a FR1 schedule of reinforcement
which was increased to a FRS schedule once each rat had self-administered at least 10 infusions



for 3 days in a row. This took place between days 4 and 6 for all rats. Each rat underwent in total
21 days of self-administration training.

Extinction Training. Following the last day of self-administration, rats were placed in operant
chambers for two hours a day under the same conditions as self-administration but received
infusions of saline until extinction of lever-pressing behavior was reached. The criterion for
extinction was set at <20% the number of active lever presses as the final day of self-
administration. Starting on day 9 of extinction training, rats that had not extinguished were
allowed multiple extinction sessions a day in the operant chamber to hasten extinction of drug-
seeking behavior. Following extinction, rats underwent oxycodone-induced reinstatement.
Initially, rats were only considered extinguished if they met their extinction criterion during the
first extinction session of the day and would undergo reinstatement the following day. Starting on
day 17 of extinction training, rats that met their extinction criterion during a subsequent session
could also be considered extinguished, but only if they underwent reinstatement on the same day.
Reinstatement. Once extinction was reached, rats underwent 2 reinstatement sessions in which
they received 1 mg/kg intraperitoneal oxycodone and were placed in an operant chamber under
extinction conditions for 90 minutes. An external magnetic field oscillating at 20 Hz was used to
actuate MNPs. Across both reinstatement sessions, rats received both external magnetic
stimulation and no treatment in a counterbalanced fashion. The day following the first
reinstatement session, rats returned to extinction training until the extinction criterion was met
again.

Final Magnetic Treatment. The day following the second reinstatement session, rats received 30
minutes of external magnetic stimulation. 45 minutes later, rats were euthanized via CO2
inhalation and subsequent transcardiac perfusion with 60 mL phosphate-buffered saline (PBS)
followed by 60 mL 4% paraformaldehyde (PFA). Brains were removed and placed in 4% PFA
for 24 hours, transferred to 30% sucrose for 72 hours, and subsequently frozen.
Immunohistochemistry. 30 um transverse sections of the frozen brains were taken at the level of
the mPFC and NAc for immunohistochemistry. Sections were allowed to dry on electrostatic
slides and washed with PBS before incubating for 40 minutes with Tris-EDTA in diH>O (1:10) at
room temperature in order to unmask epitopes. Sections were washed again with PBS and
blocked with 0.1% Triton X-100 and 5% normal donkey serum in PBS for 1 hour. Slides were
then incubated over two nights at 4°C with a rabbit polyclonal antibody against c-Fos (1:1000,
EnCor), 0.1% Triton X-100, and 2% normal donkey serum in PBS. After incubation, slides were
washed with 0.1% Triton X-100 in PBS and incubated for 1 hour at room temperature with a
fluorescently-labeled (Alexa 488) donkey-anti-rabbit antibody (1:500, Invitrogen) and 0.1%
Triton X-100 in PBS. Slides were then washed a final time with PBS before being allowed to air
dry and cover slipped with ProLong Gold antifade reagent with DAPI (Invitrogen). Staining was
visualized using a fluorescence microscope.

Results

Self-administration. The number of active lever presses during daily 2-hour self-administration
sessions was recorded. These data were analyzed using a two-way repeated measures ANOVA.



There was a significant main effect of the day of self-administration (F3,44)= 12.99, p <0.0001).
However, there was no significant main effect of the injection received (F(1, 14y=2.52, p = 0.14)
and no significant interaction between day and injection (F 20, 280)= 0.52, p = 0.96). The mean
number of lever presses per day during the self-administration phase is graphed in figure 1A. In
comparing self-administration of male and female rats, there was no significant effect of sex (F,
14y=0.13, p = 0.73), though there was a significant interaction between day and sex (F (2o, 280) =
1.75, p = 0.02). Multiple comparisons showed a significant difference between male and female
rats on day 18 of self-administration (p = 0.006).

Extinction. During extinction training, the number of days until the first extinction was used to
approximate extinction rate. These data were analyzed using an unpaired t test. It was found that
extinction rate was not significantly affected by injection received (p = 0.97) or sex (p = 0.94).
Figure 2B shows the mean number of lever presses per day during extinction training.
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Figure 1. Mean (=SEM) number of responses on the active and inactive levers during (A) 2-hour
oxycodone self-administration sessions and (B) 2-hour extinction training sessions. Note that
extinction data excludes rats on the days they underwent reinstatement and after the second
reinstatement session was completed. (n=8)
Reinstatement. Magnetic nanoparticle stimulation of the NAc was not found to significantly
affect reinstatement behavior. In rats that received MNPs, the average number of active lever
presses without magnetic stimulation was 70.1, while the average number with magnetic
stimulation was 57.9. In rats that received injections of saline, the average number of active lever
presses without magnetic stimulation was 54.6, while with magnetic stimulation it was 40.4.
Individual and summary data are shown in figure 2A. A two-way ANOVA was used to analyze
these data. No main effects of injection (F(1,2¢)= 1.40, p = 0.25) or magnetic stimulation (F(i,28)=
0.90, p = 0.35) and no interaction between these two variables (F,28)= 0.005, p = 0.94) were
found.

The percent change in active lever presses when receiving external magnetic stimulation
compared to no stimulation was also calculated. In rats that received MNPs, the mean percent
change was 10.94%, while in saline rats this value was 66.84%. Individual and summary data are
shown in figure 2B. An unpaired t test of these values found no significant difference between
rats that received MNPs and those that received saline (p = 0.51).
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Finally, over 90-minute reinstatement sessions, the number of active lever presses per 10-
minute block was recorded. Summary time course data for males and females are shown in
figure 3. These data were analyzed using a three-way repeated measures ANOVA with the
injection, external magnetic stimulation, and time being the three independent variables. Males
and females were analyzed independently. In males, there were no significant main effects of
injection (F(1, 5= 0.009, p = 0.93), magnet stimulation (F(,5)=0.37, p = 0.57), or time (Fq, 14)=
0.13, p = 0.73). Furthermore, no interactions were found between time and injection (F, 40) =
0.86, p = 0.56), time and magnetic stimulation (Fs, 40)= 0.61, p = 0.76) or injection and magnetic
stimulation (F,5 = 0.13, p = 0.74). No three-way interaction was uncovered between these
variables either (F, 40)= 1.14, p = 0.36). In females, there were no significant main effects of
injection (F(1, 7= 4.41, p = 0.07) or magnetic stimulation (F@,7y= 0.42, p = 0.54). However, a
main effect of time was found (F, s6) = 3.78, p = 0.001). There was no interaction between time
and injection (Fg, 56y = 1.07, p = 0.40), time and magnetic stimulation (F,s6)=1.74, p = 0.11), or
injection and magnetic stimulation (F, 7y= 0.21, p = 0.66). Lastly, there was no three-way
interaction between these variables (F, s6)= 0.36, p = 0.94).
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Figure 3. Mean (£SEM) number of responses on the active lever across 90 minute oxycodone
reinstatement sessions in males (A) and females (B). No significant differences between groups
were found. (n=3-5)

Immunohistochemistry. Due to time constraints, c-Fos immunoreactivity could not be quantified
in the mPFC and NAc. However, slides were qualitatively assessed for relative differences in c-
Fos between treatment groups. Overall, there appears to be higher levels of c-Fos expression in
rats that received injections of MNPs compared to saline. The effect of this appears stronger in
males than in females. Males showed markedly increased c-Fos immunoreactivity in the mPFC
and slightly increased c-Fos immunoreactivity in the NAc. Females showed slightly increased c-
Fos immunoreactivity in the mPFC, and no increase in the NAc. Representative images are
shown in figure 4.
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Figure 4. Brain sections stained with anti-c-Fos antibody (green) and DAPI (blue). One hour
prior to euthanasia, rats received external magnetic stimulation. Representative images of the
anterior cingulate cortex (A), infralimbic cortex (B), and shell of the NAc (C) are shown in males
and females. Rats that received MNP stimulation show increased neuronal activity in the
prefrontal cortex, while increases in activity in the NAc are observed in males but not females.
Discussion

Although MNP stimulation affected neural activity, it did not have any effects on
behavior during oxycodone reinstatement. Furthermore, the effects on neural activity seem to be

sex-dependent, as males appear to have a greater increase in c-Fos immunoreactivity when
receiving MNP stimulation compared to females. Self-administration and extinction were not




affected by injection of MNPs into the NAc when compared to saline, which suggests that MNPs
may be suitable for use in humans as they do not appear to aftect drug intake or withdrawal.

The mechanism of action of MNP stimulation is not entirely clear. This study found MNP
stimulation in males increased neural activity in both the NAc and the mPFC, a region that sends
many projections to the NAc. This suggests that MNP stimulation causes activation of local
neurons as well as antidromic activation of neurons that project to the site of stimulation. This is
in accordance with the mechanism of action of DBS of the NAc as previously shown (Vassoler et
al., 2013). It has been shown that mechanical stimulation of the brain evokes an increase in
extracellular adenosine (Ross et al., 2014). More recently, it has been shown that pannexinl
channels are partially responsible for this effect, and they are believed to respond to mechanical
stimulation by releasing ATP into the extracellular space which is rapidly broken down to
adenosine (Lee ef al., 2022). Therefore, MNP stimulation may work via mechanical activation of
channels leading to a transient increase in extracellular adenosine. Given that females showed
remarkably less neuronal activation in the mPFC and no changes in the NAc in response to MNP
stimulation, there may also be sex differences in expression, sensitivity, or permeability of
mechanosensitive channels in the brain.

It is somewhat surprising that MNP stimulation did not attenuate oxycodone
reinstatement. The effects seen of MNP stimulation on neural activity in males were very similar
to the effects of DBS, namely an in increase in neuronal activity in the mPFC and NAc, which is
known to attenuate reinstatement (Vassoler et al., 2013). Furthermore, it has been shown that
agonism of the adenosine A4 receptor in the NAc attenuates drug-induced reinstatement in
cocaine-seeking rats (O’Neill ef al., 2012). Taken together, these data suggest that MNP
stimulation should be able to attenuate oxycodone reinstatement. However, it appears in this
study the effect of MNP stimulation was too small to significantly affect behavior. This may have
been for several reasons. It may be that the mechanical stimulation provided by MNPs is not
great enough to evoke adenosine release in sufficient quantities to impact reinstatement behavior.
It may also be that the MNPs stimulated too small of a region of the NAc to have a substantial
impact. Further research should focus on whether injection of MNPs in a larger quantity or more
diffusely across the NAc increases effectiveness of MNP stimulation, particularly in males.
Previous studies on mechanically stimulated adenosine release used only male mice (Ross et al.,
2014, Lee et al., 2022), so nothing is known about the robustness of this effect in females. Future
research should also investigate whether MNP stimulation could be effective as a treatment in
females.

Summary and Conclusions

Neural stimulation using implanted MNPs and an externally applied magnetic field has
been proposed as a less-invasive alternative to DBS. While DBS of the NAc is known to
attenuate drug cravings in humans with OUD, here it was shown that MNP stimulation of the
NAc had no effect on rats undergoing oxycodone reinstatement. Despite this, there were
increases in neural activity in the NAc and mPFC in males and in the mPFC in females which
suggests that MNP stimulation has the potential to be an effective treatment for OUD. However,



more research is needed to optimize MNP stimulation to bring its effect on neural activity to

therapeutic levels.
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