SCIENCE ADVANCES | RESEARCH ARTICLE

DISEASES AND DISORDERS

Microglia morphology and proinflammatory signaling
in the nucleus accumbens during nicotine withdrawal
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Smoking is the largest preventable cause of death and disease in the United States. However, <5% of quit attempts
are successful, underscoring the urgent need for novel therapeutics. Microglia are one untapped therapeutic target.
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While previous studies have shown that microglia mediate both inflammatory responses in the brain and brain
plasticity, little is known regarding their role in nicotine dependence and withdrawal phenotypes. Here, we examined
microglial changes in the striatum—a mesolimbic region implicated in the rewarding effects of drugs and the
affective disruptions occurring during withdrawal. We show that both nicotine and withdrawal induce microglial
morphological changes; however, proinflammatory effects and anxiogenic behaviors were observed only during
nicotine withdrawal. Pharmacological microglial depletion during withdrawal prevented these effects. These
results define differential effects of nicotine and withdrawal on inflammatory signaling in the brain, laying the
groundwork for development of future smoking cessation therapeutics.

INTRODUCTION
While smoking cessation substantially reduces the risk of smoking-
related diseases such as cancer, stroke, and respiratory and heart diseases
(1, 2), nearly 80% of smokers attempting to quit still fail (3). Currently,
tobacco smoking is the leading cause of preventable morbidity and
mortality globally (4), which underscores the need for better therapeutics
for nicotine dependence. Pharmacotherapies for nicotine dependence
have largely targeted nicotinic acetylcholine receptors (nAChRs), which
are expressed primarily on neurons, as activation of these receptors
by nicotine mediates the rewarding effects of tobacco (3, 5-7). How-
ever, the molecular mechanism underlying vulnerability to smoking
relapse is multifaceted (3). One avenue for development of new ther-
apeutics is expanding investigations to examination of the potential
involvement of non-neuronal cell types such as microglia, which are
increasingly emerging as active players in brain health and disease.
Microglia are highly specialized resident immune cells, which act
as the brain’s homeostatic sensor. Their constant surveillance of the
brain microenvironment enables them to detect and respond to
homeostatic perturbations by altering their own morphology in diverse
ways depending on the type of stimuli they sense. Such changes in
microglial morphology are more indicative of an imbalance in CNS
homeostasis following an insult or injury and not a particular activation
phenotype (M1 proinflammatory phenotype or M2 anti-inflammatory
phenotype) as initially conceptualized (8). Furthermore, studies have
described microglia as critical elements in synaptic remodeling
(9, 10), as well as learning and memory (11)—processes prominently
affected during development of drug dependence (12, 13). In addition
to neuroplasticity-related events, microglia actively participate in
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reactive oxygen species (ROS) generation (14). While ROS are key
intracellular signaling molecules for normal cell function, they can
become toxic when there is a chronic imbalance between oxidant
and antioxidant signaling within the cell, termed oxidative stress (15).
Since neurons are particularly susceptible to oxidative insult, aberrant
ROS production and signaling can significantly affect brain function
and behavior (16, 17). For example, correlative studies examining
patients diagnosed with Parkinson’s disease found a strong rela-
tionship between oxidative stress and striatal neurodegeneration (18).
However, while the striatal neurocircuit is a major site for neuro-
adaptive events underlying addictive processes (19), the effects of
nicotine withdrawal on microglial phenotype and ROS homeostasis
in this region are unknown.

The striatum is a heterogeneous structure with two distinct
subregions—the caudate putamen, which contributes to motor
functions and movement, and the nucleus accumbens, which is key
for motivation and reward processes (19). Our laboratory (20, 21)
and others (22) have shown that anxiety is a discrete, quantifiable
symptom of nicotine withdrawal, which has been shown to directly
affect smoking relapse in humans (23). Previous studies in humans
have demonstrated the contribution of mesolimbic dopamine sig-
naling in the nucleus accumbens to anxiety-related processes (24, 25).
Further, chronic stress studies have reported increased levels of oxi-
dative stress markers in other parts of the mesolimbic circuitry to
coincide with increased anxiety-like behavior (26, 27). However, it
is unknown whether nicotine withdrawal elicits changes in microglial
morphology and function, and whether these changes directly affect
anxiety. Our studies report nucleus accumbens-specific alterations in
microglial morphology and ROS homeostasis. Further, we demon-
strate compelling evidence that microglia are critical mediators of
anxiety-like behaviors in mice during nicotine withdrawal.

RESULTS

Chronic nicotine and withdrawal alter microglial
morphology in the nucleus accumbens

Morphological changes and release of proinflammatory cytokines
are canonical features of activated microglia (28). To evaluate both
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features during chronic nicotine and withdrawal, mice were admin-
istered saline or nicotine (18 mg kg™' day ') via osmotic minipump
implantation, and at 2 weeks, a 48-h withdrawal was initiated by
removal of implanted pumps in mice earmarked for nicotine with-
drawal and their saline controls (Fig. 1A). Striatal tissues from mice
receiving chronic saline and nicotine or undergoing 48-hour with-
drawal from chronic nicotine (WD) showed subregional differences
in microglial morphological changes. In the nucleus accumbens, both
nicotine-treated and WD-treated mice possessed microglia with a
larger cell area and a larger cell perimeter, but not with a longer pro-
cess length compared to their saline counterparts. This pattern con-
trasts with that in the caudate putamen, which displayed an increase only
in microglial process length during 48-hour WD (Fig. 1, B and C,
itoiii). Next, we evaluated mRNA expression levels of tumor necrosis
factor-o (TNFa) and interleukin-1f (IL-1B)—proinflammatory cyto-
kines often linked with microglia activation. These results demon-
strate a differential mMRNA profile of these cytokines in chronic nicotine
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and withdrawal mice. In the nucleus accumbens, TNFa and IL-1B
mRNA levels were elevated in the nicotine withdrawal mice com-
pared to chronic saline and nicotine counterparts, suggesting a muted
proinflammatory response during chronic nicotine treatment. In
contrast, in the caudate putamen, there was a significant decrease in
IL-1p mRNA expression, but no significant change in TNFo mRNA
expression between treatment groups (Fig. 1, D and E). Taken to-
gether, these results demonstrate that while both chronic nicotine
and withdrawal alter microglial morphology indicative of activation in
the nucleus accumbens, they induce differential microglial inflam-
matory responses, suggesting that distinct microglial phenotypes are
elicited by chronic nicotine and withdrawal from chronic nicotine.

Nicotine withdrawal induces ROS in the nucleus accumbens

Given that excessive production of ROS is often associated with mi-
croglial activation (29), we directly examined ROS generation in the
nucleus accumbens and caudate putamen of saline, chronic nicotine,
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Fig. 1. Nicotine withdrawal alters microglial morphology and induces reactive oxygen species in the nucleus accumbens. (A) Experimental design. (B) Representative
images of IBA1-positive microglia. (i) White dotted traces delineate the caudate putamen (dorsal) and nucleus accumbens (ventral); black dotted traces indicate the area
where (ii) to (vii) were taken. Scale bar, 1 mm. Caudate putamen of (ii) saline (Sal) mice, (iii) nicotine (Nic) mice, and (iv) nicotine withdrawal (WD) mice. Nucleus accumbens
of (v) Sal mice, (vi) Nic mice, and (vii) WD mice. Scale bar, 100 um. (C) Quantitation of (B, ii to vii). (i) Cell area (soma size), (ii) cell perimeter, and (iii) process length. Bar charts
showing expression of (D) TNFa mRNA and (E) IL-1B mRNA in the nucleus accumbens and caudate putamen. (F) Schematics showing mechanism of reactive oxygen species
detection by protein carbonylation assay (protein and arrow icons were downloaded from Reactome (317). (G) Representative immunoblot showing carbonylated protein
levels: (i) nucleus accumbens and (i) caudate putamen. (H) Quantitation of (G). [Compared to Sal—*P < 0.05, **P < 0.01, ****P < 0.0001; compared to Nic—*P< 0.05, "p< 0.01;
(C) n=minimum of 116 cells were quantified from four to eight animals per treatment group; (D and E) n =12 to 24 per treatment group; (H) n =6 to 19 per treatment group.]
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and nicotine withdrawal mice using a protein carbonylation assay.
Carbonylated proteins are well-established markers for oxidative
stress because they are representative products of protein oxidation,
which occurs either by direct or by indirect reaction of a protein
with ROS or secondary by-products of oxidative stress (30) [Fig. 1F;
protein and arrow icons were downloaded from Reactome (31)].
Similar to our previous observations of TNFo and IL-13 mRNA levels,
we found that nicotine withdrawal animals had increased levels of
carbonylated proteins in the nucleus accumbens compared to the
chronic saline and nicotine equivalents, while there were no changes
between treatment groups in the caudate putamen (Fig. 1, G and H).
These data further reinforce that chronic nicotine and withdrawal
from chronic nicotine result in dissimilar inflammatory responses
and that these effects within the striatum are specific to the nucleus
accumbens.

Nicotine withdrawal induces anxiogenic behavior in mice

Anxiety is a key affective nicotine withdrawal symptom, which is
associated with nucleus accumbal function (25). Therefore, we eval-
uated this behavior given our findings showing nucleus accumbens-
specific changes in microglial morphology and ROS homeostasis.
We used two well-validated behavioral models of anxiety, the marble-
burying (MB) test and the open field (OF) test. These behavioral
tests were conducted at 24-hour (OF test) and 48-hour (MB test)
withdrawal time points (Fig. 1A). In the MB test, nicotine with-
drawal animals buried more marbles than their chronic nicotine
and saline counterparts (Fig. 2A), indicative of an anxiogenic effect
during nicotine withdrawal. Similarly, in the OF test, our results

show that nicotine withdrawal animals spent less time in the center
of the arena compared to their saline and chronic nicotine equivalents,
which is also an indicator of anxiogenic effects (Fig. 2, B and D).
Further analyses show that these effects were not due to alterations
inlocomotor activity, as there were no differences in distance traveled
between any of the treatment groups (Fig. 2C).

Microglia-enriched NADPH oxidase 2 is increased

in the nucleus accumbens during nicotine withdrawal
Among the many molecular mechanisms of intracellular ROS gen-
eration (32), the NADPH oxidase (Nox) system is a major source of
intracellular ROS production in the brain (33). In fact, interplay
between Nox, ROS, and TNFa is reported to be critical in the devel-
opment of many inflammatory diseases (34-36). Because we observed
that nicotine withdrawal increases both ROS and TNFa expression in
the nucleus accumbens, we next examined the nucleus accumbens
for changes in the primary Nox isoforms expressed in the brain
(Nox1, Nox2, and Nox4). Quantitative polymerase chain reaction
(qPCR) analysis of Nox1 and Nox4 in the nucleus accumbens showed
no significant differences between treatment groups. However, qPCR
analyses of Nox2 showed a significant increase in Nox2 expression in
the nucleus accumbens of nicotine withdrawal mice compared to their
saline and chronic nicotine equivalents (Fig. 3A, i to iii). Furthermore,
no significant differences in Nox2 mRNA expression were observed
in the caudate putamen (Fig. 3B), again reinforcing subregional differ-
ences in the striatum in response to nicotine withdrawal. Together,
these data support the premise that increased nucleus accumbal Nox2
during nicotine withdrawal may contribute significantly to ROS
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Fig. 2. Nicotine withdrawal induces anxiety-like phenotype in mice. (A) MB test: Bar graph showing the mean value of marbles buried by Sal, Nic, and WD mice.
(B) OF test: Bar chart showing the time spent in the center of the OF arena by Sal, Nic, and WD mice. (C) Locomotor activity: Bar chart showing the average distance moved
in the OF arena by Sal, Nic, and WD mice. (D) Representative OF traces of Sal, Nic, and WD mice. [Compared to Sal—**q < 0.01; compared to Nic—"#q <0.01;(Ato Q)

n =9 to 23 per treatment group.]
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Fig. 3. Nicotine withdrawal increases Nox2 expression in the nucleus accumbens. (A) Bar graph showing qPCR analysis of Nox isoforms (primarily expressed in the
brain) in the nucleus accumbens of Sal, Nic, and WD mice. (i) Nox1, (i) Nox2, and (iii) Nox4. (B) Bar graph showing qPCR analysis of Nox2 mRNA expression in the caudate
putamen of Sal, Nic, and WD mice. [Compared to Sal—**P < 0.01; compared to Nic—**P < 0.001; (A and B) n=12 to 24 per treatment group.]

production in this region and potentially affect nicotine withdrawal-
related anxiety. Previous studies have shown that Nox2 is primarily
expressed in microglia and they are the major source of ROS in the
brain (37). However, given that these studies investigating Nox
expression in brain cell types induced Nox with lipopolysaccharide
or examined Nox in pathological states (38), we evaluated nucleus
accumbal tissues from adult, naive mice for relative enrichment of
specific Nox isoforms in neuronal and glial cell types. To do this, we
used magnetic-activated cell sorting (MACS) for isolation and puri-
fication of cell types in nucleus accumbal tissues. Validation of our
approach shows that isolated microglia were highly enriched for
CD11b*, Tmem119, and P2ry12 compared to total homogenate or
other isolated cell types (Fig. 4A, i to iii). We next examined these
samples for Nox subtype enrichment. While Nox1 and Nox4 mRNA
analyses showed significant enrichment in the liver compared to
total homogenate, there were no significant differences between total
homogenate and the evaluated brain cell types (Fig. 4B, i and ii). In
contrast, Nox2 mRNA is significantly enriched in both microglia
and liver compared to total homogenate, astrocytes, neurons, and
oligodendrocytes (Fig. 4B, iii). These data support the idea that Nox2
is highly expressed in microglia in the nucleus accumbens, which
may underpin the increased ROS generation observed in the nucleus
accumbens during nicotine withdrawal.

Microglial depletion blocks increases in Nox 2 expression
and ROS in the nucleus accumbens and attenuates nicotine
withdrawal-related anxiety

We show that withdrawal from chronic nicotine treatment, but not
chronic nicotine treatment itself, elicits proinflammatory microglial
signaling in the nucleus accumbens. In addition, we demonstrate
that Nox2 expression in the nucleus accumbens is restricted to
microglia, and alterations in microglial signaling in the nucleus
accumbens may contribute to nicotine withdrawal-related anxiety.
Therefore, to directly determine the contribution of microglia in
these processes, we used PLX5622, a colony-stimulating factor-1
receptor (CSF1R) inhibitor, to pharmacologically deplete microglia
in animals undergoing withdrawal from saline or nicotine treatment.
To do this, 7 days following initial osmotic minipump implantation,
both saline- and nicotine-treated animals were given either control
chow or PLX5622 chow. One week later, withdrawal from chronic
saline or nicotine was initiated by surgically removing the pumps
from all subjects. Saline and nicotine withdrawal-treated animals
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were then tested in the OF and MB tests at 24- and 48-hour with-
drawal time points, respectively (Fig. 5A). We first evaluated the
success of our microglial depletion by examining microglial density
in the nucleus accumbens. PLX5622-treated animals showed a 70 to
80% reduction in Ibal* cells/mm?” in the nucleus accumbens compared
to control chow-treated controls (Fig. 5B, i and ii). Similarly, PLX5622-
treated animals exhibited significant reductions in mRNA expression
of the microglial markers Tmem119 and P2ry12 compared to their
controls (Fig. 5C, i and ii). Furthermore, given that CSF1R is also
expressed on monocytes, we next examined whether infiltrating
monocytes could be contributing to the observed nicotine withdrawal
effects by comparing the expression profile of the microglial markers
Tmem119 and P2ry12 to a monocyte marker, C-C chemokine re-
ceptor 2 (Ccr2), which has been previously described by many studies
as a critical element for trafficking and assembly of myeloid cells in
the brain (39, 40). Our data demonstrate an extremely low Ccr2
expression level compared to Tmem119 and P2ry12 in all treatment
groups (Fig. 5D). Furthermore, the baseline expression of Ccr2*
monocytes in the nucleus accumbens is comparable across treatment
groups, regardless of CSFIR inhibition or nicotine treatment (Fig. 5D),
suggesting that infiltrating monocytes contribute little to our reported
observations during nicotine withdrawal. Next, we examined the
impact of microglia depletion on Nox2 expression in the nucleus
accumbens during nicotine withdrawal. qPCR analyses showed that
Nox2 mRNA expression was again significantly increased in the nucleus
accumbens of control chow nicotine withdrawal mice compared to
saline controls, irrespective of PLX5622 treatment. This increase in
Nox2 mRNA expression during nicotine withdrawal was absent
in nicotine withdrawal animals maintained on PLX5622 (Fig. 6A).
Next, we evaluated the effect of microglial knockdown on nicotine
withdrawal-induced ROS in the nucleus accumbens. Again, we ob-
served a significant increase in protein carbonylation during nico-
tine withdrawal compared to saline controls, which was absent in
PLX5622-treated subjects undergoing nicotine withdrawal (Fig. 6B,
i and ii). Finally, we assessed the impact of microglial depletion on
anxiety-like behavior as an endophenotype of nicotine withdrawal.
In the MB test, control chow nicotine withdrawal mice buried more
marbles compared to their saline withdrawal controls. In contrast,
no differences were observed in the MB test between the PLX5622
chow nicotine withdrawal mice and their PLX5622 chow saline
withdrawal equivalents (Fig. 6C). Similarly, our OF analyses demon-
strated that control chow nicotine withdrawal mice spent less time
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in the center of the arena compared to their saline controls, indicating
an anxiogenic response. This anxiogenic effect was absent in PLX5622-
treated nicotine withdrawal-treated animals ( Fig. 6, D and F). These
effects were not due to alterations in locomotor activity, as there were
no observed differences in distance traveled between animals from

any of the treatment groups (Fig. 6E).
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DISCUSSION

A recent study in human subjects using [''C]DAA1106, a ligand for
translocator protein (TSPO) and a putative indicator of microglial
activation, suggested that smokers with nicotine on board have less
microglial activation than nonsmokers (41). However, mechanistic
interpretation of these results was difficult given the nuances regarding
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microglial activation. This study distinguishes the direct effects of
chronic nicotine on microglial activation compared to the effects of
withdrawal from chronic nicotine, thereby significantly contributing
to our understanding of microglial dynamics in smokers and how these
changes may affect nicotine withdrawal symptoms, such as anxiety.
We show that chronic nicotine and withdrawal alter microglial mor-
phological changes but trigger dissimilar inflammatory responses in
the nucleus accumbens. Further, we report elevated ROS levels in the
nucleus accumbens only during nicotine withdrawal and suggest from
our study that Nox2, which is highly enriched in microglia, is the major
ROS-producing machinery. However, in contrast to our findings in
the nucleus accumbens, we show that neither chronic nicotine nor
withdrawal triggers any of these effects in the caudate putamen. To

Adeluyi et al., Sci. Adv. 2019; 5 : eaax7031 9 October 2019

directly demonstrate the necessity of microglia for these effects, we
used PLX5622 to deplete microglia in the brain. We show that mi-
croglial depletion prevented nicotine withdrawal increases in Nox2
mRNA and ROS in the nucleus accumbens, as well as blunted as-
sociated nicotine withdrawal-related anxiety-like behaviors in our
model. In total, our experiments support the observations by Brody
et al. (41), showing decreased inflammatory signaling in the brain
during chronic nicotine use. However, our study extends these ob-
servations to demonstrate a number of key mechanistic findings:
(i) while chronic nicotine does not elicit a proinflammatory response
in the nucleus accumbens, morphological analysis suggests that mi-
croglia are indeed activated in this brain region; (ii) withdrawal
from chronic nicotine, such as that experienced by a smoker during
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an acute quit attempt (24- to 48-hour WD), elicits a proinflamma-
tory response in the nucleus accumbens, but not the caudate putamen;
(iii) the proinflammatory response due to acute nicotine withdrawal
encompasses a constellation of molecular effects, including increased
Nox2 expression, increased ROS generation, and increased pro-
inflammatory cytokines; and (iv) attenuating microglial contribu-
tions to this process via microglial depletion reversed all molecular
effects as well as attenuated anxiety-like behavior in our model. Our
findings suggest that further investigation is merited to examine in-
flammatory responses in human smokers during acute withdrawal
and suggest that therapeutic development of microglial modulators
may be beneficial as smoking cessation aids.

Microglial phenotypes during chronic nicotine

and withdrawal in the striatum

Microglia are central players in an increasing number of brain dis-
orders (8), and understanding their responsivity and role in nicotine
dependence is becoming increasingly urgent. In our model, both
chronic nicotine and withdrawal induce activation or remodeling of
the highly adaptable resting microglia in the nucleus accumbens, but
not in the caudate putamen, suggesting that microglial responsivity
to drug cues may be shaped by the specialized role of their local
CNS environment. For example, a recent study examining microglia
transcriptome across the basal ganglia reported regional heterogeneity
of resident microglia and indicated local cues as a critical mediator
of microglia phenotype and their diversity (42). In addition, this
study also showed that genes associated with oxidative signaling
and ROS homeostasis are among the top 10 most abundant genes in
nucleus accumbal microglia, but not microglia from other parts of
the basal ganglia (42). This is consistent with our findings that show
disruption in ROS homeostasis in the nucleus accumbens, but not
the caudate putamen, during nicotine withdrawal. Another important
finding is the dissimilar expression of proinflammatory cytokines
(TNFo and IL-1B) and ROS in the nucleus accumbens during chronic
nicotine and withdrawal. We report an absence of induction of TNFa
and IL-1p cytokines during chronic nicotine treatment despite
microglial morphological changes, suggesting the absence of a classical
proinflammatory response. This observation is in accordance with
a study that showed inhibition of proinflammatory cytokines in a
lipopolysaccharide-activated primary microglial culture pretreated
with nicotine (43). In addition, our findings are also in line with
clinical studies demonstrating nicotine’s neuroprotective properties
in neurodegenerative diseases (44, 45) as well as with findings that
smokers have reduced inflammatory responses compared to non-
smokers (41). However, this is in contrast to nicotine withdrawal,
which presents with a distinct proinflammatory profile that is perhaps
present selectively in regions with highly implicated nicotine depen-
dence, such as the nucleus accumbens as reported here. One caveat
when comparing our findings with those observed in smokers, how-
ever, relates to the relative timing of nicotine exposure. In our model,
animals were treated with continuous chronic nicotine over a 2-week
period. Smokers, in contrast, undergo fluctuating levels of nicotine
throughout the 24-hour day, primarily between sleep and wake.
However, it should be noted that during normal wake periods, smokers
tend to titer their cigarette consumption to achieve a steady level of
nicotine (46), further complicating this issue. Previous studies in rodents
have examined differences between continuous and intermittent
nicotine exposure, but their results regarding withdrawal pheno-
types in these differing paradigms were inconclusive. For example,
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Brynildsen et al. (47) found that continuous treatment of nicotine
resulted in less robust somatic nicotine withdrawal behaviors in animals
compared to pulsatile delivery at the same doses. In contrast,
Semenova et al. (48) showed that withdrawal from continuous nic-
otine treatment resulted in more robust withdrawal phenotypes in
the intracranial self-stimulation paradigm compared to intermittent
nicotine delivery at the same doses. While their methods of inducing
withdrawal may differ, these studies underscore the need for future
experiments comparing the effects of continuous versus pulsatile
delivery of nicotine on withdrawal phenomena, including microglial
alterations.

Of note, the few studies available on the role of microglia in drug
dependence reported that microglial activation and related pro-
inflammatory effects were directly elicited by the drugs of abuse
examined, namely, cocaine (49) and morphine (50). Similar to our
findings, microglial activation and elevated levels of inflammatory
signals in those studies were restricted to the nucleus accumbens,
but our findings contrast with those earlier studies in that nucleus
accumbal inflammatory responses occur only during withdrawal
from nicotine and not due to exposure to nicotine itself. In addition
to their immune function, microglia are also involved in synaptic
function and plasticity; therefore, their alterations within the nucleus
accumbens, which is a critical brain circuit for addictive processes,
may enhance the development of aberrant synaptic connections
and plasticity underlying drug dependency. Together, these data
suggest that the synaptic cues specific to the nucleus accumbens
during exposure to chronic nicotine or withdrawal from chronic
nicotine distinctly influence the phenotype of its resident microglia.
Moreover, these findings have the potential to reveal sex-specific
effects. While our findings are currently restricted to male mice,
future studies assessing these effects in female mice are critically
needed, especially given the well-described sex differences observed
in microglia-related studies (51).

Microglia-related Nox 2 in the nucleus accumbens during
nicotine withdrawal

Nox systems are the primary systems implicated in disease-related
aberrant ROS production (52). Among the Nox isoforms expressed
in the brain (Nox1, Nox2, and Nox4 (53)), our findings implicate
Nox2 as the source of excessive ROS in the nucleus accumbens
during nicotine withdrawal. Similar to previous studies (37, 38), we
report that Nox2 is enriched in microglia in the nucleus accumbens
of adult, naive mice, suggesting that Nox2 in microglia is the likely
source of ROS during nicotine withdrawal. Further, previous studies
have shown that lipopolysaccharide stimulation of BV2 microglial
cell lines resulted in Nox2-dependent ROS production (54). Over-
all, these results suggest that microglia-derived Nox2 contributes
significantly to aberrant ROS levels in the nucleus accumbens during
nicotine withdrawal.

Microglial function and anxiety-like behavior during
nicotine withdrawal

Several studies have implicated microglial function in anxiety-related
disorders (55, 56); however, the role of microglia in nicotine withdrawal-
related anxiety is unknown. Our study demonstrates that depletion
of microglia during nicotine withdrawal prevented the associated
increases in Nox2 mRNA and ROS levels in the nucleus accumbens, as
well as the concordant anxiety-like behaviors observed during nic-
otine withdrawal. We found in our experiments that despite strong

7 of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

microglial suppression in PLX5622 chow saline mice and their
withdrawal equivalents, we observed no behavioral effects of this
manipulation compared to saline-treated mice maintained on control
chow. This suggests that microglial knockdown alone is insufficient
to affect these behaviors in the absence of nicotine withdrawal and
that it is the nicotine withdrawal-induced microglial signaling
underlying nicotine withdrawal-related anxiety. These findings
provide a strong link between microglial function and nicotine
withdrawal-related anxiety and suggest a direct contribution of
microglial-related Nox2 and associated aberrant ROS production in
the nucleus accumbens to the development of anxiogenic behavior
during nicotine withdrawal.

Because there is no single behavioral model of anxiety that measures
all aspects of anxiety, in our study, we used two models of anxiety to
cross-validate our experimental outcomes. However, while both behav-
ioral paradigms are well known and validated measures of anxiety-like
behavior that are sensitive to clinically used anti-anxiety medica-
tions such as benzodiazepines and antidepressants (57, 58), future
studies using tasks with high face validity to clinically used mea-
sures of negative valence and uncertainty, such as novelty-induced
hypophagia test (a measure of response to potential harm), could
further these results. In addition, withdrawal from nicotine leads to
adiverse array of clinical symptoms, spanning cognitive, affective, and
motivational domains. A recent study using a model of precipitated
nicotine withdrawal showed that elements of cognitive disruption
in this model correlate with microglial activation in the hippocampus
and prefrontal cortex (59). However, it is important to note that
mecamylamine, which is used in the precipitated withdrawal model,
has cognitive-depressive effects on its own in rodents (60), monkeys
(61), and even humans (62). Further complicating interpretation of
these results, the direct effects of this nicotinic antagonist on microg-
lia in the absence of nicotine is unknown. However, these results in
tandem with our own suggest that further examination of microglial
contributions to diverse nicotine withdrawal symptoms is warranted.

Perspectives on future smoking cessation
pharmacotherapies

Currently, there are three Food and Drug Administration-approved
pharmacotherapies for smoking cessation: varenicline (a nicotinic
selective partial agonist), bupropion (a norepinephrine-dopamine
reuptake inhibitor), and nicotine replacement therapy (NRT, such
as patch, gum, etc.). While each of these therapeutics has quantifi-
able success as smoking cessation aids, the best-in-class medication,
varenicline, results in only 40% abstinence success at 12 weeks and less
than 20% at 1 year post-quit (63). This underscores the urgent need
for new drug targets in the development of new smoking cessation
aids. In this study, we outline a series of novel findings implicating
neuroinflammatory responses in the etiology of nicotine withdrawal
symptoms. Importantly, these effects occur during nicotine with-
drawal only and arise not from the combustible contents of cigarettes,
but from the withdrawal from nicotine itself. This suggests that with-
drawal from two of the current smoking cessation aids, varenicline and
NRT, may also alter neuroinflammatory responses in the mesolimbic
circuitry. Going forward, it will be important to evaluate the impact
of these smoking cessation aids on microglia-related molecular and
behavioral effects during nicotine withdrawal. Additional investigation
into whether transcriptional reprogramming in microglia underlies
these microglia-related effects or whether it is due to lack of nicotine
stimulation during withdrawal will also advance our current under-
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standing of cell-specific molecular mechanisms of nicotine with-
drawal. These investigations may highlight potential microglial targets
for therapeutic development of smoking cessation aids, in complement
to existing ones. For instance, 07 nAChRs have been suggested as
potential mediators of nicotine’s inhibitory effect on microglial
proinflammatory signals (43). Therefore, in-depth investigation of
nicotine’s directs effects on microglia may give rise to future thera-
peutic targets for suppression of microglial function during nicotine
withdrawal. Long-term, further investigation into modulators of
microglial function during nicotine withdrawal represents an untapped
therapeutic avenue for smoking cessation.

MATERIALS AND METHODS

Animals

Male B6/129 F1 mice used for these studies were either purchased
from the Jackson Laboratory (Bar Harbor, ME, USA; 8-10 weeks of
age; 20-31 g) or bred in-house (8-10 weeks of age; 20-31 g). The
B6/129 F1 mouse strain is a hybrid of C57BL/6 and 129SvEv strains
that are commonly used for the development of knockout mouse
models; therefore, information regarding nicotine response in a
variety of behaviors in this strain is of value for future studies aimed at
investigating underlying genetic mechanisms. All mice were housed
in groups of two to four and randomly assigned to treatment condi-
tions. They were maintained on a 12-hour light/12-hour dark cycle
with food and water ad libitum in accordance with the University of
South Carolina Animal Care and Use Committee. All behavioral
testing sessions were conducted between 0900 and 1300 hours.

Osmotic drug delivery and treatment

(-)-Nicotine tartrate (MP Biomedicals, Solon, OH, USA) was dis-
solved in sterile 0.9% sodium chloride solution and then infused
subcutaneously via osmotic minipumps (Alzet model 2002; DURECT
Corporation, Cupertino, CA, USA) at a dose of 18 mg kg ™" day ™" for
15 days. Chronic treatment with nicotine at this dose yields a plasma
level of approximately 0.3 uM in mice (reported as nicotine free base
molecular weight), a concentration comparable to that observed in
human smokers consuming an average of 17 cigarettes a day (plasma
levels between 0.06 and 0.31 uM) (64). Furthermore, in vivo nicotine
delivery in mice has shown this low-moderate dose to be the most
effective in maintaining face validity with clinical withdrawal symp-
tomology. Our past studies have used chronic nicotine doses ranging
from 6 to 36 mgkg ™' day ™' (11-15), with the dose of 18 mgkg ™" day ™
being the lowest tested concentration able to elicit all the major hall-
marks of nicotine withdrawal observed clinically (5-10). Control
animals were implanted with osmotic minipumps containing only
sterile 0.9% sodium chloride solution. Before the start of surgery,
mice were anesthetized with isoflurane/oxygen mixture (1-3%), and
minipumps were inserted using aseptic techniques. Surgical wounds
were closed with 7-mm stainless steel wound clips (Reflex, Cellpoint
Scientific, Gaithersburg, MD, USA), after which mice were left to
recover on the recovery pad before they were returned to their indi-
vidual cages. After 14 days of chronic administration of either saline
or nicotine via osmotic minipumps, mice in the withdrawal groups
(withdrawal from either nicotine or saline) were subjected to spon-
taneous withdrawal by the removal of their osmotic minipumps using
a similar aseptic surgical approach as above. Animals in the chronic
nicotine or chronic saline treatment groups underwent sham surgery,
where an incision was made and restapled, without removal of the
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pump. No molecular or behavioral differences were observed between
the saline and saline withdrawal groups; therefore, these groups were
combined during analysis.

Microglia depletion via chow treatment

Plexxikon Inc. (Berkeley, CA) provided the CSF1R inhibitor PLX5622,
which was formulated in AIN-76A chow at a dose of 1200 parts per
million by Research Diets (New Brunswick, NJ). Control chow was
also provided. Male B6/129SF1 mice (8 weeks old) received either
control chow or PLX5622 chow for 7 days before and throughout the
withdrawal period. The selected dose and duration of PLX5622 treat-
ment were based on previous studies showing between 80 and 90%
microglial depletion with the same dose and treatment duration (65).

OF test and locomotor activity

The OF test is an anxiety-related behavioral model, which also allows
simultaneous assay of overall locomotor activity levels in mice. All
mice were tested in this model at the 24-hour withdrawal time point.
Test chambers were wiped with 70% ethanol in between tests to remove
any previous scent cues. The ethanol was allowed to dry completely
before testing, and every testing session lasted for 15 min. For the
analysis, Top Scan (Clever Sys Inc., Reston, VA, USA) software was
used to track and evaluate mouse movement. Before tracking analysis
for each mouse, a background profile was generated, and the testing
chamber was calibrated in arena design mode according to the
manufacturer’s instructions. The center of the arena was defined as
the central section making up 25% of the total area. Software output
for each individual test includes total distance moved (in millimeters)
and the time spent in the center quadrant (in percentage).

MB test

The MB test is an animal behavioral model of anxiety that has high
predictive value in detecting anxiolytic drugs. All mice were tested
in this model at the 48-hour withdrawal time point under low-light
conditions. Mice were placed individually in small cages (29.0 cm x
17.5 cm), in which 20 marbles had been equally distributed on top
of mouse bedding (5 cm deep). A lid was placed on top of the cage
to prevent the mouse from jumping out of the cage during the test.
Mice were left undisturbed for 15 min, after which the number of
buried marbles (those covered by bedding three-quarters or more)
was counted by an observer blinded to experimental conditions.

Quantitative PCR

Quantitative reverse-transcriptase PCR was performed as previously
described (66) on caudate putamen or nucleus accumbens samples
across all treatment groups. Briefly, RNA was isolated using the
RNeasy Mini Kit (Qiagen, Venlo, the Netherlands), and qPCR reactions
were assembled using synthesized complementary DNA and Thermo
Scientific Maxima SYBR Green master mix along with 100 nM
primers (Integrated DNA Technologies Inc., Coralville, IA, USA)
diluted to 4.3 nM final concentration. The mRNA levels were deter-
mined using the 27*““T method (67), and target genes were normalized
to the housekeeping gene, hypoxanthine phosphoribosyltransferase.
All gene expression values were normalized to their respective saline
controls. Primer sequences are available upon request.

Protein carbonylation assay
Protein carbonyl derivatives were determined in caudate putamen and
nucleus accumbens samples of all treatment groups using the OxiSelect
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Protein Carbonyl Immunoblot Kit (Cell Biolabs Inc., San Diego, CA,
USA) following the manufacturer’s details. Briefly, 20 ug of protein was
resolved in Any kD mini-protean precast polyacrylamide gel (Bio-Rad
Laboratories Inc., Hercules, CA, USA) and transferred to nitrocellulose
membranes. Membranes were processed for 2,4-dinitrophenylhydrazine
(DNPH) derivatization by equilibrating them in tris-buffered saline
(TBS) containing 20% methanol, followed by washes in 2 N HCI,
incubation in 1x DNPH, and final washes in 2 N HCI and 50%
methanol. DNPH-treated membranes were then incubated with LI-COR
blocking buffer (LI-COR, Lincoln, NE, USA) for 1 hour at room
temperature before reacting overnight at 4°C with primary antibodies
[anti-DNP (1:1000, Cell Biolabs Inc.) and GAPDH (1:1000, sc-32233,
Santa Cruz Biotechnology, Santa Cruz, CA, USA)]. After washing
in TBS-Tween 20, the blots were incubated with fluorescent sec-
ondary antibodies (1:20,000, LI-COR) in LI-COR blocking buffer
for 1 hour at room temperature. Membranes were then washed, and
immunolabeling detection and densitometry measurements were
performed using the LICOR Odyssey System (LI-COR). DNP signals
were normalized to GAPDH densities for each sample.

Immunohistochemistry and microglia

morphological analysis

One brain hemisphere from each mouse was collected and fixed
overnight in 4% paraformaldehyde in phosphate-buffered saline
(PBS). Fixed brains were cryoprotected by leaving them overnight in
15% sucrose and then in 30% sucrose for 48 h. Cryoprotected brain
hemispheres were sectioned through the striatum at 45 um and pro-
cessed for IBA1 immunohistochemistry. Briefly, cryosections were
incubated in a rabbit anti-IBA1 primary antibody overnight (1:1000;
Wako Catalog No. 019-19741), followed by a 2-hour incubation in
a goat anti-rabbit secondary (1:500, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). The signal was amplified
with the avidin-biotin complex (Vector Labs) method (1:500) and
visualized with Vector VIP peroxidase substrate to yield a purple
reaction product. Images were generated at 200x magnification us-
ing a Leica DMI 3000B microscope (Leica Microsystems Inc., Buffalo
Grove, IL, USA) fitted with a Leica DFC 290HD digital camera. Leica
LAS core software was used for image acquisition. Morphological
analyses were conducted with National Institutes of Health Image]J
software. For IBA1-positive cell count/density, cell area, and cell pe-
rimeter measurements, images were converted from RGB to 16-bit
format before applying a threshold and subsequent binary mask.
Objects within each masked image were then scanned, counted, and
measured using the “Analyze Particles” command. Parameters for
analysis of IBA1-positive cells were set in pixel units excluding any
object under 400 + 100 or above 4500 + 1000 square pixel units.
Objects positioned at the edge of the image field were excluded. For
analysis of cell process count and length, primary processes extending
directly from the cell body and no shorter than 5 um in length were
counted and measured. Five to six IBA1-positive cells per image
field were analyzed for average process count and length measure-
ments. For all morphological analyses, final measurements were
reported in micrometers (resolution of 6.2 pixels per micrometer).

Isolation of nucleus accumbal microglia and

astrocytes by MACS

Nucleus accumbal tissues (10 pooled animals per N) were diced with
a sterile scalpel into small pieces in a sterile petri dish containing
2 ml of cold Hanks’ balanced salt solution (minus Ca**, Mg**; Life
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Technologies Corporation, Grand Island, NY, USA). This suspension
was transferred into a 15-ml centrifuge tube and then spun at 300 g for
2 min at 4°C. Supernatant was discarded, and tissue was processed
into single-cell suspension by enzyme dissociation using Miltenyi’s
adult brain dissociation kit (Miltenyi Biotec Inc., Auburn, CA, USA)
according to the manufacturer’s instructions. Following complete
dissociation, cell suspension was applied to pre-wet MACS Smart
Strainer (70 um; Miltenyi Biotec Inc., Auburn, CA, USA), and the
flow through was processed for microglia labeling with CD11b"
microbeads (Miltenyi Biotec Inc., Auburn, CA, USA). Cells were
washed with 2 ml of 0.5% bovine serum albumin (BSA) in PBS buffer
and centrifuged at 300 g for 10 min at 4°C for removal of any un-
bounded beads from the pellet. Cell pellet was resuspended in 500 pl
of 0.5% BSA in PBS buffer and then applied onto a prepped MACS
MS column attached to an OctoMACS magnetic separator (Miltenyi
Biotec Inc., Auburn, CA, USA). Flow through containing unlabeled
cells was collected first,and CD11b" microglia were then collected by
flushing out the magnetically labeled cells in the column into a micro-
centrifuge tube following the removal of the column from the magnetic
separator. The flow through was immediately processed for astrocyte
labeling using the Anti-ACSA-2 MicroBead Kit (Miltenyi Biotec Inc.,
Auburn, CA, USA) according to the manufacturer’s instructions.
In a similar way to the magnetic separation step in CD11b* mi-
croglia isolation, ACSA-2" astrocytes were also purified and collected.

Behavioral and molecular data analyses

Results are presented as mean + SEM. For behavioral data, statistical
differences between groups were determined using two-way analysis
of variance (ANOVA) followed by the multiple two-stage linear
step-up procedure of Benjamini, Krieger, and Yekutieli multiple
comparisons test. For molecular data, statistical differences between
groups were determined using either one-way or two-way ANOVA
followed by Bonferroni’s or Tukey’s honestly significant difference
(HSD) multiple comparison test. All statistical analyses were done
in GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA).
Statistical tests used for each set of experiments and their results are
presented in Table S1.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/10/eaax7031/DC1

Table S1. Statistical tests used for each set of experiments and test results.
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