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Microglia are specialized cells of the central nervous system (CNS), often regarded as the
resident myeloid population or the resident immune cells of the CNS. Microglia, as well as astrocytes and
oligodendrocytes, contribute to drug induced changes in CNS function, which can be investigated using
powerful new omics techniques. Microglia have been shown to play a role in opioid withdrawal by
modulating the actions of various signaling molecules and by releasing inflammatory agents, leading to
alterations in animal behavior. We hypothesized that microglia may contribute to the behavioral signs of
opioid withdrawal when an individual experiences withdrawal several times in succession. Here we
present work studying the impact of multiple withdrawal experiences on mouse behavior, as well as
changes to microglia morphology and microglia RNA translation, specific to the mouse striatum. We find
that five withdrawal experiences lead to more intense and protracted withdrawal signs in mice.
Additionally, the impact of multiple cycles of withdrawal changes microglia cells to adopt a more ameboid
and inflammatory-like state, perhaps proliferating specifically in the striatum of female mice. Our RNA
sequencing results also indicate that multiple cycles of withdrawal induce an inflammatory signature in the
microglia translatome, and support our finding that microglia are shifted to a proliferative state in the

mouse striatum.



Chapter 1/ Introduction

Drug overdose is currently the leading cause of injury death among U.S adults (32.6 deaths per
100,000). Incidents involving synthetic opioids, such as fentanyl, have dramatically increased since 2013
(1 per 100,000 deaths) to a record high in 2022 (22.7 per 100,000 deaths [1]). As such, there is an
incredible public health pressure to develop new methods for treating opioid use disorder and avoid such
unnecessary loss of life (see HHS issue brief [2]). One approach to decrease opioid use generally is to
make the experience of opioid withdrawal less onerous. Currently, opioid maintenance is the most
effective treatment for patients, with buprenorphine and methadone pharmacotherapy reducing the
incidence of mortality 50 — 70% [3]. However, pursual of opioid withdrawal treatment through non-opioid
drugs remains promising — studies of compounds acting on the dopamine, serotonin, cannabinoid,

orexin/hypocretin, and glutamate systems have reported outcomes related to opioid withdrawal [4].

Opioid withdrawal itself differs in intensity and reported symptoms [5], and different opioids impact
subjective experience of withdrawal according to their individual pharmacokinetics and
pharmacodynamics [6]. In humans, there is overwhelming evidence that greater frequency of opioid use
at a younger age is predictive of the development of opioid use disorder. However, it is unclear if greater
withdrawal experiences impact the severity of withdrawal symptoms for an individual. One of the reasons
addiction — and to a lesser extent, withdrawal — is so difficult to treat is that it contains both affective and
pain components, which develop because of the multiple sites of action by opioids on mu opioid receptors
(MORs) across the body. This leads to dramatic changes in neural circuit function which develop from the

first opioid administration and progress through cycles of discontinuation and relapse.

This body of work was originally inspired by the idea (from my mentor, Dr. John F Neumaier) that
microglia may play a role in opioid withdrawal through an inflammatory, signaling mechanism that is
potentiated over the occurrence of multiple withdrawal experiences. Therefore, the overarching
hypothesis is that, akin to the way that seizures may become more frequent and worse over time the
more they are experienced (see ‘kindling’ [7], [8]), there exists a biological mechanism whereby opioid
withdrawal symptoms become worse or sensitize with each individual episode of withdrawal. Microglia are

certainly not the only CNS cells participating but due to their essential functions in regulating neuronal



network activity, microglia are expected to be involved in the sensitization of withdrawal symptoms over

cumulative experiences.

There is evidence that microglia contribute to opioid withdrawal symptoms. For instance, Reiss et
al used a microglia-selective, conditional knock-down (cKD) mouse model targeting the opioid receptor
Mu 1 gene (Cxcr1¢r/Oprm1#1) and found that the development of morphine induced hyperalgesia was
abolished in male mice and that naloxone-induced withdrawal symptoms were attenuated in female mice
[9]. This suggests that the action of opioids on microglia, via Mu opioid receptor (MOR), indirectly
contributes to opioid withdrawal symptoms. Other evidence comes from Burma et al, who showed that
pharmacological blockade or cKD of microglia pannexin-1 channels decreased severity of opioid
withdrawal in rodents [10]. Additionally, a large body of work from Watkins, Hutchinson, and Grace has
shown that an inflammation cascade involving Toll-like receptor 4 (TLR4), an key innate immune signaling
receptor expressed in microglia, is responsible for some of the symptoms of opioid withdrawal and related
neuropathic pain [11], [12]. While this evidence clearly implicates microglia in opioid withdrawal
symptoms, glial biologists still are searching for the signaling molecules involved and physical interactions

between neural cells that lead to the classical withdrawal symptoms.

Research from our lab also showed a strong role for involvement of microglia in opioid withdrawal
[13]. Coffey et al found that, in animals experiencing opioid withdrawal, microglia translation and
transcription of many genes involved in cAMP related signaling were increased including Pde10a,
Arpp21, and Drd1. Pharmacologic inhibition of microglia expressing hM4Di (an inhibitory designer
receptor exclusively activated by selective drugs such as clozapine-N-oxide) led to increased contractions
and immobility in an open field, suggesting that general Gi activity in microglia makes withdrawal worse.
These intriguing results led us to speculate as to how microglia might change in their morphology and

their RNA translation when animals experience withdrawal again and again.

It is important to emphasize that microglia are acting in the milieu of neuronal circuits that are
affected by opioid withdrawal and that their biological role in this process is likely to be different
depending on the region being studied. When opioids are used chronically [14], they change the release
dynamics of dopamine neurons. This is because opioids decrease the activity of MOR expressing

neurons in many regions including the striatum [15], thalamus [16] and periaqueductal grey [17], which



then indirectly increases dopamine release by cells in the substantia nigra and ventral tegmental area
which innervate the dorsal striatum and nucleus accumbens [18]. MORs become internalized on neurons
in response to strong activation, and this reduction of MORs at the cell surface is partially responsible for
tolerance that builds with continued opioid use [19]. During opioid withdrawal, the normally depressed
firing of neurons inhibited by opioid action at MORs is reversed, leading to hyperactivity of neurons
innervating the nucleus accumbens, bed nucleus of the stria terminalis, and locus coeruleus. Other
factors to consider include the activity of the enteric nervous system, which is responsible for the diarrhea
experienced during opioid withdrawal [20], and the itching that results from opioid use, which involves

both central and peripheral mechanisms [21].

In the next chapter | will present a broad overview of what is currently known about microglia and
other glial cells in addictive processes, as well as state of the art findings now being revealed by
experiments using omics tools. Then in chapter three | will detail our findings in studies of multiple cycles
of opioid withdrawal in mice and how microglia may be participating in the worsening of symptoms with

consecutive withdrawal experiences.
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Chapter 2 / How omics is revealing new roles for glia in addiction
Introduction

Addiction is a multifaceted disease defined by compulsion to seek and take a drug, a loss of
control in limiting drug intake, and the emergence of a persistent negative emotional state (such as
dysphoria) reflecting changes in motivation that can precipitate relapse [14]. Substance use disorders are
human conditions, but the underlying biology of reward and reward seeking, tolerance, and withdrawal
appear to be well-preserved in other species as well. In addition, the brain mechanisms underlying
distinct phases of the addiction cycle (preoccupation and anticipation, binge and intoxication, withdrawal
and negative affect) correspond to changes in activity of key neuronal circuits and the molecular and
cellular plasticity involved with acquiring a preference for taking a drug are often distinct from the
processes involved in craving and relapse to drug seeking after abstinence. Numerous animal and human
studies have detected changes in neuronal structure and circuit activity in key brain regions such as the
cortex, basal ganglia, and midbrain that are critical mediators of drug seeking [22]. Glia however, have
usually been ignored when studying animal models of addiction even though they are intimately engaged

with shaping the connectivity and regulating the activity of neural circuits.

The development of modern omics technologies that can simultaneously interrogate thousands of
biological molecules in tissue samples have created new opportunities for discovery-based investigations
of the underlying biology of addiction without depending on narrowly defined hypotheses. Next generation
sequencing technologies and omics molecular tools for identifying systems-wide changes in biomolecules
(transcriptomics, proteomics, metabolomics, et cetera) have added tremendously to our understanding of
how glia participate in changes to brain function induced by drugs and provide numerous new
mechanistic and therapeutic avenues to explore. These new strategies are game changers in identifying
novel methods for modulating the neurochemical basis of addiction, but integrating and weighing the
significance of different data sets has been challenging. This chapter will address how recent omics
literature has advanced our mechanistic understanding of the roles of glia—including astrocytes,

microglia, oligodendrocytes, and ependymal cells—in the biology of addiction. In general, we have



focused our review on studies using in vivo animal models or collections of post-mortem human tissue

but, when appropriate, we cite important findings from in vitro studies as well.

Glial cells involved in addiction

The notion that dynamic neuronal circuits are involved in the encoding of drug-related cues and
associated behaviors is a hallmark of contemporary thinking about addiction. The role of glial cells in the
plasticity involved in developing substance use problems and maintenance of drug seeking over extended
intervals has received much less attention. However, both astrocytes and microglia have been
hypothesized to impact neural activity during drug taking for over twenty years [23]. Many of the studies of
glia in addiction have focused on brain regions where neurons have been implicated in addiction-related
behaviors. It is less clear whether adaptations of these glia are responding to local shifts in neuronal

function or if they reflect more general changes in glia across the entire brain.

Astrocytes protect neurons from hyperexcitability by regulating neurotransmitter release ([24],
[25]), ion gradients [26], various metabolites [27], and inflammatory signaling molecules [28] and can
modulate neuronal activity over a longer time interval than typically is associated with rapid neuronal
communication. Astrocytes can shape the excitability, metabolic health, and synaptic integrity of
neighboring neurons over minutes to days. Astrocyte activity within [29] and across [30] brain regions
plays key roles in synaptic plasticity generally and may also contribute to adaptations in functioning
induced by drug seeking and relapse. One key mechanism involves astrocyte reuptake and recycling of
glutamate, which is the primary excitatory neurotransmitter in the brain. Glutamate has been implicated in
drug addiction and its dysregulation has been theorized as a major factor in the development of
compulsive drug taking [31]. Studies of cocaine, opioids, and alcohol have all found changes in glutamate
release by neurons in the prefrontal cortex projecting to the nucleus accumbens ([32], [33], [34]). Since
astrocytes regulate the availability of glutamate for excitatory neurotransmission, impaired glial glutamate
dynamics may contribute to synaptic dysregulation that impacts drug craving. For example, blocking
glutamate uptake at the astrocytic glutamate transporter-1 using dihydrokainic acid decreased mouse

consumption of alcohol in a binge-drinking model, which suggests that astrocytes may contribute to



glutamate dysregulation-mediated alcohol abuse [34]. Kalivas and colleagues have postulated that
astrocyte regulation of glutamate homeostasis and synaptic excitability is a key element in stimulant and
opioid seeking and relapse, and this has led to a number of potential pharmacological strategies intended
to restore normal glutamate homeostasis [35]. Astrocytes have also been shown to influence cocaine-
induced VTA activity by their release of GABA, which shows that both inhibitory and excitatory events are
influenced by astrocyte modulation [36]. Developing astrocyte-targeted drugs that can alter
neurotransmitter availability to neurons may mitigate aberrant neurotransmission that is produced during

excessive intake of addictive drugs.

Microglia contribute to homeostatic regulation of neuronal network function and directly modulate
circuit dynamics in response to drugs of abuse [37], [11]. Microglia can also sense the extracellular ATP
released by neurons during periods of high activity via purinergic receptors expressed on their fine
processes and filipodia [38]. Release of ATP is one example of signaling that can activate receptors on
microglial processes and which leads to local calcium influx. Induction of calcium wave events within
microglia is sensitive to both increased and decreased neuronal firing rates [39]. Thus, microglia are
poised to respond to changes in neuronal function induced by drug intoxication or withdrawal and may do
so either by interacting with neurons physically (such as by phagocytosis of synaptic material) or through
cytokine signaling. For example, opioid withdrawal induces extracellular release of ATP in the rodent CNS
[40], which in turn can lead to further ATP release from microglia via panexin-1 channels; blocking these
microglial channels can reduce opioid withdrawal signs in mice [10]. Microglial calcium events drive many
important cellular processes, including conversion of pro-IL1(3 to IL1B [41] and release of TNFa [42], both
of which are proinflammatory cytokines that are elevated in response to infection or cellular damage.
Many cytokines may play a role in the biology of addiction [43], including those released by microglia [44],
as a response to neuronal activity changes induced during withdrawal [45]. Recent work has shown that
Toll-like receptor (TLR) and MyD88 signaling, which are sensitive to intracellular calcium dynamics in
microglia [46] are both necessary for some of the cytokine release that occurs in mouse models of binge
drinking [47]. Microglia are also involved in maintenance and removal of dendritic spines, which is
important for development [48] and may also be altered by drug exposure [49]. Indeed, diverse roles of

microglia in addiction is currently an area of intense interest.



Oligodendrocytes are essential for proper development of the CNS and guide neuronal network
formation well into adulthood [50]. Drug taking can alter the proper establishment of myelination, resulting
in long lasting changes in neural circuitry and connectivity. One mouse study of cells in the medial
prefrontal cortex, which is thought to control choices in drug taking and impulsivity, found that
methamphetamine self-administration decreased the number of oligodendrocyte progenitor cells (OPCs)
in a lifetime dose-dependent manner [51]. As OPCs are thought to be self-renewing across the brain, this
suggests there may be a mechanistic link between myelination in the prefrontal cortex and the impaired
executive function that develops in addiction, which is a hallmark of reduced cognitive flexibility and
increased impulsive and compulsive behaviors. Exposure to the opioid buprenorphine during
development disrupted rat brain myelination in a biphasic manner, with low doses leading to increased
OPC proliferation and high doses leading to the opposite [52]. This may be due to the direct action of

endogenous opioids to induce cell proliferation.

Ependymal cells, which line the ventricles of the CNS and the central canal of the spinal cord,
have received less attention in models of addiction. They are responsible for sustaining circulation of
cerebrospinal fluid [53] and for supporting the production of adult neural stem cells from the ventricular -
subventricular zone [54]. A recent study found that opioids impair blood brain-barrier integrity, perhaps
through tanycytes, which are a special class of ependymal cells that transmit signals initiated in the
cerebrospinal fluid into the brain parenchyma [55]. Future studies of glia would benefit from omics
methods to target ependymal cells and identify changes occurring when animals are exposed to various

drugs of abuse.

Table 2.1: Exposure to addictive drugs engages glial cells in different ways. Here we summarize
previous findings implicating glial cells in addiction as well as the results from omics studies referenced in

this review.

Drug Glial cell involvement Omics related findings

Alcohol

Microglia: induction of ER stress
response, unfolded protein
response

Heat-shock protein and RNA
expression induced, release of
cytokines, release of C1q
protein in exosomes




Astrocytes: induction of ER Heat-shock protein and RNA
stress response, unfolded expression induced, Apoe,
protein response, glutamate Grm7 and Glast expression
release and reuptake altered changes
Oligodendrocytes/OPCs: Differential expression of P2rx7
changes in cell proliferation, and other mRNAs related to
alteration of developmental calcium signaling, differential
myelination dynamics expression of myelination
proteins
Opioids Microglia: induction of ER stress | Changes in purinergic receptor
response, unfolded protein and cAMP signaling gene
response, TLR4 signaling expression dependent upon
activation addiction cycle state, induction
of cytokine expression and
release, GR regulatory element
site repression
Astrocytes: induction of ER GFAP, APOE, and extracellular
stress response, unfolded matrix protein expression
protein response, glutamate upregulated, increases in PI3K-
release and reuptake altered Akt-mTOR and MAPK signaling
Oligodendrocytes/OPCs: Repression of unfolded protein
changes in cell proliferation, response (UPR) and
alteration of developmental endoplasmic reticulum (ER)
myelination dynamics quality control mRNA expression
Nicotine Microglia: response to changes Reduction in cell number,
in long term potentiation (LTP), expression of inflammatory
neuronal excitability genes, downregulation of
glutamate receptors
Stimulants Astrocytes: altered glutamate CRF2 mRNA upregulated,
reuptake GLAST protein decreased

Understanding omics techniques and their applications

Numerous omics strategies have been applied to investigate the impact of addictive drugs (Table

2.1). RNA sequencing from bulk RNA has been used to investigate changes in specific brain regions and

some genes identified by bulk sequencing can be attributed directly to glia, but a number of important

molecules are produced by both neurons and glia. Furthermore, some proteins that are strongly

associated with neurons are synthesized in glia as well, so this method cannot distinguish cell types

without certain controls or follow up studies. For example, the mu opioid receptor and other

neuroreceptors are produced in small but biologically important levels in microglia [56]. Another approach

to gain focus on a specific cell type involves separating individual cells from tissue samples with

enzymatic and/or mechanical dissociation followed by fluorescent activated cell sorting (FACS) or affinity




column with cell type specific antibodies conjugated to magnetic beads, followed by cell type specific
acute isolation of RNA and subsequent sequencing. This approach can provide a great deal of glia-
specific information, but there is some risk of shifts in RNA expression during the sorting of live cells and
RNAs localized to fine cellular processes will be sheared off during preparation [57]. Single cells or single
nuclei can also be prepared from fresh or fixed tissue and this can reveal diversity across a single class of
cells and between distinct cell types; however, the depth of RNA detection is lower and so higher copy
number genes can be detected more reliably and potentially important changes in modestly expressed

genes may be missed by current single cell sequencing methods.

Translating ribosome affinity purification and sequencing (TRAP-seq [58]) and the RiboTag
method [59] both allow for selective analysis of ribosome-associated RNAs. These techniques can
distinguish between the transcriptome (the total pool of MRNAs) and the “translatome”— the mRNAs
associated with ribosomes and actively undergoing translation at the time of sample preparation. These
methods have advantages for glial cell studies as they capture RNA from the entire cell, not just the cell
body as with single cell RNA sequencing methods, and they allow for isolation of RNAs in a cell-specific
manner using transgenic animals crossed with inducible, Cre recombinase-driver lines. It should be noted
that the translatome represents a specific subset of MRNA and may reflect shifts in protein translation at a
specific moment in time, but it differs from the transcriptome and may not map onto protein levels overall
at that same time. We also note that these techniques can be combined with ribosome profiling [60] to
determine the translational efficiency at various open reading frames, which can differ between cell and

tissue types.

Epigenomic approaches that measure changes in chromatin accessibility for transcription are
quickly gaining prominence and may provide mechanistic insights into how the “memory” of drug
experiences are encoded in networks of altered gene expression. Other approaches including
metabolomics and proteomics may reflect changes in the molecules that are directly mediating changes
in cellular function compared to RNA-based approaches, in which we must infer changes in the
expression of the associated proteins. The integration of multiple omics approaches at once is now
feasible and we feel that it is best for these approaches to be applied to individual animals rather than

pooled samples from multiple animals. Pooling samples may provide enough material for reliable



measures in some cases, but it prevents associations between individual animals’ behavior and omics
results. At a minimum, validation studies should be performed on samples from individual animals so that
statistical inferences are more reliable. Another consideration in omics studies is that cells may react to
the processing of tissue in a way that impacts the results. For example, Haimon et al ([57]) found that cell
sorting introduced a number of artifacts associated with tissue dissociation and depletion of ribosome-
associated RNAs. Marsh et al developed a method to prevent glia from shifting their transcriptional state
induced by tissue processing that applies transcriptional and translational inhibitors to steps of the cell
dissociation process, thereby limiting artifacts that arise from enzymatic treatment and single cell isolation
[61]. Finally, the emergence of machine learning algorithms to manage large and complex data sets will
be useful for integrating data from multi-omics experiments along with multiple indices of behavior in

animal models of addiction.

Alcohol

Alcohol is unique as a rewarding drug. At the cellular level ethanol is a toxic metabolite and at the
organismal level it is an intoxicant, capable of inducing euphoria in the short term and potentially deadly
withdrawal if discontinued after chronic use. Ethanol exposure engages the unfolded protein response
(UPR, [62]) and the endoplasmic reticulum (ER) stress response pathways [63] (figure 2.1). These
cellular processes are important responses to stress and toxins that operate both as quality control
features that regulate protein maturation in many tissues and as signaling systems that coordinate cellular
and systemic responses upon more intense or protracted activation. While the UPR has been associated
with the cellular effects of ethanol for many years, more recent unbiased omics strategies have also
detected ethanol-induced UPR and ER stress related signaling changes that are shared across microglia
and astrocyte transcriptomics datasets. One study using bulk RNA-seq found that astrocytes protect
neurons from the effects of ethanol-induced stress [64]. They showed that conditional knock-out of the
mesencephalic astrocyte neurotrophic factor (Manf) severely increased ER stress gene expression and
death of neurons in young mice (post-natal day 7) when exposed to ethanol. Another study used chronic
intermittent ethanol (CIE) vapor exposure to study the effects of repeated cycles of high ethanol doses

followed by periods of abstinence in male mice; they then performed bulk RNA-seq of microglia and



astrocytes from the prefrontal cortex eight hours following the last ethanol exposure period [65]. They
found that, compared to air-exposed control mice, astrocytes and microglia from ethanol-exposed mice
shared increases in stress response, protein folding, and estrogen receptor signaling gene sets. These
included Hsp90ab1, a heat shock protein involved in the UPR, as well as other heat shock proteins. In a
single nucleus RNA-seq study of human post-mortem tissue from alcoholic patients and control subjects,
another group found that glial cells produced the greatest number of differentially expressed genes
compared to other cell types [66]. They found changes in stress response genes such as Hsp90aa1,
which was significantly reduced in microglia and astrocytes. Furthermore, large numbers of genes
associated with neuroimmune response were significantly altered, such as interferon regulatory factor 3
(/rf3), high mobility group box 1 (Hmgb1), and Toll-like receptor 2 (TIr2). Other notable genes included the
astrocyte glutamate transporter GLAST (Sic71a3) and the apoptosis related gene B-cell lymphoma 2
(Bcl2). These results were consistent across different brain regions, suggesting that gene expression
changes in glia may be a global response to chronic ethanol consumption and may contribute to
numerous behavioral impacts that are mediated by different brain regions. Many changes in the UPR and
ER stress signaling pathways are probably context dependent and we note that individual gene changes
may differ between studies of acute exposure, chronic exposure, and withdrawal from chronic
administration. For example, a recent study showed that acute alcohol exposure to interneurons of the
prefrontal cortex caused increased cell excitability, but when mice were allowed to access alcohol
intermittently over four weeks, the same subset of PFC neurons showed decreased excitability compared
to water administering control mice [67]. When assessing studies of glia, it is vital to consider how the

design of animal models or the human subject characteristics impact the biological state being assessed.
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Figure 2.1: Ethanol and opioids induce similar effects in omics investigations of glial cells.
Whether indirectly or directly via receptor signaling pathways, both ethanol and opioids activate
endoplasmic reticulum (ER) stress response and unfolded protein response (UPR) events, which seem to
affect specific glial cells in different ways. Microglia and astrocytes are thought to contribute to
inflammatory responses to both drugs, through cytokines release and changes in glutamate uptake from
the extracellular space by astrocytes. Astrocytes have also been shown to induce APOE expression
specifically after ethanol exposure. Oligodendrocyte precursor cells (OPCs) and oligodendrocytes have
been shown to differentially respond to low and high opioid concentrations, resulting in changes to
myelination and related protein expression.

Evidence of neuroinflammation is reported in nearly all glial omics studies of alcohol dependence
or models of alcohol consumption. In older studies, microarrays of cDNA probes were common for
performing RNA expression analyses. These arrays are constructed with pre-selected gene targets and
remain a much cheaper option compared to next generation sequencing technology but lack flexibility to
discover new genes or probe gene expression for low-abundance transcripts. Astrocyte-related
inflammation in the prefrontal cortex of human alcohol abuse patients was reported using such arrays,
including changes in apolipoprotein-e (Apoe) and microglial glutathione S-transferase, which is thought to
be essential for response to toxins [68]. Another microarray study using a mouse model of acute alcohol
self-administration found common changes across six brain regions in astrocyte expression of glutathione
S-transferase (Mgst1) , metallothionein 2 (Mt2), and cystatin 3 (Cst3), the latter of which is thought to be
associated with CNS infection [69]. Together, these studies suggest that alcohol consumption may induce
astrocyte-driven inflammation across brain regions, not just those circuits directly associated with alcohol

reward, craving, and seeking.



In a proteomic study of the mouse caudate putamen and nucleus accumbens following CIE or
withdrawal from alcohol, the authors saw increased farnesoid X receptor and retinoid X receptors,
oxidative stress, and mitochondrial transport chain proteins in tissue from withdrawing mice, suggesting
involvement of both metabolic stress and an inflammatory response in the striatum [70]. These authors
proposed that their results implicated alcohol induced changes in cellular lipid and cholesterol
metabolism, which may influence trafficking of receptors and transporters to the plasma membrane. Such
conclusions are supported to some extent by another study which performed proteomic profiling of
microglia exposed acutely to ethanol in vitro and found increased expression of OXPHOS-associated
proteins, but decreased expression of inflammatory signaling proteins [71]. The latter may be due to acute
alcohol exposure to induce anti-inflammatory signaling changes via increased sirtuin 2 (Sirt2) signaling
[72]. Another group profiled the proteins in exosomes released by microglia from rats administered
ethanol and determined that microglial complement component 1q (C7q) can induce apoptosis of pro-
opiomelanocortin expressing neurons [73]. This recapitulated their previous results [74], suggesting that

microglia might be implicated in the neurotoxic effects of ethanol via release of exosomes.

Metabolomic studies may inform treatment development and diagnostic testing for promoting
abstinence or reduced drug consumption. In one example, metabolomics and pharmacogenomics were
used to identify plasma markers and single nucleotide polymorphisms correlated with alcohol craving and
potential for relapse among patients taking the drug acamprosate for alcohol use disorder. Using
reprogramming of peripheral blood mononuclear cells from these patients, the authors were able to
induce astrocyte differentiation and confirm that several genes expressed by astrocytes (metabotropic
glutamate receptor 7 - Grm7, tyrosine phosphatase receptor type D - Ptprd, and autism susceptibility
candidate 2 - Auts2) , were ethanol inducible, correlated with blood concentrations of ethanolamine (a
metabolite of ethanol), and predictive of alcohol craving [75]. Another study looked at the effects of
nicotine-derived nitrosamine ketone (NNK), a byproduct of tobacco smoking, as a potential deleterious
agent acting synergistically with ethanol in rats [76]. They found that the combination of ethanol plus NNK
caused greater demyelination in white matter and decreases in several lipid species than either agent

alone.



Overall, these results on models of alcohol exposure suggest that astrocytes and microglia may
be working in concert to respond to the toxic effects of ethanol that can be seen in shared activation of the
UPR and ER stress pathways, as well as induction of neuroinflammation which may ultimately contribute

to neurotoxicity.

Opioids

In opioid administration and withdrawal studies, neuroinflammation has also been implicated by
changes in glial transcripts, especially in microglia and astrocytes. In a bulk RNA-seq study of microglia
collected from the spinal cord of rats following 14 days of morphine administration, the authors reported
that genes related to inflammation and pain were enriched during withdrawal, including the P2X
purinoceptor 4 (P2rx4) and the triggering receptor expressed on myeloid cells 2 (Trem2) [77]. They also
found evidence at the protein level for increases in allograft inflammatory factor 1 (Aif1/Iba1) and glial
fibrillary acidic protein (Gfap) in the spinal cord using immunohistochemistry, potentially indicating
activation of microglia and astrocytes, respectively. Another group performed a similar analysis with rats,
collecting spinal cord and separating microglia for bulk RNA-seq one hour following the last dose of a
sequence of escalating morphine treatments. They found evidence for inflammatory changes that were
sex-specific, such as upregulation of interleukin-1p (//7b) in male rats and downregulation of C-C
chemoreceptor type 3 (Ccr3) in both sexes [4]. In a unique study collecting peripheral blood mononuclear
cells from individuals with opioid use disorder, the authors induced forebrain organoids from the human-
derived cells to study effects of opioids applied in vitro on the transcriptome using bulk and single cell
RNA-seq. They found that oxycodone had greater effects on neuronal cells but induced changes in
interferon signaling pathways in neurons, choroid plexus associated cells, and astrocytes [78]. These
findings resulted from dimensionality reduction methods and separation of cell types by their gene
expression using a K-nearest neighbors approach now common in bioinformatics studies. Another
postmortem tissue study taking samples from human subjects with opioid use disorder performed bulk
RNA-seq to correlate changes in the dorsolateral prefrontal cortex and nucleus accumbens with data from
genome-wide association studies (GWAS) [79]. They found that both regions showed differentially

expressed genes related to extracellular matrix remodeling, TNFa and nuclear factor-kB signaling, stress



responses, and epigenetic modifications. Additionally, both regions showed specific and significant
changes in microglia transcripts, such as miRNA223, a modulator of macrophage activation. The RNA-
seq results were derived from their subjects’ samples and compared to previously published GWAS data
and suggested that downregulated transcripts in the nucleus accumbens mapped to gene loci associated
with risky behavior and various psychiatric disorders, potentially indicating a mechanistic relationship.
While correspondence between risk alleles and changes in gene sets in specific brain regions is
intriguing, the next step would be to determine the predicted functional impact of a particular risk allele;
i.e. is it predicted to increase or decrease functional RNA and protein expression? A separate group
investigated postmortem tissue from the ventral tegmental area and substantia nigra of a large sample of
95 human subjects including controls and showed that opioid use history was associated with

upregulation of glial inflammatory genes [80].

The UPR and ER stress pathways have also been implicated after opioid exposure using
transcriptomic methods. A study using single cell RNA-seq of tissue from the nucleus accumbens of mice
four hours following a morphine or saline injection found that all glial cell types showed significant
changes in gene expression, with oligodendrocytes showing the greatest number of differentially
expressed transcripts [81]. By performing bulk RNA-seq of sorted oligodendrocytes in a separate
experiment, the same group confirmed their single cell results and showed that the transcripts associated
with the UPR and ER quality control gene sets were both repressed in oligodendrocytes after a single
exposure to morphine. Such work combining multi-omics approaches highlights how one method may

inform future mechanistic investigations that naturally follow from confirmatory experiments.

Our lab has used the RiboTag method to study changes to the mouse translatome during opioid
administration and withdrawal. Using transgenic animals expressing a hemagglutinin (HA) tag selectively
on microglial ribosomes, we found that opioid tolerance downregulated cAMP-related signaling genes in
microglia from the striatum and that this pattern reversed when mice were administered naloxone to
induce withdrawal following chronic morphine administration [13]. This was a surprising result because it
is generally opposite of the pattern observed in the total RNA from striatum in the same animals and from
neurons in particular [82]. It raises the possibility that opioid-induced gene expression changes in

microglia are not regulated in response to direct opioid receptor activation as in neurons but may instead



be changing in response to the altered activity in nearby neuronal circuits, such as release of ATP or

norepinephrine by neurons induced by loss of opioid tone during withdrawal (figure 2.2).

Transcriptomic and epigenetic methods can be combined to probe accessibility of chromatin that
allows for initiation of gene expression in specific cell types. One example collected tissue from rats with a
history of either cocaine taking or of opioid administration and found surprising overlap in differentially
accessible transcription factor motifs and gene regulatory element expression [83]. They showed that
previous oxycodone or cocaine taking downregulated many glucocorticoid receptor (GR) associated
regions, including intergenic regions upstream of the FK506 binding protein 5 gene (Fkbp5), and
upregulated several AP1 family member motifs such as Creb, Jun, and Fos. Their results also specifically
identified microglia, astrocytes, and oligodendrocytes with repressed GR binding site accessibility. Such
work would not have located an intergenic region with older techniques such as microarrays, which
usually limit transcript identification to protein coding genes and do not address the accessibility of gene

regulatory elements to target genes or non-coding RNAs.
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Figure 2.2: Microglia respond in seemingly inverse ways during chronic opioid versus opioid
withdrawal. The translation of several key microglial RNAs related to cAMP related signaling is
decreased in opioid tolerant mice and increased in mice undergoing opioid withdrawal [13]. On the protein
level there is evidence for increases in P2X4 receptor expression [84], IL-1 production and release [84],
and Cathepsin S expression [85] following chronic opioid delivery. During withdrawal, both P2X7 and
P2X4 receptor expression is reported to decrease [86]. BDNF may be released both during opioid
administration and during withdrawal from opioids, as a product of mu opioid receptor expression on
microglia [87]. ATP [10] and cytokines such as TNFa [88] have been shown to be released by microglia
during opioid withdrawal. Opioids act as TLR4 agonists, suggesting a possible mechanism for opioid-
induced microglial responses [11]. Norepinephrine [89] and ATP [90] released by neurons can also act on
microglia and are thought to be released by hyperactive neurons during opioid withdrawal.

In a study of postmortem human tissue from patients with opioid use disorder, the authors
combined RNA-seq and proteomics methods to examine dorsolateral prefrontal cortex [91]. They found
that most differentially expressed genes were explained by neurons, astrocytes, microglia, and
endothelial cells. Further analysis of the RNA and protein interaction networks showed upregulation of
cellular machinery related to inflammation and angiogenesis. Another proteomic study applied morphine
and its metabolites to human derived primary astrocyte cultures [92]. They found that APOE and
extracellular matrix proteins as well as several members of the PI3K-Akt-mTOR, MAPK, and cell cycle
regulation signaling pathways were upregulated by morphine-3-beta-glucuronide exposure. A third group
using proteomics to study opioid-induced hyperalgesia in rats found that oligodendrocyte myelin-related

protein expression (including MBP, PLP1, MOG, MAG, and MOBP) was decreased in the prelimbic area



of the prefrontal cortex immediately following a series of acute fentanyl injections [93]. Together these
results suggest that changes to RNA and protein expression are sensitive to the time course of drug
exposure and whether it is voluntarily taken or administered noncontingently. Animals choosing to take
drug may show changes in specific transcripts and molecules that are markedly different from animals
that are administered drugs by experimenters. Furthermore, the findings of studies in one brain region
may be completely distinct from those in another region of the CNS, even when taking into consideration

the use of similar methods of drug delivery [94].

Food rewards as potential addictive substances

The term addiction is sometimes applied to abnormal patterns of excessive or binge-purge,
palatable food intake that individuals find difficulty in controlling. For example, a high fat diet has been
associated with changes in motivation and mesolimbic dopamine system plasticity which mirrors
administration of certain drugs of abuse [95]. A metabolomic study of mice found that markers of
oligodendrocyte progenitor cells in the spinal cord were reduced after twelve weeks of voluntary, high fat
diet consumption. Further RNA-seq profiling showed that several ER stress-related genes were
upregulated in the spinal cord and that ER stress and mitochondrial dysfunction metabolites were
associated with oligodendrocyte cell death or dysfunction [96]. Given that opioids have been shown to
impact oligodendrocytes and myelin biology, this highlights the power of metabolomics to identify the
mechanisms by which glia are involved in changes induced by administration of drugs or highly palatable
food rewards. Since food has both nutritional and motivational domains, distinguishing metabolic from
behavioral impacts in omics results is not straightforward, but by comparing across different reinforcers
we may be able to draw inferences regarding which changes relate to the behavioral adaptations that are

most closely aligned with habitual and problematic reward seeking.

Nicotine

Several studies have used omics methods to study nicotine as a drug of abuse ([97], [98], [99])

but, as elsewhere in this review we have limited the scope of our comments to include only those studies



which directly discuss changes ascribed to glial cells or glial signaling. In a study of nicotine exposure to
pregnant rats combining single nucleus RNA-seq and ATAC-seq, Chen et al found that total microglia
were reduced in the developing brain and that the offspring were more susceptible to cerebral ischemic
injury, which was correlated to increased expression of inflammatory genes and downregulation of

glutamate receptors [100].

Amphetamine, cocaine, and other stimulants

TRAP-seq was used to examine astrocyte changes in response to cocaine or methamphetamine
in the mouse substantia nigra and ventral tegmental area [101]. The authors found that corticotropin
releasing factor type 2 receptor (Crhr2) transcripts were increased and GLAST was decreased at protein
level by stimulant exposure. This work demonstrated that CRHR2 is produced by astrocytes in the

midbrain, suggesting a greater role for astrocytes in the response to CRF as a neuromodulator.

A meta-analysis of RNA-seq data from mice administered palatable food or cocaine found that
both food and stimulant exposure caused gene expression changes related to cAMP signaling pathways
[102]. The authors also found evidence for involvement of glia, with cAMP regulatory genes such as
protein phosphatase 1 regulatory subunit 1B (Ppp1r1b), regulator of G-protein signaling 9 (Rgs9), and
phosphodiesterase 10a (Pde10a) changing across neurons, astrocytes, oligodendrocytes, and

endothelial cells.

Future work can benefit from multi-omics approaches

We hope to see greater adoption of multi-omics methods to leverage precious tissue generated
for hypothesis testing. For example, the ability to combine RNA-seq methods with either chromatin
accessibility assays or proteomics/metabolomics methods allows for cross correlation of results and may
allow for better resolution of mechanisms regarding glia in addiction biology. Additionally, questions
remain as to if and how glia may differ in the biology of addiction between distinct regions of the brain.
Clearly, certain components of addiction-related behaviors will be mediated by different brain regions yet

most addictive substances impact the entire brain and can alter glial biology globally. The extent to which



changes in glia are observed across brain regions vs. within specific brain regions may provide insights
into whether the drugs are affecting the glia directly or whether the glia are responding to changes in the
function of neural circuits within a particular brain region. Given our current understanding of how drug
taking alters neural communication between and within the basal ganglia, the extended amygdala, and
the prefrontal cortex over time, it is worth dissecting how and when glia are participating and their relevant
effects are mediated. Some of this is now coming to light, such as how neuroinflammation and cellular
stress responses are engaged by microglia and astrocytes in several regions, including the prefrontal
cortex and the striatum. Still, more work needs to be done to understand if microglia (for example) differ
significantly in their response to a given drug of abuse across the brain and across stages of the addiction

cycle.

We also propose a few best practices regarding interpretation of omics data. First, controls for
negative conditions must be carefully chosen as they represent the reference state for biomolecules
under question. This is particularly salient for RNA-seq studies, where small differences in how samples
are handled or how animals are tested in different behaviors can give rise to potentially significant
changes in RNA expression. Glial biology especially can be impacted by loss of cell tissue during cell
sorting (microglial processes, astrocyte processes, et cetera). Second, for studies involving
immunoprecipitation of a biomolecule from tissue homogenate (such as is done for RiboTag or TRAP-
seq), it is of vital importance to always compare paired input and immunoprecipitated samples.
Purification methods are not perfect and large changes in the input tissue may contaminate the
immunoprecipitated fraction, resulting in neuronal or other cell genes being present in glial-specific
results. We have attempted to estimate, model, and correct for such contamination in some cases [13].
Third, the use of a sufficient number of biological replicates is of greater importance than technical
replicates when performing omics studies to contend with the degree of variability that exists between
individuals. Since animals vary a great deal in their drug seeking behaviors, correlating individual
subjects’ omics results with their behavior may provide clues as to which gene changes alter a particular
feature of addiction-related behaviors, such as intensity of tolerance or withdrawal, craving, and likelihood
to relapse after abstinence. Using distinct methods to validate and verify differentially expressed

biomolecules in separate samples can increase our confidence in the results of an omics study, such as



by validating changes in glial cells using fluorescent in situ hybridization experiments to target RNAs.
Potential pitfalls exist as well—true changes in the transcriptome may or may not be reflected in the
translatome or the proteome, and the functional state of cells in individuals going through tolerance and
withdrawal may change rapidly, making it difficult to compare results from two different time points or
across drugs with different biological half-lives. Finally, rigorous studies must incorporate enough male
and female subjects for adequate power, whenever possible, as sex remains a poorly studied variable in

addiction science and biomedical science generally.

Conclusions

Harnessing the power of omics techniques can now give scientists great precision to answer
hypotheses regarding timing of drug-induced changes without having to limit data collection to a single
cell type or a single portion of the CNS. From our review of the literature, we can draw several
overarching conclusions about the current state of glial omics work on addiction. While much has been
learned about astrocytes and microglia, ependymal cells remain the least studied of the glial cell types.
Drug-induced changes to oligodendrocytes can impact the developmental trajectories of neural circuits,
thereby altering function over the lifespan. The UPR and ER stress pathways are differentially engaged
with astrocytes and microglial, often in similar directions when studying multiple brain regions. This may
point to a common effect of drugs of abuse generally, such as the toxic effects of the substances
themselves or the action that they induce on circuit function across the CNS. Neuroinflammation is a
common response to drug exposure and seems to be driven primarily by astrocytes and microglia but is
not necessarily restricted to these cells and remains poorly described except as a general response.
Finally, some changes in glial cells may relate to effects of the drugs on the glial cells directly whereas
other changes to glia are likely to be induced as responses to alterations in neighboring neurons. These
distinctions are important as they may have implications for the development of novel therapeutics that
target glial biology selectively, while attempting to avoid off-target effects on neurons that respond

differently from glia to drug exposure.



Chapter 3 / Repeated opioid withdrawal increases mouse anxiety and hyperalgesia, and induces

an inflammatory microglia profile

Introduction

Based on previous work from our laboratory and others, we designed a series of experiments to
study the effects of multiple cycles of opioid withdrawal on mouse behavior. We believe this is the first
study of its kind to investigate the notion that the subjective experience of withdrawal may worsen with
repeated withdrawal episodes in an individual’s life. We also were inclined to study how microglia may
contribute to the etiology of withdrawal by performing RNA sequencing of the microglia RNAs undergoing
translation at 16 hrs into the development of spontaneous withdrawal, looking specifically at microglia in

the mouse striatum.

There are several reasons for studying microglia in the striatum. The striatum is a complex hub of
information processing, integrating inputs from the cortex, thalamus, and the basal ganglia [103]. The
ventral striatum, comprising the nucleus accumbens, has major roles in reward processing, learning, and
emotional responses [104] and receives strong innervation from the dopamine-releasing neurons of the
substantia nigra and ventral tegmental area [105]. The dorsal portion is characterized by patch (also
known as striasome) and matrix components and can further be subdivided into functionally meaningful
dorsolateral and dorsomedial domains [106]. The expression of mu opioid receptors (MORs) on medium
spiny neurons of the striatum [107] implicates microglia in the effects of long term opioid administration
and its effects on neuronal circuit changes and animal behavior [108], as well as the effects other drugs of
abuse [109]. Additionally, basic responses to food rewards in certain states depend on MOR expression in
the ventral striatum specifically, giving strong rationale for investigating how microglia might be impacting

striatal activity in the context of opioid action [110].

Materials and methods

Animals



Transgenic mice were generated by crossing tamoxifen-inducible Cx3cr1-CreERT2 hemizygous mice
(Cx3cr1-Cre*") with homozygous, floxed RiboTag mice (Ribotag**) on a C57BL/6 background. Mice
received tamoxifen (75 mg/kg dissolved in corn oil) via intraperitoneal injection (ip) for 5 days at starting at
4 weeks of age to induce Cre-mediated recombination. Males and females were housed in separate
cages of two to five total animals for all strains used. Mice ranged in size from 18 to 32 g and were
between 8 and 14 weeks old at the time of placement into experimental groups. Mice were group housed
in a temperature- and humidity-controlled vivarium with a 14—10 light—dark cycle with ad libitum access to
food and water. Most experiments were performed during the light phase except for the sucrose
preference test described below, which was performed overnight beginning at 5 PM over several days. All
experiments were performed in compliance with the Guide for the Care and Use of Laboratory Animals
(NRC 2011) and were approved by the Institutional Animal Care and Use Committees for both the
University of Washington and for the Veteran’s Affairs, Puget Sound Health Care System. Heterozygous
Ribotag*- :: Cx3cr1-Cre*" offspring were chosen for RNA immunoprecipitation and sequencing following
the behavioral experiments while Cre-null Ribotag*-:: Cx3cr1-Cre” cage mates were chosen for perfusion
and immunohistochemistry (IHC). Live decapitation was used for RiboTag RNA isolation procedures while
cardiac perfusion using paraformaldehyde (PFA) was conducted for tissue preservation and performance

of IHC.

Drugs

For all experiments involving fentanyl treatment, ip injection was performed twice a day for five days to
induce opioid tolerance. Animals in the fentanyl treatment group were exposed to increasing fentanyl
concentrations each day; the dose doubled each day, starting at 200 ug/kg on day one and increasing to
3200 pg/kg on day five. For animals in the saline control groups, saline vehicle of equal volume was
matched for fentanyl solution. For comparison of treatment groups, animals exposed to five cycles of
withdrawal repeated the injection protocol a total of five times. Between each cycle of injections, animals
in both the saline and fentanyl conditions were allowed to rest in the home cage without any injections for

four days. Tamoxifen solution was prepared by dissolving 20 mg/mL tamoxifen in corn oil and stirring



overnight at room temperature, protected from light. Prior to IP injections, both fentanyl and tamoxifen

solutions were sterile filtered (Thermo Scientific, 0.2 um pores).

Sucrose Preference Testing

The sucrose preference test procedures were carried out following on the work of Meng-Ying Liu et al
[111]. Briefly, animals were first exposed to two 50 mL BioServ bottles in their home cages for a period of
two days. The bottles contained either water or 2% mass/volume sucrose in water (~0.058 M). Bottles
were washed each day, the contents refilled, and the side of the cage assigned to each bottle was
swapped from left to right or vice versa. After two days of training with their littermates, animals were
isolated to individual cages at 5 PM the following night (3 hours prior to the beginning of the dark cycle)
and again exposed to both bottles with cage sides randomized by a coin flip for the water and sucrose
positions. Masses of the bottles were recorded and mice were allowed ad lib access to the bottles until 9
AM the following day (16 hours total). The following morning, bottle masses were again recorded and the

difference was determined.

Tail Flick Testing

The tail flick testing procedure was performed following the methods of Reichard et al [112]. Briefly,
animals were first handled for at least three days before any measures were taken. Using a hot plate, a
beaker filled to 1L with water was brought to 52°C while under constant stirring with a stir bar. Mice were
then held gently in the experimenter’s hand, using a disposable paper towel as a restraint, and their tails
submerged into the water bath. The time for each animal to flick their tail from the water was recorded

using a stopwatch. The median result of three consecutive trials was recorded for all animals tested.

Open field recordings

Animals were recorded for thirty minutes in a novel environment made of 0.9 cm thick, white acrylic
(dimensions: 22.86 cm tall x 35.56 cm wide x 33.91 cm wide) using webcams placed above the open field

(resolution 1920 x 1080 pixels, Spedal) and lit by bright white light (usb LED ring lights, 10 inch diameter,



Amazon) from above. Based on previous experiments in our own laboratory and others, we chose to
examine 16 hours and 196 hours following the final fentanyl dose for video capture of spontaneous
behaviors. Experimenters visually watched the mice for escape jumps and recorded these. Following
video capture, recordings were analyzed using EthoVision XT software (Noldus) to determine mobility,
distance traveled, and time spent in the edges of the open field compared to the center (defined by 50%

of the floor area split between each).

Tissue collection and Immunohistochemistry (IHC)

For collection of RNA for sequencing, Ribotag*- mice were taken immediately after the last
behavioral experiment and euthanized by decapitation using sharp scissors. The head was then
immersed in ice cold PBS for ~10-15 seconds and the brain then carefully extracted from the skull. Half of
each brain was dissected following sagittal separation along the midline and the striatum was
homogenized in supplemented homogenization buffer (50 mM Tris HCI, 100 mM MgClI2, 1% NP-40, 1 mM
DTT, 1 x protein inhibitor cocktail (Sigma), 200 U/mL RNasin (Promega), 100 ug/mL cycloheximide
(Sigma) and 1 mg/mL heparin). All homogenates were centrifuged, and supernatant was collected. From
each sample, 10% was set aside as the whole transcriptome sample (input, IN), and the remaining
sample was processed to isolate ribosome bound mRNA (immunoprecipitated, IP). All aspects of tissue
processing, immunoprecipitation, and RNA-Seq library generation are described in detail in work by
Lesiak et al [113]. In the present study, Ribotag’ animals were used to generate the negative control

samples (Ctrl NA) for sequencing.

For collection of PFA fixed tissue, mice were injected with a fatal dose of Euthasol (pentobarbital
sodium 390 mg/mL and phenytoin sodium 50 mg/mL, diluted with an equal volume of saline) according to
their body mass (0.1 mL of diluted solution per 10 g). After reaching sufficient analgesic depth, the chest
cavity was opened, the heart was pierced with a needle, and the body was perfused with ice-cold PBS to
remove circulating blood and then by 4% PFA (prepared in PBS) to induce tissue fixation. The brain from
each animal was carefully extracted from the skull following perfusion and post-fixed in 4% PFA for 16

hours at 4 °C and then transferred to a 30% sucrose solution (made in PBS as well). Sections were then



sliced using a cryostat to 30 - 40 um and stored in PBS (with 0.01% sodium azide as a preservative) until

IHC was performed.

Free floating sections were prepared for IHC by incubating in blocking buffer (4% normal donkey
serum, 1% bovine serum albumin, 0.5% Triton-x 100, 0.5% Tween-20, 0.5% sodium deoxycholate, in Tris
buffered saline) for 1 hour at room temperature using a nutating shaker. Sections were then moved to the
primary antibody solution (blocking buffer with primary antibodies as described below) for incubation at 4
degrees C, shaking, for 72 hours. We used the following primary antibodies: Rabbit anti-Ilba1 (1:500,
Fujifilm Cellular Dynamics 019-19741), Rat anti-C1q (1:1000, Abcam ab11861), and Goat anti-PSD95
(1:500, Abcam ab12093). Following primary antibody incubation, sections were washed three times for
five minutes each in blocking buffer followed by incubation in the secondary antibody solution for 1 hour,
shaking at room temperature. We used the following secondary antibodies: Donkey anti-Rabbit
AlexaFluor 555 (1:1000, Abcam ab150062), Donkey anti-Rat AlexaFluor 488 (1:1000, Invitrogen A-
21208), and Donkey anti-Goat AlexaFluor 647 (1:1000, Invitrogen A-21447). Following the secondary
antibody incubation, sections were moved to TBS with one drop of DAPI solution (NucBlue Fixed Cell
ReadyProbes Reagent, Invitrogen R37606) for thirty minutes, followed by five washes in TBS for ten
minutes each before being mounted on slides using Prolong Diamond Antifade Mountant (Invitrogen

P36965).

RNA Sequencing and Data Analysis

We prepared cDNA libraries using the SMARTer Stranded Total RNA-Seq Kit v2 — Pico Input
Mammalian (Takara). These were sent for quality control testing and sequencing using a NovaSeq two-
lane chip on the lllumina system at the Northwest Genomics Center facilities at the University of
Washington (https://nwgc.gs.washington.edu). The raw fastq files were concatenated (see supplemental
materials for the Python script) to combine the data from two lanes, preserving separate forward and
reverse runs from the paired-end samples. Quantification of transcripts was performed via Salmon [114]
using the mouse transcriptome downloaded from Ensembl (script also available in the supplemental

materials). Determination of differentially expressed genes was performed using R (DESeq2 package,



[115]), followed by generation of gene modules based on Weight Gene Coexpression Network Analysis

(WGCNA, [116]). Briefly, the gene count matrix from the differential expression analysis for all IP samples

that was generated using DESeq2 was filtered to remove zero-variance genes and genes below a

minimum sequence count of five in at least two of the biological replicates. A signed topological overlap

matrix was generated for clustering the genes. Module membership was assigned using a dynamic tree

cut, and highly correlated modules were merged by reclustering module eigengenes. Gene module

names were left as R color values to avoid introducing experimenter bias. Scripts for all RNA sequencing

data processing and analysis are available in the supplementary materials.

Quantitative PCR (qPCR) analyses

The mRNA expression levels for input (IN) and immunoprecipitated (IP) samples were assessed

via gPCR on a Quant Studio Pro 7 using Power Sybr (ThermoFisher). cDNA libraries were standardized

across samples and targets with Ct values being normalized to that of PPIA. Primer sequences were

designed using the IDT PrimerQuest tool (https://www.idtdna.com/pages/tools/primerquest). Relative

quantification and fold enrichment was obtained using the standard curve Pffafl method [117].

Primer Set Forward Reverse
Beta Actin CACCAGTTCGCCATGGAT TCACACCCTGGTGCCTA
CD68 CATCCTTCACGATGACACCTAC | AACTGTGACATTTCCGTGACT
P2RX4 GCACACTACACACAATGGATTTC | CGTGTCTCTGCTCCCATATTC
P2RY6 AAACAACGAGGAACACCAAATC | TAACTGCCTGTCAGCCTTTC
PDEB3 GCTACCGGGACATTCCATATC ATCTGAGGTAAGCCAGGAATTG
PPIA TGGCAAGACCAGCAAGAA CTCCTGAGCTACAGAAGGAATG
RPL22 GAGCTGCGTTACTTCCAGATTA | ATAGGGATAGCCCGCATAGT
Siglec1 GGACTTTCTTGGTGGGTTAGAG | CTCTGTTAGAGCAACCTGACTG
TMEM119 GGCAGTGACATCTACTTTCCA CTCCTCATTGGCTAGCTGTATC
TNFRSF1a GTCTGGAACCAGTTTCGTACAT | ACACTCGGTTCTGCTGTTTAG

Confocal microscopy and Image analysis

Following IHC, slices were imaged using either a Leica SP8 or a Nikon A1R confocal microscope,

both part of the microscopy core services as the VA Puget Sound Health Care System. The SP8 imaging




used an HC PL APO CS2 objective (20x, 0.75 NA). Slides were illuminated using a 470 — 670 nm tunable

white light laser with power no greater than 30% for each channel. The average voxel size was 0.135 x

0.135 x 0.684 um and an image size of 2048 x 2048 pixels (pixel dwell time 0.375 us) using 4x line
averaging. The A1R imaging used a CFI Plan Apo Lambda objective (40x, 0.95 NA). Slides were
illuminated from a white light source with four filter cubes (DAPI, FITC, TRITC, and Cy5), with power no
greater than 9 for each channel. The average voxel size was 0.156 x 0.156 x 0.650 um and an image size
of 1024 x 1024 pixels using 16x line averaging. A bit-depth of 8 or 16 and a zoom factor of two was used

for all images.

Statistical Methods and figure generation

Because our multi-factor ANOVA results did not show a significantly effect of sex on any of our
behaviors, we pooled data from male and female unless otherwise specified. Statistical comparisons
were first made for experimental conditions in all data analyzed using either multi-factor ANOVA (figures
3.2, 3.5, 3.6) or a general linear model (GLM, 3.3, 3.4) unless otherwise specified. All pairwise
comparisons or adjusted p-values were computed using Tukey’s HSD (figures 3.2, 3.5, 3.6) or the method
of Benjamini-Hochberg (figures 3.3, 3.4). Figure generation was performed using R and Python software,
except for figure 3.1 which was performed using Biorender.com. R and Python scripts for statistical

analyses and figure generation are available in the supplementary materials.
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Figure 3.1: Mice were treated with fentanyl or saline for five days followed by measurement of withdrawal
behaviors (a). For animals in the one cycle of withdrawal group, behaviors were measured at 16, 48, or
196 hrs following the final injection on day five. For animals in the five cycles of withdrawal group,
behaviors were measured at the same time points, but following the fifth and final cycle of fentanyl
delivery. For measurement of translatome changes induced in microglia, Ribotag+/- :: Cx3cr1-Cre+/- mice
were euthanized following the 16hrs of spontaneous withdrawal and the striatum was isolated from one
sagittal half of the brain (b). Immunoprecipitation of the ribosome bound RNAs was performed using anti-
HA antibodies and magnetic beads while 10% of the input sample was collected to perform whole
transcriptome sequencing of bulk RNAs from the striatum.



Results

We first wanted to determine how the experience of opioid withdrawal multiple times would
impact animal behavior. Mice were grouped into four experimental groups based on drug treatment
(Saline - Sal or Fentanyl - Fent) and number of withdrawal cycles (One or Five). Animals in the one cycle
condition were injected twice daily for five consecutive days with saline or fentanyl (ip) and then
behavioral measures were made at 16, 48 or 196 hrs later. Animals in the five cycle condition were also
injected twice daily for five days, and then allowed to undergo withdrawal in their home cage for four days

before undergoing four additional cycles of injection (figure 3.1a).

We used the sucrose preference test to determine if withdrawal cycles induced a change in
affective state. We found that greater withdrawal experiences led to a significant decrease in total sucrose
consumed as well as the percent of sucrose consumed as a portion of total fluid intake between the water
and sucrose bottles (figure 3.2a). Multi-factor ANOVA showed a significant effect of drug treatment (F =
11.4, p = 0.001) as well as a significant interaction between treatment and withdrawal cycle (F = 7.37, p =
0.007). The animals in the Fent Five group drank significantly less sucrose solution than animals in the
Sal Five group at 16 hours (-9.0%, p = 0.02) as well as at 48 hours following the final fentanyl injections (-
14.3%, p = 0.003). Animals in the Fent One group also drank significantly less sucrose solution compared
to animals in the Sal Five group (-7.6%, p = 0.02) but not compared to the Sal One group as a percentage
of sucrose consumed (compare 3.2a to figures 3.2b and 3.2c¢). These data suggest that the Fent Five
animals experienced anhedonia and lack of motivation to consume a palatable reward compared to the

Fent One animals.

We used the tail flick test to determine if hyperalgesia, normally induced during opioid withdrawal
[118], was different between animals experiencing multiple cycles of withdrawal. Mice in the tail flick test
showed greater hyperalgesia with more fentanyl withdrawal experiences (figure 3.2d). Multi-factor
ANOVA showed a significant effect of drug treatment (F = 132.0, p < 0.001), a significant effect of
withdrawal cycles (F = 33.2, p < 0.001) and a significant interaction of treatment and cycle (F = 8.8, p =
0.003). The hyperalgesia was more pronounced for animals in the Fent Five group compared with the
Fent One group (-0.16 s, p < 0.001) at sixteen hours following the final fentanyl injection and both the

Fent Five and Fent One groups were significantly more hyperalgesic than animals in either saline group



at the sixteen-hour timepoint (Fent Five vs Sal Five: --0.27 s, p < 0.001, Fent Five vs Sal One -0.32 s, p <
0.001, Fent One vs Sal Five -0.11 s, p < 0.001, Fent One vs Sal One -0.17 s, p < 0.001). By forty-eight
hours since the final fentanyl injection, the Fent Five and Fent One groups did not showing significant
differences in the tail flick test, but were still significantly more hyperalgesic than the saline groups (Fent
Five vs Sal Five -0.27 s, p < 0.001, Fent Five vs Sal One -0.22 s, p < 0.001, Fent One vs Sal Five -0.20 s,
p < 0.001, Fent One vs Sal One — 0.15 s, p < 0.001). At seven days (or 196 hrs) following the last fentanyl
injection, the Fent One group did not show differences in the tail flick test compared to the Sal One group,
but did show less hyperalgesia compared to the Sal Five (+0.09 s, p = 0.006) and Fent Five groups
(+0.16 s, p < 0.001). These results demonstrate that hyperalgesia can be long lasting and more severe

for animals that have experienced multiple opioid withdrawal episodes.

We used the open field test to determine if greater experiences of opioid withdrawal had an
impact on general locomotion and anxiety-like behavior. When tested in the open field chamber for
anxiety-like behavior at sixteen hours after the last fentanyl injection (see figure 3.2e), animals in the
Fent Five group spent less time in the center of the open field than animals in the saline groups (vs Sal
Five: -7.6% total time, p < 0.001, vs Sal One: -20.4% total time, p < 0.0001) as well as compared to the
Fent One animals (-27.75% total time, p < 0.0001). The Fent One animals showed an unusual increase in
time spent in the center of the open field when compared with either saline group (vs Sal Five: +20.17 %
total time, p = 0.002, vs Sal One +7.31, p = 0.03). This may be due to the propensity of these animals to
try to escape from the open field chamber. At 7 days after the final fentanyl dose, the Fent Five animals
spent significantly less time in the center of the open field compared to the Sal One animals (-16.5% total
time, p = 0.005), but did not show a significant difference in time spent in the open field compared to the
Fent One or Sal Five groups. Multi-factor ANOVA showed a main effect of treatment (F = 5.34, p = 0.02)
and cycle (F = 31.3, p < 0.0001). We also noticed that mice in the Fent One and Fent Five groups showed
a great number of escape attempts from the open field 16 hours after the last fentanyl injection, but not at
7 days after the last fentanyl injection (figure 3.2f). Here ANOVA sowed a main effect of treatment (F =

8.93, p = 0.003).

Together these data suggest that mice who experience a greater number of extended withdrawal

episodes also experience an increase in the severity of the withdrawal symptoms, especially at 16 hours



following their last fentanyl dose, which appears to be the most significant point where differences emerge

between animals in the one cycle and five cycle groups.
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Figure 3.2: Fentanyl withdrawal symptoms are exacerbated by repeated opioid withdrawal experiences.
(a) Mice in the Fent One and Fent Five groups consumed significantly less sucrose solution by percent of
total fluid intake 16 hours following their last injection when compared with the Sal Five animals, but not
the Sal One animals. (b) The total mass of sucrose solution consumed by Fent One and Fent Five
animals was significantly lower than both Sal groups at the 16 hour time point. At 48 hours following their



final injection, Fent Five animals (n = 10, 5M 5F) show decreased sucrose consumption compared with
the Sal One group (n = 10, 5M 5F) but not the Sal Five (n = 10, 5M 5F) group or the Fent One Group (n =
10, 5M 5F). (c) Total mass of water consumed by each group was not significantly different at any time
point tested. (d) In the tail flick test, Fent One (n = 28 ,15M 13F) and Fent Five (n = 16, 8M, 8F) groups
show significantly greater hyperalgesia from the Sal One (n = 16, 7M 9F) and Sal Five (n = 23, 16M, 8F)
groups at 16 and 48 hours following the last injection, but Fent One (n = 25, 13M 12F) animals return to
baseline tail flick time by 196 hours while Fent Five (n = 27, 12M 15F) animals still show significantly
faster time flick time. Note the number of Sal One (n = 21, 10M, 11F) and Sal Five (n = 25, 13M 12 F)
animals tested in the tail flick test at 48 and 196 hrs. (e) Fent Five animals spent significantly less time in
the center of the open field arena 16 hours after their last injection compared with either Sal group and
compared with the Fent One group. Seven days (196 hrs) following the last fentanyl injection, there is still
some evidence for anxiety-like behavior in the Fent Five animals, but only when compared to animals in
the Sal One group. (f) Mice in both Fent groups showed significantly greater escape jump from the open
field arena than either Sal group at 16 hours but none of the groups showed escape jumps at 196 hours.
Asterisks indicate significant effects of pairwise comparisons with adjusted p < 0.05 (*), p < 0.01 (**), and
p < 0.001 (***).

Sucrose preference test animal breakdown

Time point Group N (sex = male, female)

16 hrs Sal One 16 (7, 9)
Fent One 28 (15, 13)
Sal Five 23 (16, 7)
Fent Five 16 (8, 8)

48 hrs Sal One 10 (5, 5)
Fent One 10 (5, 5)
Sal Five 10 (5, 5)
Fent Five 10 (5, 5)

196 hrs Sal One 10 (5, 5)
Fent One 10 (5, 5)
Sal Five 10 (5, 5)
Fent Five 10 (5, 5)

Tail flick test animal breakdown

Time point Group N (sex = male, female)

16 hrs Sal One 16 (7, 9)
Fent One 28 (15, 13)
Sal Five 23 (16, 7)
Fent Five 16 (8, 8)

48 hrs Sal One 21 (10, 11)
Fent One 25 (13, 12)
Sal Five 25 (13, 12)
Fent Five 27 (14, 13)

196 hrs Sal One 21 (10, 11)
Fent One 25 (13, 12)
Sal Five 25 (13, 12)
Fent Five 27 (14, 13)

Open field test animal breakdown

Time point Group N (sex = male, female)
16 hrs Sal One 16 (7, 9)
Fent One 12 (5,7)

Sal Five 20 (13, 7)



Fent Five 17 (10, 7)

196 hrs Sal One 12 (7, 5)
Fent One 16 (9,7)
Sal Five 13 (7, 6)
Fent Five 19 (9, 10)

RNA Sequencing results

Following the sixteen hour time point, we dissected out the striatum (both ventral and dorsal
regions) from one hemisphere of each Ribotag*- : Cx3cr1-Cre*- mouse, homogenized the tissue, and
isolated the HA-tagged ribosomes to perform sequencing of the microglia-specific RNAs undergoing
translation (figure 3.1b). This portion, which we refer to as the immunoprecipitate (IP), represents the
microglia translatome during spontaneous opioid withdrawal and can be compared to the other RNAs
from the striatum. The latter we refer to as the input (IN), and we also sequenced a fraction of this
material to determine the extent of microglia specificity in our results. The sequenced RNA represents a

total of 30 mice as shown in Table 3.1 below.

Table 3.1: Mice from the experimental groups represented in the RNA sequencing data

Drug Withdrawal Cycles N (sex = male, female)

Saline One 10 (5, 5)
Fentanyl One 9(4,5)

Saline Five 4(2,2)
Fentanyl Five 7(3,4)

We analyzed the RNA sequencing data and determined differential gene expression using
DESeq2 [115]. A principal components analysis (PCA) of all the genes showed that the IN samples
separate completely from their paired IP samples along the axis of the first PC (see figure 3.3a). A great
number of the most enriched genes in the IP samples are microglia specific (figure 3.3b) and microglia
transcripts are more abundant compared to other cell type genes in the IP samples (figure 3.3c¢), which
strongly suggests that our enrichment of microglia specific RNAs using the Ribotag method was
successful. Comparing IP samples by experimental treatment group suggests that the gene expression is
similar for the Fent One and Sal One groups, which generally segregate along a combination of the first
and second PC axes (figure 3.3d). However, there is no clear separation between drug treatment,
suggesting that a combination of withdrawal experience and drug exposure made the largest difference in

the gene expression among groups. This is further supported when looking at the number of differentially



expressed genes as determined by DESeq2. Comparing the Sal Five to the Sal One group, we find 45
significantly differently expressed transcripts (figure 3.3 e), whereas comparing the Fent Five and Fent
One groups, we find 5614 transcripts meeting our significance thresholds (adjusted p-value < 0.01 and
absolute log2(fold change) > 0.6, figure 3.3f). These data suggest that multiple withdrawal experiences
induce more robust changes in microglia gene translation compared to a single withdrawal experience

following chronic fentanyl administration.
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Figure 3.3: Principal component analysis (PCA) of the IN and IP samples together shows clear
discrimination (a). Volcano plot of adjusted p-values for each gene in IP vs IN groups versus the
corresponding foldchange for that gene. Comparison of IP vs IN in differential gene expression gives



many microglia genes as significantly enriched, such as Ctss, Csf1r, OImf3, P2ry13, Tmem119, Aif1,
Hexb, Golm1, P2ry12, and Cbar1 (b). Comparison of IP vs IN cell type classification clearly indicates
microglia genes are enriched compared to other cell types (c). PCA of the IP samples alone does not
clearly differentiate groups, however the Sal One and Fent One groups do segregate from the Sal Five
and Fent Five groups (d). DESeqg2 analysis reveals that Sal Five vs Sal One gives 43 significantly
differentially expressed genes (e) whereas Fent Five vs Fent One gives 5486 differentially expressed
genes (f). Note that differentially expressed genes were filtered to those with an adjusted p-value < 0.01
and abs(Log2FoldChange) > 0.6.

Following determination of differential gene expression using DESeq2, we chose to use an
unbiased approach to find gene sets of interest in the data by applying weighted gene co-expression
network analysis (WGCNA, [116]). This determines a correlation between each gene and every other
gene sequenced using the DESeq?2 differential expression data. Modules of genes are then assigned
based on hierarchical clustering of similar gene co-expression. These color-coded modules represent
potential biological networks that can be explored further and tested with specific hypotheses. WGCNA
revealed several interesting modules with overall increased mean expression of genes involved in
microglia function, such as the brown and orangered4 modules, as well as one module with decreased
gene expression related to synaptic transmission and communication, the steelblue module (figure 3.4a).
A great number of genes in the brown module (figure 3.4b) were related to purine or nucleotide sensing
and/or metabolism, such as P2ry12, P2rx7, and P2ry13 which were significantly increased in the Fent
Five animals compared to the Fent One animals. Other significantly increased genes were related to
innate immunity or regulation of inflammation, such as Rnaset2b (an RNase), Ly86 (also known as MD1,
a regulator of TIr4), and Tnfrsf13b (aka Taci, a Tnf receptor that signals through the AP-1/NF-kappa-B

pathway).

We further investigated the brown, steelblue, and orangered4 modules using clusterProfiler and
the KEGG PATHWAY database [119] to perform overrepresentation analysis of genes that were
significantly changed between the Fent Five and Fent One groups (figure 3.4c - e). This can be useful for
determining what kinds of genes are more common in each module, as the KEGG database organizes
genes into categories by their known molecular interactions, reactions, and relational networks.
Surprisingly, the brown (figure 3.4c¢) and steelblue (figure 3.4d) modules resulted in only one significantly
enriched, descriptive category of genes each: neuroactive ligand-receptor interaction. The orangered4

module however showed many enriched gene categories (figure 3.4e). When digging into these genes to



investigate further, we found that many of the shared hits were histone related (H2ac13, H2bc8, Hcbc18,

and others, see supplementary table). Many of the transcripts were present at low mean count values in

the IP data, suggesting that they may be differentially expressed but not meaningful for further

investigation. However a few stood out, including TiIr2, Clec7a, Ccl12, Bcl2a1b, Cenpe, and Ifi204. These

genes are significantly upregulated in the Fent Five group compared to the Fent One group and,

importantly, not significantly different (adjusted p-value > 0.01) in expression between the Sal Five and

Sal One groups. These results suggest that the orangered4 module represents an inflammation-related

gene set that is more engaged in the animals that underwent five cycles of withdrawal.

Table 3.2: orangered4 module genes related to inflammatory and disease response related KEGG
PATHWAY categories enriched in the Fent Five vs Fent One IP samples

Gene Log2(Fold Change) — Fent Log2(Fold Change) — Base mean count
Five vs Fent One Sal Five vs Sal One

Tir2 2.06 0.929 104
Clec7a 2.14 1.14 45.3
Ccl12 3.03 0.257 43.4
Bcl2a1b 2.05 0.649 60.6
Cenpe 2.20 0.611 47.0
1fi204 2.66 0.929 100
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Figure 3.4: Genes in the Fent Five versus Fent One groups organized into modules according to WGCNA
(a), with dark black dotted lines indicating the genes above and below significant Wald statistic values (p-
adjusted < 0.01 and absolute log2foldchange >= 2) from DESeq2 results. Select genes in the brown
module showing significant differential expression (b). KEGG PATHWAY overrepresentation analysis for
genes in the brown (c), steelblue (d), and orangered4 (e) modules. Adjusted p-values are shown for c-e
based on enrichment relative to other genes present in the module.



Following up on the results from RNA sequencing, we decided to corroborate our findings by
performing gPCR of several genes of interest that showed differences in expression when comparing the
Fent Five and Fent One groups. Some of our targets did not replicate our DESeq2 results: Tmem119,
Siglec1, and Pdeb3 (figure 3.5a - ¢) were not significantly different in expression between any of the
experimental groups when looking at normalized relative starting quantity of RNA (NRStQ). We did see a
sex effect on expression of two transcripts. Tnfrsf1a (figure 3.5d) showed a significantly higher amount of
expression in the Fent Five males compared to the Sal Five and Fent One groups, but in the females this
effect was not significant. P2yr6 (figure 3.5e) showed a significant difference in expression between the
female Fent Five and Fent One groups, and between the male Sal Five and Fent One groups. For three
other transcripts that we investigated (CD68, P2rx4, and Actb, figure 3.5f - h) we did not find an effect of
sex, but did find overall effects of treatment, with Fent Five animals having significantly greater expression
compared to Fent One animals. These results demonstrate that many of our initial findings from the
sequencing of the microglia translatome are supported by follow-up studies to validate individual gene

changes.
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Figure 3.5: Quantification of IP samples of transcripts by gPCR for Tmem119 (a), Siglec1 (b), and Pdeb3
(c) show no significant effects of treatment, cycle, or sex by multi-factor ANOVA. Results for Tnfrsf1a (d)
showed significant main effects of cycle (F = 21.5, p = 0.0001) and sex (F = 5.79, p = 0.02) and an
interaction effect between treatment and cycle (F = 9.31, p = 0.006). Results for P2ry6 (e) showed a main
effect of cycle (F = 23.2, p < 0.0001) and an interaction effect of treatment, cycle, and sex (F =9.34, p =
0.005). Results for Cd68 (f) showed main effects of treatment (F = 4.41, p = 0.04) and cycle (F =13.5, p =
0.001), as well as an interaction effect between treatment and cycle (F = 4.51, p = 0.04). Results for
P2rx4 (g) showed a main effect of cycle (F = 20.9, p = 0.0001). Results for Actb (h) showed a main effect
of cycle (F = 10.9, p = 0.003) and an interaction effect between treatment and cycle (F = 4.54, p = 0.04).
Asterisks indicate significant effects of pairwise comparisons with adjusted p < 0.05 (*), p < 0.01 (**), and
p <0.001 (***).



We were also interested in determining if microglia in the mouse striatum exhibited altered
morphology following multiple experiences of opioid withdrawal. By staining for Iba1, we were able to
quantify certain characteristics of microglia cells in the striatum. Analysis of the ramification index of each
cell measured (ratio of territorial volume to cell volume) showed that the Fent Five group had significantly
lower cell ramification index on average than the three other groups (figure 3.6a-c). An analysis of
variance comparing average cell ramification index per subject (per animal versus per cell) showed a
main effect of treatment (F = 10.6, p = 0.004) and an interaction between cycle and sex (F =7.10, p =
0.02). However, individual pairwise comparisons between groups did not suggest any significant
differences, probably due to there being no main effect of cycle. Following up on the effect of sex, we
found that the female animals showed a significant difference in ramification index between Fent One and
Sal Five groups compared to the male animals (figure 3.6a). There appears to be an effect of more
cycles of withdrawal driving the microglia treated with fentanyl toward a more ameboid and less ramified
state, which is evident in the main effect of treatment (figure 3.6¢), which was validated by testing the
ramification index as a result of group using mixed linear model regression (z values Sal One = 16.9, Fent
One = 15.0, Sal Five = 16.9, Fent Five = 15.6, all p < 0.0001). This suggests that greater withdrawal
experiences induce a more inflammatory microglia cell state, and that this is more pronounced in female

mice.
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Figure 3.6: Comparing the ramification index of microglia and averaging all cells by mouse in each group
(n =8, 4 males and 4 females, in the images analyzed) via multi-factor ANOVA there is a main effect of
treatment (F = 10.6, p = 0.003) and an interaction effect between cycle and sex (F = 5.79, p = 0.02) with a
significant pairwise comparison between female Fent One and Sal Five groups (a). There are many
significant comparisons when treating each cell (b) as an individual data point, but these disappear when
averaged together by biological replicates (compare a and b). Kernel density estimate histograms
(normalizing per cell in each group) show that males and females in the Fent Five group generally have
microglia with a smaller ramification index, and this is more pronounced for the females (c). Total cells
analyzed per group Sal One = 224, Sal Five = 328, Fent One = 264, Fent Five = 510. Maximum
projection z-stacks from the mouse striatum are shown to give representative examples of images
analyzed in each group (d) with the protein Iba1 marking microglia (magenta channel), C1q (yellow),
DAPI marking nuclei (white), and PSD-95 (cyan).

Discussion

Overall our behavioral results show that at least in mice, enduring multiple opioid withdrawal
experiences results in more severe and unpleasant symptoms. To our knowledge, this is the first set of
experiments that has investigated this possibility directly. In one recent study Lefevre et al studied mice
receiving morphine by osmotic mini-pump over 6 days, where one group was given saline injections twice
daily and the other was given naloxone [120]. In this way, they induced a kind of repeated withdrawal that
could be considered similar to our paradigm and found greater psychomotor sensitization to the effects of
morphine and greater changes in the expression of unfolded protein response genes in the striatum, for
animals given the naloxone treatment. Another study by Schulteis, Morse, and Liu showed that when rats
were trained to lever press for a food reward, naloxone induced a more significant decrease in
responding when the rats had previously received four episodes of morphine treatment followed by
naloxone [121]. They argued that this repeated experience of withdrawal may induce a conditioning effect
on subsequent animal behavior. In human subjects, there is some anecdotal evidence that the experience
of opioid withdrawal is indeed more difficult, after multiple episodes of opioid use and subsequent
abstinence. However, there is little published empirical evidence of these symptoms and their magnitude
in the literature. We propose that this worsening of opioid withdrawal symptoms over time is a general
phenomenon and that it warrants further investigation in both animal models of opioid use disorder and in

human subjects.

The RNA sequencing data from microglia are surprising, as they suggest that fentanyl animals

and saline animals may both experience a strong effect from the stress of ip injections when these are



repeated many times. This is striking because we originally hypothesized that saline injections alone
would not have a meaningful impact on gene translation, given that the saline animals would be handled
in the same way as the fentanyl animals. Some of the differences in the translatome data may be due to
physical adaptations and expectations regarding handling by experimenters over the course of 41 days,
in the case of the five cycle group animals, compared to 6 days in the case of the one cycle group
animals. We did control for age in this study, with animals in the five cycle and one cycle groups both
between 8 and 14 weeks of age at the beginning of their injections. However another explanation is that
our animal replicates were underpowered in the Sal Five group (two males and two females) to detect
changes compared to our other experimental groups. This is a possibility and we originally planned to
perform the experiment with additional animals in that group (five males and five females). We are
confident, however, that the overall trends we observed in the sequencing analysis are consistent with the
results from our confirmatory gPCR experiments. This gives weight to our conclusions in the analysis of

RNA sequencing results and suggests that the majority of our findings are biologically valid.

In general, we see that microglia expression of immune function related genes is increased in the
Fent Five group compared to the Fent One group. These results are in line with findings from other
groups in the field of addiction neuroscience. There is evidence that both alcohol and opioid withdrawal
states share key inflammatory signaling changes that are mechanistic in the unpleasant symptoms
experienced. For instance, Ahlstrom et al found that chronic morphine exposure induced microglial
expression (specifically in the spinal cord) of genes related to inflammation in rats [4]. Another study by
Cuitavi et al showed that direct opioid agonist delivery to the nucleus accumbens of rats induced local
release of cytokines (IL-1a, IL-1f3, and IL-6) and greater expression of microglia Iba1 protein in the ventral
tegmental area [56]. We were also able to recapitulate results from our previous study [13], where we
compared microglia translation of RNAs after morphine administration versus during naloxone-
precipitated withdrawal. In both this study and the former, we found expression of cAMP related genes
increased during withdrawal (see supplementary materials for genes in the steelblue module). It may be
the case that the release of microglia cytokines and driving of inflammatory gene expression is a result of
the increased signaling through cAMP dependent mechanisms within microglia and this warrants further

study as well.



With regard to the involvement of microglia in opioid withdrawal, we cannot make claims of
exactly how the RNA sequencing changes in the translatome are directly impacting neuronal circuit
function or directly impacting behavior. However, our work strongly implies that microglia in the mouse
striatum are driven into an inflammatory signaling state involving release of interferons when opioid
withdrawal is experienced multiple times. This process is likely to involve release of cytokines, purines,
and perhaps even results in microglia cell proliferation, based on our RNA sequencing results and our

measurements of microglia cells in IHC.

Future studies may benefit from examining how individual components of microglia inflammatory
signaling impact animal behaviors. For example, is release of TNFa or other pro-inflammatory cytokines
sufficient to drive hyperalgesia or anhedonia (decreased sucrose preference)? Furthermore, there are
other brain regions where we hypothesize that microglia may be playing particularly important roles
during opioid withdrawal. For instance, Chaudun et al recently found that MORs are expressed on
neurons of the central amygdala and were necessary for some of the aversive symptoms of opioid

withdrawal, suggesting that this region in particular is hyperactive during opioid withdrawal [122].



Chapter 4 / Conclusions

Our work in mice demonstrates that repeated opioid withdrawal, when experienced multiple times
sequentially, induces more severe withdrawal signs than a single withdrawal experience. To our
knowledge, this is the first set of experiments that has investigated this possibility directly. No human or
other animal studies have yet observed if the withdrawal experience changes when individuals
experience it again and again. Future studies by our group will attempt to replicate these results in mice.
Other researchers in the field are encouraged to study this phenomenon in more animal models and to
determine if humans experience more discomfort and difficulty with each successive experience of opioid
withdrawal. In the alcohol literature, repeated withdrawal from alcohol produces more severe anxiety-like
behaviors in rats [123] as well as more withdrawal-induced seizures [124] when compared to a single
episode of withdrawal. The risk of severe alcohol withdrawal increases for human patients with a more
extensive history of past episodes of alcohol withdrawal [125]. In one study of human subjects with a
history of opioid use, Azorlossa et al found that opioid users (4+ years of use, 3 — 7 uses per week)
reported more liking of an opioid dose than opioid naive individuals, but the authors saw no differences in
precipitated withdrawal symptoms when each group was administered naloxone [126]. Thus, there is not

enough evidence yet to conclude that our results are a general phenomenon of opioid withdrawal.

The results shown in Chapter 3 show that repeated opioid withdrawal impacts microglia
morphology and RNA translation. Previous work from our laboratory by Coffey et al found that a number
of cAMP signaling related genes were upregulated during withdrawal from morphine in the microglia of
the mouse striatum [13]. In the RNA sequencing data presented in this work we found many of the same
cAMP related genes (located in the steelblue module) were downregulated in the Fent Five versus Fent
One animals. In the Coffey et al study, morphine withdrawal was precipitated by naloxone infusion
whereas in this study the mice proceeded into spontaneous fentanyl withdrawal; however, the similarities
in the sequencing results in the present study replicate our previous work, as a number of the same
differentially expressed genes were identified by applying WGCNA to a new set of data from animals

undergoing opioid withdrawal.

The brown module we identified strongly suggests that translation of cell-type specific,

homeostatic microglia genes change dramatically at 16 hours into withdrawal. Included in this module are



Tmem119, P2ry12, P2ry13, Hexb, Csf1r, and Cx3cr1, all which were upregulated in the Fent Five vs Fent
One comparison. However, we also see some disease-associated genes, such as Trem2 which has been
widely implicated in mouse models of neurodegenerative diseases [127], and P2rx7, which is
hypothesized to play a mechanistic role in neuroinflammation via release of cytokines [128]. As expected,
we detected very few differentially expressed genes relating to the age of experimental animals. We did
however see a change in Cd63, which was upregulated in the Fent Five vs Fent One comparison and
showed up in our orangered4 module. This gene has previously been identified in disease-associated
microglia (DAM) populations as well as studies of age-related changes in microglia RNA expression [129].
We saw increased expression of many DAM genes including Lyz2 and Ctss (both in the brown module),
Ctsb (orangered4), Ctsz (orangered4), H2-D1 (brown), H2-K2 (steelblue) and Tyrobp (steelblue) when

comparing the Fent Five and Fent One groups.

The orangered4 module contains a number of the genes ascribed to DAM (Ctsb, Ctsl, Csf1);
these as well as several interferon-related signaling genes were upregulated in the Fent Five versus Fent
One group. For instance, we see increased expression of TIr7 in this module, which has been shown to
be increased in rodents and humans following chronic alcohol exposure [130]. TLR7 binds to damage
associated RNAs that become endocytosed and activate the interferon regulatory factor 7 (IRF7)
transcription factor, ultimately leading to interferon production or proinflammatory cytokine production
([131], [132]). In the brain, TLR7 is predominately expressed in microglia and infiltrating or resident
macrophages [133], which makes it a curious and a potential therapeutic target for both alcohol and
opioid withdrawal. Other interferon related genes upregulated in the orangered4 module include Myd88,
Ifit2, Ifit3, Ifi30, Ifi204, Slfn2, and Aim2, however we also see some interferon related genes upregulated

in the steelblue module such as Irf1 and Tyk2.

Overall, the steelblue module seems to contain neuronal signaling-related genes and genes
involved in communication between microglia and neurons. For instance, we see a great number of
genes related to the axon guidance gene set from the KEGG pathway database, most of which are
downregulated in the Fent Five versus Fent One groups. Other significant KEGG gene sets that were
identified within the steelblue module include those related to glutamatergic synapses, morphine

addiction, GABAergic synapses, cAMP signaling, endocannabinoid signaling, and oxytocin signaling. The



hub genes in the steelblue module, identified by their centrality and coexpression with other genes in the
module, include DIg4 (the gene for PSD-95 aka SAP-90) and Prkn, which were surprising at first glance.
Microglia do indeed express PSD-95 as a functional protein [134], but it is not known how PSD-95
contributes to microglia biology. Krishnan et al (see previous reference) hypothesize that PSD-95 may act
as a signaling mediator which allows for cell-cell communication between microglia, neurons, and other
glia. PSD-95 has been implicated in neuropsychiatric disorders ([135], [136], [137], [138]) as well as drug-
induced synaptic plasticity ([139], [140]), which is not surprising given that PSD-95 is essential for certain
aspects of NMDA receptor and AMPA receptor localization at the cell membrane ([141], [142]). Prkn is an
E3 ubiquitin ligase and is involved in maintaining proper autophagy of misfolded proteins around
mitochondria. Interestingly we saw decreased expression of Pink1, a serine/threonine kinase encoding
mRNA that is important for triggering mitophagy. We also saw upregulation of many mitochondrial related
genes in our results, but not restricted to the steelblue module. These changes together suggest that the
steelblue module is encapsulating the potential metabolic and signaling changes induced by repeated

opioid withdrawal which are important for microglia-neuron communication.

For future studies, it will be important to consider how targeting microglia with specific drugs could
potentially alleviate painful withdrawal symptoms, making it easier for patients to stop taking opioids
chronically. One promising class of molecules are agonists of the adenosine A3 receptor (Adora3 gene,
A3AR). Adora3 RNA was upregulated in the brown module comparing our Fent Five vs Fent One groups
and A3AR is expressed by neurons and glia. Work by Durante et al. and others in the Salvemini group
has showed that ASAR agonists induce release of IL-10 and reduce neuropathic pain via decreased
excitability of neurons in the dorsal root ganglia [143]. Currently at least two A3AR agonists (piclidenoson
[144] and namodenoson [145]) are undergoing clinical trials and have shown early success. GPR34 (also
upregulated in the brown module) is a receptor for cleaved phosphatidylserine [146] that is expressed by
microglia in the spinal cord and also shows promise as a target for neuropathic pain [147]. Less is known
about the mechanism by which GPR34 may decrease pain; the receptor appears to activate Akt, ERK,
and NF-kB signaling, which increase inflammatory responses of microglia such as release of TNFa [148].
Both TLR7 and TLR9 have been implicated in neuroinflammatory pain and the corresponding mRNAs

were upregulated in our data comparing Fent Five and Fent One groups. Pre-clinical work on TLR7/9



antagonists has shown exciting success at reducing inflammatory signaling in vitro by reducing MAP
kinase and NF-kB induced gene expression [149]. TIr2 and Tir4 were also upregulated in our data and
seem to be potential targets for antagonist development. Chronic inhibition of TLR4 has been shown to
reduce cue-induced, heroin seeking [150] and a dual TLR2/TLR4 antagonist has been shown to reduce
neuropathic pain [151]. Finally, we would like to investigate P2rx7 (P2X7 receptor) and P2rx4 (P2X4
receptor) as potential targets for mitigating opioid withdrawal, based on our data and data in the literature
connecting them to microglial release of inflammatory cytokines. Both receptors were increased at the
RNA level in our Fent Five versus Fent One groups and both receptors have been implicated in pain
related to inflammation ([152], [153]). Additionally, P2X7 receptor has been shown to couple with
Pannexin 1 channels, causing release of large molecules (~900 Da) from cells when exposed to
prolonged stimulation ([154], [155]). Currently there are two P2X7 antagonists in clinical trials for
treatment of depression and bipolar disorder ([156], [157]). Development of P2X4R antagonists has been
more difficult and less fruitful; a single selective allosteric antagonist exists [158] and some compounds
are being developed to target peripheral pain specifically [159], suggesting that blood brain barrier

penetrance of these drugs may be of concern for drug development.

In summary, we have developed a new model that captures the impact of repeated cycles of
opioid withdrawal on mouse behavioral signs of withdrawal as well as allows us to explore the impact of
withdrawal on the biology of microglia in any brain region of interest. This has led us to predict that drugs
targeting specific receptors and proteins involved in the inflammatory signaling in microglia may be
effective for treating the behavioral and biochemical consequences of opioid withdrawal. More work
remains to be done to flesh out how microglia participate in a single experience of withdrawal versus
multiple experiences. Brain regions such as the amygdala, the prefrontal cortex, the thalamus, and the
bed nucleus of the stria terminalis are likely to be engaged during withdrawal as well. Further work
exploring if microglia morphology changes in those regions may be worth investigating first, before
beginning time and resource intensive RNA sequencing studies. It will be straightforward to apply the
current set of behaviors to future studies, even when changing the length of time to allow animals to
experience opioid withdrawal or the opioid being administered. Therefore, this work sets a strong

precedent for future experimental designs.
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