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ABSTRACT

Pain is defined as an unpleasant sensory and affective experience typically associated with tissue
damage. As such, it is often prevented, avoided, or attenuated when possible. Acute pain signals
organisms to avoid noxious stimuli, but chronic pain is maladaptive and may still be experienced
long after the harmful stimuli are no longer present. In the treatment of both acute and chronic
pain, opioids are often and widely prescribed, as they can be highly potent and efficacious.
Opioids inhibit neuronal signaling that transmits nociceptive information from peripheral nerve
endings to the central nervous system (CNS). Importantly, opioids also produce a wide range of
side effects, including constipation, reward, tolerance, addiction, respiratory depression, and
death. Considering the increase in the prevalence of opioid-related deaths and opioid use disorder
diagnoses in the U.S. today, seeking safer alternatives or co-therapeutics to treat acute and
chronic pain is a worthwhile venture. Recent studies from our lab and others have shown that
non-selectively inhibiting heat shock protein 90 (Hsp90) in the spinal cord augments the potency
of systemically administered opioids in mouse models of acute and chronic pain. Because varied
isoforms of Hsp90 are expressed differentially in diverse tissues, the resultant effects of
nonselective Hsp90 inhibition vary by route of administration and the compartments and cell
types in which they act. Nonspecific inhibition of Hsp90 in the brain blocks opioid-induced
antinociception but, when delivered intrathecally, systemic opioid potency is increased. This led
our lab to believe that the actions of specific Hsp90 isoforms play different roles in modulating
opioid signaling cascades in a context-specific manner. Thus, with the treatment of isoform-

specific small molecule Hsp90 inhibitors, isoforms expressed specifically in the spinal cord, but
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not the brain, could be targeted and subsequent enhancement of opioid antinociception occurred
even when they were delivered systemically. These isoform-specific small molecule inhibitors of
Hsp90 show high affinity, potency, solubility, and distribution, and when co-administered with
morphine, a reduced or unchanged side-effect profile compared to morphine alone. The
mechanisms by which these outcomes occur are incompletely understood. However, much light
has been shed on the mechanisms involved in this phenomenon. Using a proteomic approach we
found that, 24hrs after spinal administration of the nonselective Hsp90 inhibitor, sodium-and-
chloride dependent GABA reuptake transporter 2 (GAT-2) expression was upregulated. Upon
further analysis, the pharmacological blockade of this protein attenuated the enhancement of
opioid analgesia from Hsp90 inhibition in the spinal cord. To target GAT-2 more specifically,
GAT-2 was knocked out via CRISPR/Cas9 in the spinal cord. After which, again the effect of
Hsp90 inhibition on morphine was absent. Further, to distinguish between GABA-A and GABA-
B mediated mechanisms, GABA agonists and antagonists were administered intrathecally and
showed sex-specific differences in the role of GABAergic transmission in influencing Hsp90-
modulated opioid antinociception. These data suggest that, in part, that GABA signaling in the
spinal cord exerts a mediating role in the enhancement of opioid analgesia resulting from Hsp90
inhibition. The details of the underlying circuitry engaged in this mechanism are explicated in
further detail later in this paper. In summary, isoform-selective Hsp90 inhibitors have been
revealed to be promising co-therapeutics to offset or abolish the harmful side effects of
commonly prescribed opioids, and the mechanism by which they produce these effects is likely
by disabling a tonically inhibitory GABAergic projection that inhibits opioidergic interneurons

in the dorsal horn of the spinal cord.
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CHAPTER 1: INTRODUCTION

THE PHYSIOLOGY AND PATHOPHYSIOLOGY OF PAIN

The Prevalence and Economic Burden of Pain

Pain is defined by the International Association for the Study of Pain (IASP) and the
World Health Organization (WHO) as “an unpleasant sensory and affective experience
associated with actual or potential tissue damage or described in terms of such damage” [1].
Medical conditions involving pain can negatively affect patients’ daily lives, including their
relationships, daily activities, perceptions of general health, and interactions with others [2, 3].
Pain is also associated with depressive symptoms, and well-being is strongly and negatively
related to the pain’s severity [2, 4]. Pain is one of the primary reasons why individuals seek
medical help. Headaches, back pain, and osteoarthritis are three of the top ten reasons why
patients seek care. More individuals are affected by pain than diabetes, heart disease, and cancer
combined [242]. WHO’s Global Burden of Disease Study revealed that various pain conditions
account for five of the top ten medical conditions that contribute to the greatest years lost to
disability globally [5]. Pain permeates the globe and affects individuals psychologically,
economically, and socially.

The prevalence of chronic pain conditions varies in a multitude of contingent ways,
including by sex, age, socioeconomic, and individual lifestyle factors. For instance, many studies

have shown that women appear to report greater and more frequent experiences of pain at higher
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intensity, and for longer durations than men [6- 9]. Rates of chronic pain also increase with age.
Between 83%-93% of the elderly living in residential care experience chronic pain conditions
[10]. In nations with relatively large numbers of elderly citizens, the impacts of chronic pain
conditions are likely to worsen with time. Regarding socioeconomic status, pain is less frequent
in those with greater levels of education, higher income, and those that are employed [6].
Although various factors can predict the onset of a pain condition, like job security and
satisfaction, sedentary lifestyle, social support, smoking, and obesity, the greatest single
predictor is a previous episode of pain [6,11-13].

Chronic pain conditions evidently can also be devastating economically, both
individually and societally. Patients with chronic pain often may be unable to perform tasks that
healthy individuals can and may resort to outsourcing activities to professionals, such as
housekeeping and yard work [14]. In the United Kingdom, the estimated cost per adolescent
suffering from chronic pain is at about £8000 annually [15]. In another study investigating the
financial and non-financial costs to adults with chronic pain in Australia, the estimates were
between $22,588-$42,979 annually [12]. Individuals who suffer from chronic pain are estimated
to lose between 8-10 workdays every six months [2]. The amalgamation of the economic burden
at the individual level is strikingly evident at the macroeconomic scale. For instance, it is
estimated that Australia loses approximately $14.7 billion per year due to the number of citizens
not participating in the workforce due to health issues, and nearly half of this burden is a
consequence of arthritis and back pain [11]. The rates at which individuals with chronic pain
visit physicians for medical care within one year are also increasing. One study reported that

from 1992-2006, the rates of seeking medical attention increased from 73.1% to 84% [17]. Thus,
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the impact of pain both on individuals and nations across the globe are continuing to worsen over
time.

The cumulative economic burden resulting from chronic pain is greater than those of
diabetes, cancer, and heart disease [20]. This includes estimated costs associated with loss of
work, productivity, time family members and friends must spend caring for the suffering
individuals, etc. In the United States, the total assessed costs were estimated in 2010 to be $635
billion. In the EU the cost is estimated to be up to 3% of the total EU GDP, and in Australia, the
estimate is approximately $34.3 billion per year [18, 19]. In the US, there was an estimated 100
million adults with chronic pain, and the number is likely significantly higher today [19].
Needless to say, although pain may be an intrinsic part of the human experience, the duration and
degree to which pain is experienced weighs heavily on people across the globe. Improving our
ability to understand and treat acute and chronic pain conditions has the potential to drastically

improve individuals’ well-being and can restore their ability to participate in their society.

The Classification of Pain

Acute pain is an important psychophysiological adaptation that confers a strong survival
advantage to organisms that possess it. It acts both at the sensory and perceptual levels as a
symbol (except in reflexes) representing to the nervous system that harmful and potentially lethal
stimuli are present and should be avoided [21]. In fact, humans with pain insensitivities often
experience early deaths, as many ailments that could be simply treated go on undiagnosed [22].

However, in the case of chronic pain, the sensation/perception persists beyond the point where
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notifying the CNS of noxious stimuli would aid in the avoidance or alleviation of the harmful
stimulus itself, and even well beyond the time expected for an injury to become healed [23].
Under the biopsychosocial model, chronic pain is conceptualized as a dynamic and
multidimensional disease state which interacts with varied social, psychological, and biological
factors [17]. This conceptualization highlights the fact that not only does chronic pain predispose
individuals to anxiety, depression, sleep disorders, substance abuse disorders, and poor social
interactions, but these factors can also predispose individuals to chronic pain [24-26].
Chronic pain is subdivided into three categories: neuropathic, nociceptive, and nociplastic [27].
Neuropathic pain accounts for between 15-25% of chronic pain and the most common
manifestations are postherpetic neuralgia, diabetic neuropathy, and radiculopathy [28]. It is
engendered via disease or tissue damage in the somatosensory nervous system [29]. Sensory
abnormalities such as allodynia and numbness are common features of neuropathic pain.
Nociceptive pain is instantiated by potentially damaging stimuli that activate nociceptive
pathways in the nervous system, and most forms of spinal pain fall under this category [27].
Nociplastic pain is a result of the aberrant processing of pain signals in the CNS without any
clear pathology evident in the somatosensory nervous system [30]. Commonly, alterations in the
pain pathways, either by augmenting pain signaling or attenuating inhibitory projections, can
elicit nociplastic pain [31]. One or more of these pain subtypes may co-occur within the same
patient, and even within the same experience of pain. “Mixed” pain is becoming recognized as
pain that may involve mechanisms related to more than one of the three categories of chronic
pain, and it may account for nearly 50% of patients with chronic pain seeking care from primary

care physicians [35,36].
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Non-Pharmacological Treatments for Pain

It may be the case that exercise confers the greatest pain relief out of all non-traditional
treatment options. Exercise increases endorphins and improves sleep, both of which can strongly
contribute to the attenuation of existing pain conditions. A study investigating the effects of
exercise on pain revealed that it can contribute to improving the functionality of certain
musculoskeletal movements and may decrease the experience of pain in patients with conditions
across the pain spectrum [32]. However, the studies did not discriminate between different pain
types or different exercise conditions. Future research may reveal specific beneficial
relationships between certain forms of exercise and pain conditions. Several psychological
interventions such as cognitive behavioral therapy (CBT) and mindfulness therapy have been
shown to reduce pain compared to controls [33,34]. An analysis of 59 RCTs of CBT showed
mild improvements in pain and disability but did not show differences at six-month follow-ups
[33]. Mindfulness meditation practiced as either an adjuvant or monotherapy was reviewed in a
meta-analysis of 30 randomized clinical trials and showed reductions in pain across studies, but
even greater effects on anxiety and motor function than pain [34]. Other psychological
interventions for pain such as Behavioral therapy, ACT, or Biofeedback showed very small
effects across dozens of RCTs, most of which dissipated over time [37]. More direct, physical
interventions such as massage [38], acupuncture [39], yoga [40], Tai Chi [41], or chiropractic
adjustments [42, 43] show highly heterogenous effects, little or no effects, and pain subtype
specificity. Many of the experiments conducted on these interventions have small sample sizes
and poor controls (e.g., massage). Across many RCTs, some small effects can be determined, but

generally, the evidence is mixed, and more evidence is needed to conclude that these treatment
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options are efficacious compared to exercise or pharmacological alternatives [37]. Compared to
classical opioid treatments, however, these alternative modes of treating pain often fall short and

exhibit lower short and long-term efficacy.

The Anatomy and Physiology of Pain

The anatomical and physiological substrates of pain are complex and dynamic. The
sensory component of pain is termed “nociception” and begins in the free nerve endings
expressed in the periphery. Nociception is the physiological activity in nociceptive pathways
induced by noxious stimuli (e.g., mechanical, chemical, thermal), whereas pain refers to the
phenomenological, subjective experience [44,45]. Myelinated Ad and unmyelinated C peripheral
sensory afferents communicate electrochemical representations of nociceptive information about
the stimuli to the CNS for further processing. The nociceptors expressed at the ends of these
nerve fibers are specific for responding to putative harmful stimuli. Chemical, thermal, or
mechanical stimuli are received by their respective sensory receptors, and the information is
transduced into receptor potentials [46]. Chemical stimuli such as acetylcholine, serotonin (5-
HT), and histamine bind to sensory receptors and alter membrane permeability or activate
intracellular secondary messengers [44]. Mechanical stimuli directly produce alterations in the
structure of sensory receptors, which change ionic permeability [44]. Thermal stimulation (hot or
cold) induces conformational changes in TRP receptors which, in turn, produce alterations in ion
permeability. If the sensory stimuli are potent enough, the electrical impulses are transmitted up

the nerves to the cell bodies via saltatory (myelinated) or continuous (unmyelinated) conduction.
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The pseudounipolar fibers project from cell bodies expressed in the dorsal root,
trigeminal, or nodose ganglia of the brainstem and terminate in the dorsal horn (DH) where they
synapse onto secondary neurons [45]. Nociceptive fibers are categorized into two types: A and
C. A fibers are medium to large diameter, myelinated neurons, and C fibers are small
unmyelinated neurons [46]. Consequently, pain signaling is bifurcated into fast and slow
subtypes. The myelinated, large-diameter Ad fibers quickly transmit nociceptive information at
rates of 6-30 m/sec [44]. Less rapidly, unmyelinated C fibers conduct pain from a range of 0.5-2
m/sec [46]. Thirdly, myelinated, large-diameter AP fibers conduct tactile information including
vibration, pressure, and touch, which are each transduced by specific sensory proteins at the
nerve terminals (Meissner corpuscles, Pacinian corpuscles, Ruffini endings, etc.) [44].
Interestingly, even non-nociceptive or innocuous stimuli can activate the nociceptive fibers after
repetitive injury. Enhancement of pain sensation and perception can present as hyperalgesia,
allodynia, or sensitization. Hyperalgesia is the augmented experience or sensation of already
noxious stimuli. Allodynia is the response to previously innocuous stimuli as though they were
noxious. Sensitization in the context of pain refers to expanded receptive fields, altered
excitability (e.g., lowered thresholds), or spontaneous firing of neurons that transduce/conduct
nociceptive information, and express stronger responses to stimuli from alterations in synaptic
strength [47]. Sensitization often occurs as a result of inflammatory signaling molecules such as
serotonin (5-HT), bradykinin, prostaglandins, etc. [48]. Sensitization can affect both
antinociceptive and pronociceptive circuits in the CNS, and long-term plastic changes can
contribute to the chronification of pain [48]. Inflammation and nerve injury can produce

alterations in GABA and opioid receptors expressed in nociceptive neurons [48]. The



18

upregulation of sodium channels resulting from injury may modulate the sensitivity of these
receptors, changing the overall sensitivity of the neuron to both noxious and analgesic stimuli
[44]. Two examples of plastic contributions to alterations in pain signaling are the upregulation
of sodium channels near nerve terminals in C fibers, and the upregulation of substance P (SP) in
AP fibers resulting from inflammation [49,50]. Since sodium channel expression has been
suggested to contribute to enhanced excitability, and AP fibers synapse onto SP receptor-
expressing secondary neurons in the SC, these lines of evidence suggest some means by which

nociplastic sensitization may occur in the CNS.

Dorsal Root Ganglia

The cell bodies of the peripheral nerves are localized in the ganglia just outside of the
CNS. DRG neurons extend sensory neurites out into the periphery where they detect noxious and
non-noxious stimuli and project into the spinal cord where they may synapse onto one or several
neurons [51]. The DRG neurons are classified as peptidergic (CGRP, SP, and/or somatostatin-
containing) and non-peptidergic neurons. Ion channels, neurotransmitters, neuropeptides, and
receptors are manufactured in the cell bodies of DRG neurons and transported to terminals for
appropriate neuronal signaling [51]. DRG neurons themselves do not directly communicate, but
their activity can be indirectly modulated by post and preganglionic plastic changes [48,52]. For
instance, after peripheral nerve injury, neurotrophin-mediated innervations from postganglionic
axons can contact DRG neurons, providing signaling modulation [48]. Intracellular Ca2+ and

NMDAR expression can also be altered in a C-fiber input-dependent manner [49]. Both of these
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sorts of alterations signaling protein expression in the DRG can produce concomitant alterations

in anti- and pronociceptive signaling.

Spinal Cord

From the DRG, sensory afferents project through the dorsal root entry zone (DREZ) into
the dorsal horn [53-56]. Most axons synapse onto second-order neurons in the dorsal horn (DH)
which then project to the opposite side of the SC and ascend through the spinal column [57]. The
dorsal horn of the spinal cord is composed of six parallel layers of neurons and interneurons
called Rexed laminae. Wide dynamic range (WDR) neurons and nociceptive-specific neurons are
the two main types of cells comprising Rexed lamina I. The specifically tuned neurons respond
to noxious stimuli and express receptors for 5-HT, enkephalin, CGRP, and SP [44]. Conversely,
the WDR neurons display a large receptive field responsive to both noxious and innocuous
stimuli and exhibit graded responses in proportion to input stimuli by firing at greater and greater
frequencies in response [44, 58]. WDR neurons integrate a wide range of inputs and relay that
information to higher-order centers for processing [45]. However, because of their integrative
function, plastic changes induced by injury or inflammation may contribute to sensitization, and
disproportionate excitability resulting from innocuous stimuli [48]. In lamina II, there are few
projection neurons, and many sensory information-modulating neurons occurring from the high
density of inhibitory GABAergic interneurons. These inhibitory interneurons (INNs) arborize to
lamina I, II, I1I, and IV [44,59]. Lamina II primarily receives projections from Ad and C fiber
projections. Loss of inhibitory tone (plastic changes in INNs) in lamina II is thought to engender

disinhibition-induced chronic neuropathic pain. Laminae II and IV receive inputs from AP and
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Ab fibers, but after injury, Ad fibers may sprout into lamina I and II and produce chronic pain
and allodynia [58,60]. Some preliminary information integration occurs between the early layers
of the SC, wherein projections such as those from layer IV will project back to layer I, producing
recursive feedback loops wherein bottom-up processing is gated by top-down recursive
processes [44]. Both Ad and C fibers project to lamina V, where neurons then project rostrally up
the spinothalamic tract (STT). Many WDR neurons in lamina V project to the reticular
formation, medial thalamic nuclei, and periaqueductal gray (PAG) which form the mesial
pathways which encode the affective components of pain [44,48]. Lamina X is a less well-
characterized segment of the spinal cord, but it is thought to be involved in the central processing

of visceral pain [44].

Ascending Tracts

Nerves in the periphery communicate tactile and nociceptive information to the brain via
the spinothalamic tract (STT). It is comprised of two sub-tracts, with ascending projections from
superficial lamina (dorsolateral), and axons from deeper lamina (ventrolateral) [61]. Although
there are some ipsilateral projections in the STT, most of its tracts project from the contralateral
side [48]. The motivational and affective components of nociceptive traffic are relayed by the
medial portion of the STT [62]. The reticular formation, thalamic nuclei, and hypothalamus
receive inputs from the paleospinothalamic tract [44]. The reticular formation nuclei receive
direct projections from neurons in laminal VI, VII, and VIII [63]. The reticular formation
receives inputs from both A and C fibers, but the majority are A [63]. Response strength in the

reticular formation is commensurate with the strength of nociceptive stimuli [63]. The pons
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receives inputs from lamina I, VII, and VIII [63]. Both WDR and nociceptive-specific neurons
encoding affective and motivational components of pain project from the marginal zone, lateral
reticulated area, and nucleus proprius to the PAG, reticular formation, thalamus, and

hypothalamus [64].

Subcortical Regions of Pain Processing

The bifurcation between tactile/proprioceptive and noxious information processing in the
spinal cord is largely maintained in the thalamus. The STT and trigeminal thalamic tract (TTT)
project to the ventroposterior (VP) nucleus in the thalamus [64, 65]. DH and dorsal column
glutamatergic projections terminate onto their targets in the VP [66]. There is somatotopic
organization within the VP. Facial, limb, cutaneous extremities, and truncal somatotopic
representations are present in the medial, lateral, ventral, and dorsal VP, respectively [65, 48].
Further distinctions are made within the VP between innocuous and noxious stimuli. The VP
core responds to innocuous, and the posterior-inferior region responds to noxious stimuli [66].
After injury, alterations in the thalamic nuclei and their connections reveal their importance in
neuropathic and other forms of chronic pain. For instance, after spinal cord injury, loss of
excitatory STT, membrane hyperpolarization, and aberrant burst-firing properties are found in
thalamic neurons, all of which are associated with certain forms of central neuropathic pain [61,

67, 68].

Cortical Regions of Pain Processing
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Nociceptive information projects widely throughout the cortex to many distinct areas,
including the insula, amygdala, cingulate cortex, prefrontal cortex (PFC), orbitofrontal cortex
(OFC), and SI and SII of the somatosensory cortex (SSC) [65]. Somatotopic organization of pain
and anatomical representations are present in SI [69]. SI and SII receive direct and indirect
synaptic input from the VPM and VPL, respectively, and exhibit graded responses
commensurate with noxious stimulus intensity [65, 69]. Upon stimulation of C and A fibers,
downstream SI and SII cortical areas are activated, primarily in layers III and IV of the cortices
[70, 44]. SI, SII, project to the insula, which also exhibits a graded response to the strength of
noxious stimuli, as well as the capacity to discriminate tactile-sensory information of pain from
the nociceptive [65]. Additionally, the insula likely contributes to the encoding of affective and
motivational components of pain, as lesions to the insula attenuate these responses [44]. Limbic
structures, such as the perirhinal cortex and amygdala receive insular input and are associated
with affective components of nociceptive processing. Similarly, the anterior cingulate cortex
(ACC) i1s associated with affective-motivational properties of pain and is targeted by projections
from the intralaminar and medial thalamic nuclei [65]. Increased ACC activity is present in
patients with certain forms of chronic pain (e.g., chronic lower back pain) [69], whereas lesions
to the ACC decrease affective-motivational responses to noxious stimuli [65]. The numerous
cortical regions that receive projections from the insula are likely involved in meta-
representational, higher-order processes that require consciousness in order to contribute to pain

information processing [44].

Descending Tracts
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Pain processing in the CNS is complex, dynamic, and integrative. The nociceptive
information arising from the periphery is heavily modulated at every higher hierarchically
ordered node. Cortical processing of ascending nociceptive information can vary greatly with
context, including behavioral, cognitive, cultural, and personal [71]. Descending projections
from the higher nodes to lower can bidirectionally and drastically alter ascending nociceptive
signaling. Pathways descending from the brain predominantly regulate pain signaling via
synapses in the DH [71]. Two primary structures involved in the top-down regulation of pain
processing are the rostroventral medulla (RVM) and the periaqueductal grey (PAG). These
regions exert their effects at the level of the spinal cord DH by releasing monoamines such as
dopamine (DA), norepinephrine (NE), and serotonin (5-HT) [72]. A set of relevant cell types
have been revealed in the RVM-DH circuits that play a significant role in the central processing
of pain: ON-cells and OFF-cells (citation). ON-cells express mu-opioid receptors (MOR), exhibit
transient burst firing during noxious stimuli-induced pain and are inhibited by opioid
administration [73]. Whereas OFF-cells express delta opioid receptors (DOR), and exhibit tonic
firing but rapidly cease firing when noxious stimuli are applied [73]. These cells present in the
RVM play opposing roles in the facilitation and inhibition of pain processing in the CNS.
Dopaminergic projections from the hypothalamus and noradrenergic systems descending from
the locus coeruleus (LC) also exhibit bidirectional modulation of nociceptive processing [74,75].
Dopamine release from these projections inhibits DH neurons in lamina I and elicit pro- or
antinociceptive effects dependent on the dopamine receptor subtype enacted upon [75]. The
circuitry involved in the processing of pain is complex. It involves both top-down and bottom-up

pain and analgesic signaling, and the integration of both. Leveraging either system for
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therapeutic purposes is the goal of many neuroscientific researchers investigating pain and
analgesia, as well as industrial attempts at discovering and developing novel pharmacological

therapeutics for the treatment of acute and chronic pain.
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THE PHARMACOLOGY OF ANALGESIA

The Endogenous Opioid System

The endogenous opioid receptor family constitutes four unique genes (Oprm1, Oprdl,
Oprk1, Oprll) which each encode a seven-transmembrane spanning G protein-coupled receptor
(GPCR) that have over 60% homology: the mu, delta, kappa, and nociceptin opioid receptors
(MOR, DOR, KOR, NOR) [76-78]. The patterning of these receptors differs throughout the
CNS, and their effects upon activation are diverse [79,80]. Detailed atomic-level structures of the
opioid receptors in active and inactive conformations have been elucidated via X-ray
crystallography. This has allowed computational pharmacologists to develop novel ligands (e.g.,
PZM21) that alter receptor conformations to engender different downstream signaling cascades
than those of classical/endogenous opioids [81-85]. The four endogenous opioid ligand families
are enkephalins, dynorphins, -endorphins, and nociceptin/orphanin FQ [86]. The endogenous
opioid receptor ligands are expressed widely in the CNS, particularly the nociceptive and
antinociceptive pathways. Neurotransmission in the endogenous opioid system differs slightly
from that of classical neurotransmitter systems. Whereas small molecule neurotransmission is
tightly regulated spatially and temporally, peptidic signaling seems to depend on volumetric
release and diffusion toward their cognate receptors [87,88]. Secondly, the majority of opioid
receptors are localized extrasynaptically, “far” away from release sites compared to classical NT
systems [89-91]. Additionally, the opioid peptides are packaged and secreted in large dense-core
vesicles and require larger membrane depolarizations for release than that of monoamines

packaged in smaller vesicles [86]. As the vesicles are transported down to axon terminals from
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somas, the prepropeptides are enzymatically spliced to produce opioid receptor-specific ligands
(e.g., B-endorphin is spliced from proopiomelanocortin and preferentially binds to the MOR)
[92,94]. This process of packaging larger proteins that are subsequently cleaved into smaller
opioid ligands is common within this system, and allows for highly variable cellular signaling, as
many of the products of cleavage have differential levels of specificity for one or more opioid
receptors that they may act on. The opioid receptors are metabotropic Gei and Gao subtypes.
When activated by agonist ligands, the a and By subunits dissociate, and elicit activate different
downstream second messenger cascades but are predominantly inhibitory [86]. However, it is
important to note that agonist-independent opioid signaling has been revealed in chronic pain
and stress conditions [94-96]. Although the mechanism is unclear, it is believed that the
activation energy required for conformation changes to occur in the receptors is decreased and
potentially related to alterations in receptor phosphorylation, accessory proteins, or receptor
densities [85,97,98]. As with characteristic Gai/o signaling, adenylate cyclase is inhibited
following ligand binding, which subsequently reduces cAMP production which decreases kinase
activity (including PKA), putting a break on many transcriptional and translational processes.
Opioid receptor signaling is predominantly inhibitory, but differences in signaling exist in
receptors expressed presynaptically versus postsynaptically. Presynaptically, the By subunits may
also interact with L-, P/Q-, and N-type voltage-gated calcium channels (VGCCs), by decreasing
Ca2+ flux in presynaptic terminals, decreasing synaptic release at the cleft [99]. Pertinently, N-
type calcium channels in the DRG may be co-internalized after long-duration exposure to opioid
agonists, which attenuates NT release and nociceptive traffic from reaching higher-order nodes

in the pain pathways [100]. Conversely, at postsynaptic terminals, By subunit signaling resulting



27

from opioid receptor activation can enhance G-protein gated inwardly rectifying potassium
channels (GIRKSs) [101]. Opening postsynaptic potassium channels allows further extrusion of
the cation, hyperpolarizing the cell. Confirmatory studies have shown that genetic deletions of
GIRK channels in mice attenuate opioid analgesia [102,103]. The cytoplasmic domains of opioid
receptors are phosphorylated by GRKs (GPCR kinases) after ligand binding which leads to the
subsequent recruitment of B-arrestin which initiates receptor internalization (leading to
degradation or recycling), or desensitization [86]. However, even after internalization, GPCRs
may still activate downstream second messenger molecules, eliciting physiological changes from
within endosomal compartments [104,105]. Thus, the signaling of opioid receptors is not limited

to cell surface reception of extracellular ligands.

The Opioid System in Analgesia

The endogenous opioid receptors are expressed in nearly every nociception-related locus
in the CNS. The somatosensory neurons in the CNS express all four opioid receptor subtypes
[106-108]. Activation of opioid receptors expressed on somatosensory neurons decreases
nociception when delivered intrathecally or intradermally [109-111]. Activation of endogenous
opioid receptors attenuates glutamatergic and peptidergic release from somatosensory afferents
in the CNS. Occasionally two or more of the receptor subtypes may be coexpressed by the same
DRG neurons [86]. For instance, unmyelinated peptidergic nociceptors which express substance
P and CGRP and are commonly involved in nociception, also express the MOPR and DOPR
[112-114]. Recent development in single-cell RNA sequencing technology has elucidated that

opioid receptor subtypes are differentially expressed across distinct classes of DRG neurons, and
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differentially regulate distinct pain modalities [115-117]. For instance, Scherrer [118] et al. used
transgenic lines of mice expressing fluorescently labeled DOR receptors to show that DOR and
MOR are differentially expressed on distinct circuit subtypes and contribute differentially to
mechanical and thermal nociception. Recent attempts to leverage our understanding of opioid
circuitry have led to some advancements in developing safer alternatives to opioids. One
example is the creation of peripherally restricted MOR agonists, which act on MORs expressed
on the DRG, and elsewhere in the periphery, but fail to penetrate the BBB and mediate their
deleterious side effects from within the CNS [119-121]. In another attempt, an opioid analgesic
was created with a low acid dissociation constant, which allowed the molecule to only become
active in sites with higher acidity/inflammation [122]. However, these compounds, as well as
much evidence investigating the DRG contribution to pain and analgesia has revealed that the
antinociceptive effects of systemic morphine are still potent in animal models with selective
deletion of MOR in the DRG, indicating that MOR action within the CNS is of greater import
[94, 123]. However, MOR activity in the DRG does contribute to tolerance and opioid-induced
hyperalgesia, both of which are associated with chronic MOR agonist administration [94,124].
Thus, more specific targeting of compartment and circuit subtypes involved in pro- and
antinociception may lead to the development of increasingly efficacious and decreasingly
harmful treatments for pain. The second-order neurons in pain pathways express opioid
receptors. Nociceptive dorsal horn neurons, especially excitatory projection neurons express
MORs, which communicate information about painful stimuli through ascending tracts to the
thalamus, PAG, and parabrachial nucleus [125,126]. There is mixed evidence as to whether DOR

is restricted to primary afferent terminals or is expressed on various subtypes of spinal neurons
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[127,128]. However, there is strong evidence that enkephalin and dynorphin are expressed
specifically by distinct subtypes of dorsal horn interneurons and their expression is increased in

order to modulate chronic pain after peripheral injury [129-131].

Supraspinal Nodes of Analgesia

The descending pain modulatory system is highly involved in opioid-mediated regulation
of nociception. Three of the main nodes within this system are the RVM, vIPAG, and spinal cord
[132]. Administration of mu opioids into the RVM or PAG is sufficient to engender analgesia
[133,134]. The vIPAG contains monosynaptic projections to the RVM, which, as mentioned
above, are delineated as off, on, or neutral cells based on their firing properties during
interactions with nociceptive stimuli [132,135-137]. RVM neuron subpopulations have been
identified using novel genetic and molecular approaches to further elucidate the mechanisms by
which mu opioid agonists produce their effects in this system. They can produce analgesia by
directly inhibiting neurons, or by disinhibiting other inhibitory projections that may facilitate
analgesia along the ascending or descending tracts [86]. Two important subpopulations within
the RVM related to descending modulation of pain are the “off”, preproenkaphalinergic (Penk)
GABAergic neurons which project to the spinal cord, inhibit excitatory nociceptive circuits in
the DH, and the MOR expressing projections that synapse onto Penk expressing DH neurons that
inhibit mechanosensory neurons during mechanical nociception [138,139]. Cortical regions
related to the central processing of pain seem to principally encode its affective components. For
instance, clients given morphine mention experiencing the sensory components of pain but

without the negative affective/aversive qualities [140]. This process is dose-dependent, in that, at
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lower doses of opioids the affective component diminishes, and at higher doses, the sensory
component follows [141-143]. The endogenous opioid system releases opioids during pain
experiences as well as placebo-induced analgesia [144-147].

The aversiveness of pain is believed to be mediated by ACC opioid signaling, as MOR
agonists delivered to the ACC relieve conditioned place aversion to painful stimuli in rodent
models [148,149]. The relationship between the opioid system and reward circuitry is complex.
Yet there is evidence that the relief of pain is intrinsically rewarding. This reward can be blocked
by the administration of naloxone, a mu opioid receptor antagonist, into the ACC [150]. This
effect is correlated with studies that show decreased dopaminergic release in the nucleus
accumbens (NA) [151]. There are many instances of acute and chronic pain states affecting
reward circuitry. For instance, opioid consumption in rodent models is increased following
inflammatory pain, as the inflammatory state desensitizes MOR signaling in the VTA [152,153].
Additionally, NA dopamine release is decreased in states of neuropathic pain, an effect that is
related to VTA microglial activation [154].

The amygdala is a CNS structure centrally involved in aversion and affect. GABAergic
neurons in the amygdala express MORs in both the intercalated cell mass and the central
nucleus, and when activated by mu opioid agonists, aversive responses to painful stimuli are
decreased [155-157]. Information related to stress and anxiety initiating in the basolateral
amygdala and locus coeruleus traveling to the nucleus of the stria terminalis is gated by the KOR
system [158-160]. Across all major classes of drugs of abuse, the kappa-dynorphin system
modulates stress, mood, aversion, and drug-seeking as it is expressed highly and integrally

related to signaling nodes within the NA and amygdala, which mediate many of the
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motivational/affective components of pain [161-168]. Thus, the endogenous opioid system is
highly complex, involved in many nodes within the ascending and descending pain and analgesic
tracts, as well as higher-order cortical regions that compute complex affective and motivational

components of pain and analgesia.

GABA Disinhibition of Opioid Analgesia

The aforementioned top-down system that modulates pain and analgesia includes the
PAG, RVM, and dorsal horn is an integral and complex system within the CNS, comprised of
many receptor and neuron subtypes. Activating this system at the level of the RVM or PAG
produces analgesia [243]. This region is a major site of analgesic activity produced by opioids
when consumed, as well as the structure in which stress-induced analgesia originates [244,245].
An early confounding finding by researchers investigating this circuitry found that both
activating (via electrical stimulation or administration of excitatory amino acids) or inhibiting
(via opioids) this circuit produced analgesia [246-248]. The supposition that followed was that
inhibitory GABAergic interneurons tonically inhibited opioid neurons in the RVM and PAG, and
when opioids were administered to the regions, the “brakes” were released, allowing opioid
neurons to suppress ascending nociceptive traffic from reaching the brain and producing pain
[243,249]. In studies using ex vivo electrophysiology to tease out these mechanisms, two
subpopulations of cells termed “ON” and “OFF” cells were characterized in the RVM (as
mentioned briefly earlier). Upon noxious stimulus application, ON cells show a distinctive
increase in neuronal activity, whereas OFF cells exhibit decreased activity at the same time, just

prior to a tail flick response [248]. When the PAG is chemically or electrically stimulated, the
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projections that reach the RVM suppress ON cell activity, and enhance OFF cell activity,
producing antinociception [246]. Local injections of opioids into the RVM or PAG can elicit
these same effects [250-253]. Importantly, the OFF cells have been shown to project to the spinal
cord and GABA4 antagonist compounds decrease the inhibition of their firing preceding a
nocifensive tail flick [249]. However, ON cells are understood to be local inhibitory GABAergic
interneurons that decrease their firing before a tail flick. The role of opioids in these two
subpopulations seems to be twofold: opioids activate descending OFF cell projections (eliciting
antinociception), which inhibit nearby ON cells via lateral inhibition [254]. More specifically,
opioids directly inhibit ON cells postsynaptically and presynaptically but do not directly affect
the descending projections [255, 256-264]. This inhibition of ON cells elicits disinhibition of
descending OFF cells, allowing for further antinociceptive signaling [261]. These top-down
circuits are important in the study of pain and antinociception as they bidirectionally control the
flow of pain-related information in the CNS and can be leveraged pharmacologically for

therapeutic purposes.

Prescription Opioids and Their Abuses

In 1995, the FDA approved oxycodone as a prescription opioid to treat acute and chronic
pain, after which the market for opioid therapeutics dramatically increased [265-267]. Opioids
became readily and widely available in different preparations (e.g., oral, intranasal, transdermal,
etc.) [268]. Quickly following, the Federation of State Medical Boards released a set of
guidelines in 1998, in an attempt to attenuate opioid abuse, but instead eventually paved the way

for an increase in prescription and abuse rates [265,269]. Although some evidence suggested that
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the rate of prescription opioid increases was not related to rates of abuse immediately in 1998,
the direction of opioid prescriptions and opioid-related overdoses measurably changed following
the 2001 Join Commission on Accreditation of Healthcare Organizations, which emphasized the
right to pain relief for patients suffering from acute and chronic forms of pain [270,271]. Opioid
prescriptions in the US rose from 76 million in 1991 to 219 million in 2011, a near threefold
increase [272,273]. In 2016, out of every 100 Americans, nearly 67 opioid prescriptions were
written [274]. Prescription policies and practices vary by state, but overprescribing seemed to
predominate in the Midwest and Appalachia [275,276]. One analysis of opioid prescriptions by
county revealed that greater opioid proportions were present in populations with the following
characteristics: a greater number of physicians per capita, greater poverty, lower educational
attainment, lower insurance rates, and higher demographic representations of African American
and non-Hispanic whites [277].

There is clear evidence now that indicates that the rates of opioid sales are strongly
related to opioid abuse rates. In 2016, a study revealed that over 11 million Americans were
actively abusing opioid prescriptions, over two million met the diagnostic criteria of opioid use
disorder (OUD), and 42,000 died from opioid-related overdoses [278]. The US Department of
Health and Human Services finally declared the opioid epidemic a public health emergency in
late 2017 [279]. OUD, as defined by the DSM-5 is “a problematic pattern of opioid use leading
to clinically significant impairment or distress” [280]. Individuals must meet two of the
behavioral and/or psychological manifestations within a one-year period to meet the diagnostic
criteria, such as strong cravings to use opioids, recurrent opioid use despite physical hazards

associated with use, etc. [280]. Common symptoms associated with OUD include increasing
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amounts of opioids consumed over time to achieve the desired effects (tolerance), negative
physiological and psychological states after abstaining from use for a period of time
(withdrawal), strong urges/desires to use opioids, and the inability to reduce or control the use of
opioids [280,281].

Since 1999, opioid-related deaths have tripled [282]. These deaths account for nearly 115
deaths per day in the US, which is about one death every 13 minutes [282,283]. Between 2002
and 2015, there was nearly a threefold increase in overdose deaths from illicit and prescription
opioids [282,283]. The totality of years of potential life lost in 2018 was estimated to be 830,652
years (excluding years over age 65) [284]. This tragic and devastating trend was primarily driven
by opioid prescriptions until 2014 when illicit substances began to account for more of the
opioid-related mortality [274,283]. Even as illicit substances begin to overtake prescription
opioids in overdose deaths, the unfortunate fact remains that opioid-related overdose deaths
continue to rapidly rise in the US, increasing from 47,600 in 2017 to 68,630 in 2020 [282,283].
In fact, 85% of the estimated $504 billion economic burden related to the opioid crises is
accounted for by fatality costs alone [285]. Needless to say, solutions to the opioid crisis are in

dire need.

New Alternatives to Classical Opioids

Most prescription opioid analgesics operate by activating the MOR along pain and
analgesic pathways in the CNS. However, activation of these receptors also precipitates
undesirable side effects such as constipation, respiratory depression, addiction, tolerance,

withdrawal, and death. Attempts at improving upon opioid therapies have targeted this receptor



35

specifically over the past century [286]. However, novel approaches that attempt to leverage
other receptor systems or secondary messenger molecules have begun to take shape over recent
decades. Two predominant strategies to improve pain therapies include biased signaling
molecules and multifunctional opioid compounds [286].

Multifunctional opioids leverage various opioid receptor subtype combinations in
attempts to differentially modulate pain and side effect biology by activating or inactivating
multiple opioid receptor systems simultaneously [286]. This is possible because opioid receptor
compounds, although they all relate to nociception and analgesia, exhibit different phenotypes
depending on the physiological context wherein they are activated. For instance, although MOR
activation may produce respiratory depression and inhibition of gut motility (constipation), KOR
activation produces antinociception and dysphoria, but without constipation or respiratory
depression [286]. Thus, compounds such as U50,488H, a dual MOR/KOR agonist shows
promise as they may produce greater levels of analgesia while reducing unwanted side effects
[287]. Similar compounds, such as KOR/DOR dual agonists, MOR/DOR antagonists, and
MOR/DOR dual agonists show promise as well but many of these multifunctional opioid ligands
are still in the early stages of preclinical development.

Biased agonists have been developing, mostly in academic laboratories since 1999, when
researchers revealed that genetically knocking down B-arrestin2 in vivo showed increased
efficacy of morphine antinociception [288]. Since B-arrestin2 was known to mediate opioid
receptor internalization and desensitization, the results were confirmatory. Surprisingly,
however, the knockout mice also showed decreased tolerance to morphine, revealing a potential

therapeutic strategy to improve opioids [289]. Unfortunately, with increased efficacy and
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decreased desensitization resulting from B-arrestin2 knockout, the opioid-induced reward was
also enhanced [290]. Following these and further studies investigating B-arrestin2 in opioid
signaling, other laboratories began to develop compounds that produced different functional
outcomes even when acting upon the same receptor subtypes [286]. Thus, functionally selective
compounds began to be identified with the aim of activating opioid receptors but alternatively
initiating intracellular cascades to produce more translationally relevant effects.

One understudied target in the context of opioid analgesics is Heat Shock Protein 90
(Hsp90). Hsp90 is a chaperone protein that is expressed in every cell type and plays numerous
physiological roles, including protein folding, stabilization, protein localization, protein complex
formation, and signal transduction regulation [286]. The inhibition of Hsp90 is suggested to be
anti-inflammatory, as compounds that block Hsp90 activity attenuate the duration and onset of
neuropathic pain [291]. In the context of opioid analgesia, however, Hsp90 has been shown to be
upregulated after chronic opioid administration, and Hsp90 inhibition reduced opioid withdrawal
severity [292]. Additionally, molecular markers of dependence and withdrawal were shown to be
reduced after Hsp90 inhibition in vitro [293]. More evidence directly associating Hsp90 to opioid
signaling in the CNS has been produced in recent years. For instance, Hsp90 in the brain has
been shown to positively regulate opioid antinociception via ERK/MAPK signaling, and the
inhibition of Hsp90 in the brain strongly attenuated systemic morphine-induced analgesia [294].
The effect of Hsp90 inhibition on opioid analgesia was consistent in the context of different
models of pain [295,296]. Conversely, however, the inhibition of Hsp90 in the spinal cord
increased opioid-induced antinociception [297]. This opposing effect of Hsp90 inhibition in the

spinal cord was similarly consistent across different models of pain. More importantly, in
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addition to improving the potency of morphine, side effects such as tolerance, constipation, and
addiction were all either reduced or unchanged compared to controls [unpublished data]. These
results taken together suggest that spinal cord Hsp90 inhibition provides a dose-reduction
strategy, wherein patients may be co-administered lower doses of opioids along with Hsp90
inhibitors and achieve the same analgesic effects but have reduced risks of undesirable side
effects. Further studies investigating the role of Hsp90 in opioid analgesia revealed that systemic
administration of nonselective Hsp90 inhibitors showed similar effects as intracerebroventricular
administration of Hsp90 inhibitors. This suggests that, when delivered systemically, the effects
of Hsp90 inhibition in the brain predominates over that in the spinal cord. One way around this
roadblock is to use small molecule inhibitors that selectively target Hsp90 isoforms that are
expressed in the spinal cord, but not the brain. Additionally, co-chaperones of Hsp90 that
contribute to Hsp90 signaling pathways in the spinal cord but not in the brain, may also be
targeted and yield similar results. Our evidence collected over the past several years suggests that
this Hsp90 isoform selective strategy is highly promising, and systemic administration of these
compounds produces desirable effects, and reduced or unchanged side effects when co-delivered
with opioids.

Given the complexity of the pain and analgesic molecular mechanisms and CNS
circuitry, tackling the opioid epidemic appears to be a difficult, complex problem to solve even
with the sociopolitical and economic considerations aside. Presently, two main routes to reducing
the burden of the opiate crises seem apparent: replacing present opioid treatments with non-
opioid alternatives (e.g., cannabinoids) or improving extant opioid treatments (via biased ligands

or co-administered compounds). Our lab seeks to contribute to the latter path.
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CHAPTER 2

INHIBITING SPINAL CORD-SPECIFIC HSP90 ISOFORMS REVEALS A NOVEL
STRATEGY TO IMPROVE THE THERAPEUTIC INDEX OF OPIOID TREATMENT

Introduction

Opioid drugs like morphine are the gold standard for the treatment of moderate to severe
chronic pain, but are limited by serious side effects, including tolerance, constipation, and
reward/addiction liability [169, 170]. These limitations have spurred the search for alternate
approaches to improve opioids, such as multifunctional ligands, or opioid agonists biased against
the recruitment of Parrestin2 (recently reviewed in [171]). While none of these approaches has
solved the opioid issue, they have revealed how manipulating the signal transduction cascades of
the opioid receptors holds great promise in improving opioid outcomes (e.g., arrestin bias).

To this end, we’ve engaged in a long-term effort to investigate the role of Heat shock
protein 90 (Hsp90) in regulating opioid signaling and anti-nociception. Hsp90 is a ubiquitous and
highly expressed chaperone protein with a variety of roles, including nascent protein maturation,
signaling kinase activation, and scaffolding signaling complex formation (reviewed in [172,
173]). Hsp90 has mostly been studied in the context of cancer. A few papers have shown that
Hsp90 promotes inflammation during inflammatory and neuropathic pain [174-176], and another
two papers have shown that Hsp90 could promote opioid dependence and withdrawal [177,178].
More recently, another paper has linked the Hsp90p isoform to opioid receptor signaling [179].
However, in general, the role of Hsp90 in the pain and opioid systems is mostly unstudied

(reviewed in [180]).
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In our work, we’ve uncovered a role for Hsp90 in opioid signaling and anti-nociception
that differs between the brain and spinal cord. In brain, Hsp90 promotes ERK MAPK signaling
via the Hsp90a isoform and the co-chaperones Cdc37 and p23; Hsp90 inhibitor treatment in the
brain thus reduces ERK MAPK signaling and opioid anti-nociception [182-184]. In contrast,
Hsp90 represses opioid anti-nociception and signaling in the spinal cord, so that Hsp90 inhibitor
treatment in the spinal cord promotes an ERK-RSK signaling cascade that results in enhanced
opioid anti-nociception [185].

This enhanced anti-nociception led us to hypothesize that spinal Hsp90 inhibitor
treatment could be used to improve the therapeutic index of opioids and enable a dose-reduction
strategy. This is because many side effects are regulated outside the spinal cord, and would
presumably not be impacted by spinal inhibition (e.g. reward in ventral tegmental area and
striatum [186], constipation in the gut [187]). If anti-nociception were improved but side effects
were either improved or not altered, then a lower dose of opioid could be given in combination
with Hsp90 inhibitor treatment. This would hypothetically result in improved or maintained anti-
nociception with decreased side effects (see [188] for a parallel approach). A novel dose-
reduction strategy of this kind could be used to improve opioid therapy in chronic pain patients,

decreasing the impact of the negative side effects of opioid therapy.

Materials and Methods
Drugs and CRISPR constructs
KU-32, KUNAI115, KUNBI106, and KUNG65 were synthesized, purified, and

characterized as in our previously published work (KU-32 is Compound A4 in [189]; KUNA115
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in [190]; KUNB106 in [191]; KUNG65 in [192]). Purity was confirmed by HPLC (>95%) and
identity confirmed by HRMS and NMR. Inhibitors were stored under desiccation at -20°C, and
stock solutions were prepared in DMSO, and also stored at -20°C. A matched Vehicle control for
was included in every experiment; 0.02% DMSO in sterile USP water for the 0.01 nmol
intrathecal injections and 10% DMSO, 10% Tween80, and 80% sterile USP saline for 1 mg/kg
intravenous and 10 mg/kg oral injections. Morphine sulfate pentahydrate was obtained from the
NIDA Drug Supply Program, stored at room temperature, and working solutions were made
fresh prior to every experiment in sterile USP saline. USP saline injected controls were used for
the reward and constipation assays below.

All-in-one CRISPR DNA constructs expressing Cas9 and a gRNA targeting Hsp90a
(MCP229411-CG01-3-B), Hsp90B (MCP227368-CG12-3-B), and Grp94 (MCP230394-CG12-3-
B) were obtained from Genecopoeia (Rockville, MD). The DNA was amplified using standard
molecular biology approaches, and complexed with TurboFect in vivo transfection reagent
(Thermo Fisher, Waltham, MA) as described in our previous work [193] and by the
manufacturer’s protocol. The complexed DNA was injected into the mice by the intrathecal route

(2 pg DNA in 5 pL) daily from days 1-3, with behavioral testing performed on day 10.

Mice

Male and female CD-1 mice in age-matched cohorts from 5-8 weeks of age were used
for all behavioral experiments and were obtained from Charles River Laboratories (Wilmington,
MA). CD-1 (a.k.a. ICR) mice are commonly used in opioid research as a line with a strong

response to opioid drugs (e.g. [192], and our own previous Hsp90 research [181-184]). Mice
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were recovered for a minimum of 5 days after shipment before being used in experiments. Mice
were housed no more than 5 mice per cage and kept in an AAALAC-accredited vivarium at the
University of Arizona under temperature control and 12-h light/dark cycles. All mice were
provided with standard lab chow and water available ad /libitum. The animals were monitored
daily, including after surgical procedures, by trained veterinary staff. All experiments performed
were in accordance with IACUC-approved protocols at the University of Arizona and by the
guidelines of the NIH Guide for the Care and Use of Laboratory Animals. We also adhered to the

guidelines of ARRIVE; no adverse events were noted for any of the animals.

Behavioral experiments

All animals were randomized to treatment groups by random assignment of mice in one
cohort to cages, followed by random block assignment of cages to treatment group. Group sizes
were based on previous published work from our lab using these assays [182, 184, 193, 194].
The mice were not habituated to handling. Prior to any behavioral experiment or testing, animals
were brought to the testing room in their home cages for at least 1 h for acclimation. Testing
always occurred within the same approximate time of day between experiments during the
animal light (inactive) cycle, and environmental factors (noise, personnel, and scents) were
minimized. All testing apparatus (cylinders, grid boxes, etc.) were cleaned between uses using
70% ethanol and allowed to dry. The experimenter was blinded to treatment group by another
laboratory member delivering coded drug vials, which were then decoded after collection of all

data. Naive mice were used for every experiment, including each dose.
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Paw incision and mechanical allodynia

Mechanical thresholds were determined prior to surgery using calibrated von Frey
filaments (Ugo Basile, Varese, Italy) with the up-down method and four measurements after the
first response per mouse as in [195] and our previously published work (e.g. [196]). The mice
were housed in a homemade apparatus with Plexiglas walls and ceiling and a wire mesh floor (3-
inch wide 4-inch long 3-inch high with 0.25-inch wire mesh). The surgery was then performed
by anesthesia with ~2% isoflurane in standard air, preparation of the left plantar hind paw with
iodine and 70% ethanol, and a 5-mm incision made through the skin and fascia with a no. 11
scalpel. The muscle was elevated with curved forceps leaving the origin and insertion intact, and
the muscle was split lengthwise using the scalpel. The wound was then closed with 5-0
polyglycolic acid sutures. Mice were then injected with inhibitor or Vehicle control and left to
recover for 24 h. Our intrathecal (i.t.) injection protocol is reported in [181]; briefly, the injection
was made in awake and restrained animals with a 10 pL Hamilton syringe and 30 g needle (5-7
uL volume) between the L5-L6 vertebrae at a 45° angle, with placement validated by tail twitch.
Since the injection was made through skin with no incision or other surgical intervention,
repeated injection protocols were performed the same way. The next day, the mechanical
threshold was again determined as described above. Mice were then injected with 0.32-5.6
mg/kg morphine by the subcutaneous (s.c.) route, and mechanical thresholds were determined

over a 3-hour time course. No animals were excluded from these studies.
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Tail-flick assay

Pre-injection tail-flick baselines were determined in a 52°C tail-flick assay with a 10-s
cutoff time (method also reported in [181]). The mice were then injected with inhibitor or
Vehicle control with a 24-hour treatment time. 24-hours post-injection baselines were
determined. The mice were then injected s.c. with 1-10 mg/kg of morphine, and tail-flick
latencies were determined over a 2-hour time course. For tolerance studies, baseline tail flick
latencies were taken, and mice were then injected with inhibitor or Vehicle control with a 24-
hour treatment time. 24 hours later mice were baselined again and then injected with 10 mg/kg
s.c. morphine with one tail flick latency measured at 30 minutes post morphine. Mice were
injected again with inhibitor or Vehicle and the process was repeated for an additional 7 days
with twice daily morphine injection, and tail flick response measured after the morning injection.

No animals were excluded from these studies.

HI1V peripheral neuropathy

Mechanical threshold baselines were measured prior to any treatment on the left hind
paw using von Frey filaments. HIV peripheral neuropathy was induced by intrathecal injection of
gp120 IIIb protein (SPEED BioSystems, Gaithersburg, MD, Cat# YCP1549, 15 ng/ul in 0.1 M
PBS and 0.1% BSA, 7-ul volume) using our previously established protocol [181] on days 1, 3,
and 5. On day 20 a second mechanical threshold baseline was measured on the left hind paw
using von Frey filaments and then KU-32 or Vehicle was injected 1.t with a 24-h treatment time.

A third mechanical threshold was then measured on day 21 and morphine (0.32-10 mg/kg s.c.)
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was then injected, and mechanical thresholds were measured over a time course on the left hind

paw. No animals were excluded from these studies.

Conditioned place preference

Conditioned place preference training, baseline runs, and post-training runs were all
performed in Spatial Place Preference LE 896/898 rigs (Harvard Apparatus, Holliston, MA).
Rigs were designed to consist of two chambers with one connecting chamber. Of the two
conditioned chambers, one consisted of black and grey dotted walls with a textured floor. The
other chamber consisted of black and grey striped walls with smooth floor. Chamber floors
connected to a pressure sensor which transferred ongoing data to a computer running PPC WIN
2.0 software (Harvard Apparatus). Prior to preference training baselines were taken on day 0.
Mice were placed in CPP chambers and allowed to roam freely for 15 minutes at ~7am.
Chambers were cleaned thoroughly with VersaClean and allowed to dry in-between mice. Mice
were then injected with i.t. KU-32 or Vehicle with a 24-hour treatment time. On day 1 mice were
injected with 1.t. KU-32 or Vehicle again and allowed to recover for 30 minutes. Mice were then
injected s.c. with saline or morphine (3.2, 5.6, or 10mg/kg) at ~7am and placed in either stripe or
dotted chambers. Half of each group paired morphine with the striped chamber and the other half
to the dotted chamber in an unbiased design. At ~12pm mice were then given a second injection
of either saline or morphine which was paired to the opposite chamber. This training process was
repeated for 4 days total with morning and noon pairings alternating each day. On day 5 mice

were placed in CPP chambers and allowed to roam freely for 15 minutes at ~7am. Raw data in
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the form of seconds and percentage spent in each chamber was exported from PPC WIN 2.0 as

an excel file and transferred to GraphPad Prism 9.3 (San Diego, CA) for further analysis.

Opioid induced constipation

Prior to the experiment mice were injected with either KU-32 or Vehicle i.t. and allowed
to recover for 24 hours. Morphine (1, 3.2, or 10mg/kg s.c.) or saline was injected and followed
by a 6-hour fecal production time course. During this time course the mice were housed in the
von Frey boxes used to collect the paw incision and HIV neuropathy data above, which have a
grate above a collection plate. The feces were counted and weighed in 1-hour bins and used to
construct a cumulative plot. Morphine treated groups were normalized to saline groups and

represented as a percentage at each timepoint.

Respiratory depression

Respiratory activity and subsequent morphine-induced depression was measured using
whole body plethysmography in awake and freely moving mice using chambers from Data
Sciences International (St. Paul, MN). Chambers were maintained at room temperature, with
composition of the atmosphere set by mass flow controllers. Mice were injected with inhibitors
or Vehicle control, followed by 24 hr treatment time, as for the above assays. The mice were
then placed in the chambers for a 30-minute acclimation and baseline period, with respiratory
measurements recorded for the last 7 minutes of the period. All mice were then treated with 7.5
mg/kg morphine i.v., immediately placed back in the chambers, and respiratory activity recorded

for an additional hour.
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In vitro ADME assays

LogD Determination. Distribution coefficient (LogD) was determined by the method of

Wilson et al. [197]. Briefly, 5 uL volumes of test compounds diluted in DMSO were added to a
mixture of equal volumes of 50 mM phosphate buffer and 1-octanol. The compounds were
assayed using a 50 nM concentration in order to limit compound precipitation and to ensure that
the assay values were maintained within the dynamic range of the LC-MS/MS instrumentation.
Samples were vortex mixed at 800 rpm for 24 h. Subsequent to centrifugation at 14000 rpm for
30 min, 1 pL of each layer was analyzed by LC-MS/MS. LogD was calculated using the peak
areas obtained from each layer.

Aqueous Solubility. Aqueous solubility was determined using a miniaturized shake flask

approach, under conditions of pH 6.8 and analyte concentration of 1.0 mM by the method of
Zhou et al. [198]. Aqueous solutions of analyte were incubated at room temperature in the
chamber of a Whatman (Piscataway, NJ) Mini-UniPrep syringeless filter for 24 h while shaking
gently (600 rpm). Subsequent to incubation, filter plungers were pushed down to the bottom of
the syringeless filter chamber assemblies, allowing filtrate to enter the plunger compartment.
Following an additional 30 min incubation at room temperature, filtrates were diluted with 50:50
acetonitrile/water + 0.1% formic acid and analyzed by LC—MS/MS. Analyte concentrations were
determined by the interpolation of peak area ratio from a calibration curve formed by matrix
spiked with authentic reference material.

In Vitro Mouse Liver Microsomal Stability. Metabolic stability of lead compounds was

assessed in vitro by the method of Di et al. [199]. Briefly, mouse liver microsomes (Corning Life

Sciences, Woburn, MA) were isolated from CD-1 mice (male mice, 8—10 weeks of age). Assays
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were conducted using 0.123 mg/mL protein concentration (total protein concentration in the
microsomal solution) and 1.0 uM drug concentration under incubation conditions of 37 °C.
Metabolic stability was determined following 0, 5, 15, 30, and 60 min of incubation time. The
samples were analyzed by reversed phase LC using a triple quadrupole mass spectrometer.
Compound specific transitions of parent ion to product ion were monitored and percent
remaining calculated based on peak area of 5—60 min time points (relative to time zero). Half-life
calculations were determined using the formula t'2 = —In (2)/k, where k (min—1) is the turnover
rate constant (the slope) estimated from a log—linear regression of the percentage compound
remaining versus time.

In Vitro Human Liver Microsomal Stability. Metabolic stability of the compounds in

human liver microsomes was determined by the method described above using pooled human
liver microsome preparations from 20 male donors (Corning Life Sciences, Woburn, MA).
Assays were conducted as described above and the in vitro half-life of the compounds was
calculated.

LC-—MS/MS Analysis. LC-MS/MS analysis was conducted using an Agilent (Santa

Clara, CA) 6460 triple quadrupole mass spectrometer coupled with an Agilent liquid
chromatography (LC) system. The LC system consists of a binary pump, degasser, column
heater, and autosampler. Chromatographic separation was performed on a Waters Atlantis T3
3um 3.0 x 50 mm analytical column using a ballistic gradient of mobile phase consisting of 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at a flow rate of 0.75 mL/min.

The mobile phase was heated to a temperature of 45 °C.
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In vivo pharmacokinetic study

Mice were dosed with 10 mg/kg KUNG65 by the oral route, with groups over a 2 hr time
course. The mice from each time point were sacrificed, and whole blood collected into EDTA
tubes from a cardiac puncture. This was followed by saline perfusion to clear the vasculature,
and the spinal cords were dissected and snap frozen in liquid nitrogen. The whole blood was
separated, and the plasma stored in EDTA tubes; all samples were stored at -80°C prior to
analysis. Compound exposure in plasma subsequent to in vivo dosing was determined by
precipitation of protein with acetonitrile. Following centrifugation, the supernatant was injected
for LC-MS/MS analysis, and plasma concentration determined via interpolation of peak areas

from a standard curve prepared in plasma.

Competition radioligand binding

KUNBI106 binding to the opioid receptors was performed substantially as in our previous
work [200-204]. Human mu (#ES-542-C), delta (#RBHODM-K), and kappa (#ES-541-C)
opioid-expressing CHO cell lines from PerkinElmer (Waltham, MA) were used. The cells were
grown in in 1:1 DMEM/F12 medium with 10% heat-inactivated fetal bovine serum, 1X
penicillin-streptomycin supplement, and 500 pg/mL G418 selection antibiotic. Cell pellets for
experiments were collected using 5 mM EDTA in PBS and membrane protein extracted as
described in our cited work. For the binding, 25-30 pg of membrane protein was combined with
a fixed concentration (0.57-5.18 nM) of *H-diprenorphine (PerkinElmer) and concentration
curves of KUNB106 or positive control (naloxone for mu and delta, U50,488 for kappa) in a 200

uL volume. The reactions were incubated for 1 hr at room temp, then collected onto 96 well
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format GF/B filter plates using a Brandel Cell Harvester (Gaithersburg, MD). The radioactivity
was read using a 96 well format MicroBeta2 scintillation counter (PerkinElmer). The resulting
data was normalized to binding in the presence of Vehicle (100%) or 10 uM naloxone/U50,488
(0%), and used to calculate the K1 based on the previously established Kb of *H-diprenorphine in

each cell line using GraphPad Prism 9.3 using a 1-site fit model.

Statistical analysis

All data were reported as the mean + SEM and normalized where appropriate as
described above. The behavioral data from each individual dose was reported raw without
maximum possible effect (MPE) or other normalization. Data for dose/response curves (except
CPP) was normalized to %MPE using peak effect, except for constipation, which used Area
Under the Curve [MPE = (Response-Baseline) / (Threshold — Baseline) * 100]. The CPP
dose/response curve was reported as the % Difference Score [Diff Score = % in Paired - % in
Unpaired]. Technical replicates and further details are described in the Figure Legends. Potency
(Aso) values were calculated by linear regression using our previously reported method [181],
with further details in the Figure Legends, and were reported with 95% confidence intervals.
Statistical comparisons of individual dose/response curve time courses were performed using
Repeated Measures 2-Way ANOVA with Sidak’s (tail flick, paw incision, HIV neuropathy,
tolerance rescue, constipation, respiratory depression) or Tukey’s (tolerance, CPP) post hoc tests.
The Geisser-Greenhouse correction was used to account for a potential lack of sphericity of the
data, permitting valid Repeated Measures ANOVA. ANOVA post hoc tests were only performed

when ANOVA F values indicated a significant difference, and there was homogeneity of
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variance (permitting parametric analysis). In all cases, significance was defined as p < 0.05. The
group sizes reported represent independent individual mice tested in each assay. All graphing
and statistical analyses were performed using GraphPad Prism 9.3. Approximately equal
numbers of male and female mice were used for each experiment. Comparison by 2 Way
ANOVA using sex as a variable revealed no sex differences in this study, so all male and female

mice were combined.

Results
Spinal Hsp90 inhibition enhances morphine anti-nociception in multiple pain models

Based on our earlier work [184] we hypothesized that spinal cord Hsp90 inhibition would
consistently enhance morphine anti-nociception over a full dose range in different acute and
chronic pain models. We tested this using male and female CD-1 mice injected with 0.01 nmol
of the non-isoform-selective Hsp90 inhibitor KU-32 or Vehicle control by the i.t. route with a
default treatment time of 24 hours (time point based on our earlier work [181-184]). After the
24-hour treatment time, the mice were treated with a dose range of morphine and anti-
nociception was measured.

We first tested acute thermal nociception in uninjured mice using the well-established tail
flick model. KU-32 treatment caused a consistent and significant elevation in morphine anti-
nociception over the dose range of 1-5.6 mg/kg (Figure 1A-C). The response was not different
at 10 mg/kg; however, 10 mg/kg is a maximal dose in this assay, and responses were not
recorded past the 10 second threshold (Figure 1D). Dose/response analysis revealed a potency of

3.0 (2.5 — 3.7; 95% confidence intervals reported in parentheses) mg/kg in Vehicle treated mice
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and 1.6 (1.3 — 2.0) mg/kg in KU-32 treated mice, representing a 1.9-fold shift improvement in
potency (Figure 1E).

This result was encouraging; however, tail flick is a spinal reflex in uninjured animals,
and may not translate to clinical pain conditions. We thus used the post-surgical paw incision
assay to model post-surgical pain, a common opioid indication [205]. Much as in heat-induced
tail flick, KU-32 caused a significant and consistent elevation in morphine anti-nociception over
the 0.32 — 5.6 mg/kg dose range (Figure 2A-E). Dose/response analysis showed an Aso potency
value of 2.4 (2.0 — 2.8) mg/kg for Vehicle animals and 0.85 (0.64 — 1.1) mg/kg for KU-32
animals, representing a 2.8-fold improvement in potency (Figure 2F).

These results are again promising, but both pain states are acute and short in duration,
and do not represent chronic pain, which is the most difficult to treat in the clinic. We thus used
the HIV peripheral neuropathy model induced by gp120 protein injection, which is a sustained
and long-lasting neuropathic pain model [205]. After 3 sustained weeks of chronic pain, the mice
were treated with KU-32 or Vehicle control and tested as above. Again, KU-32 treatment caused
a sustained and significant increase in morphine anti-nociception over the 0.32-10 mg/kg dose
range (Figure 3A-E). Dose/response analysis showed a potency of 4.2 (3.7 — 4.8) mg/kg for
Vehicle treatment and 1.2 (0.87 — 1.5) mg/kg for KU-32 treatment, an improvement of 3.5-fold
(Figure 3F). Not only did KU-32 improve opioid anti-nociception in this chronic pain model,
but it also had the largest fold-shift improvement of the 3 models tested. Importantly, KU-32

treatment did not cause baseline differences in any pain state measured.
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Spinal Hsp90 inhibition reduces morphine tolerance and rescues established tolerance

The results above support our hypothesis that spinal Hsp90 inhibition could make opioids
more potent. However, at the same time, if side effect potencies are enhanced, then the
improvement does not result in an improved therapeutic index or improved opioid therapy. We
thus tested the potency of morphine side effects with spinal Hsp90 inhibitor treatment, beginning
with anti-nociceptive tolerance. Over a 7-day repeated treatment period, the anti-nociceptive
efficacy of morphine steadily decreased in Vehicle treated mice, resulting in a complete loss of
anti-nociceptive efficacy by day 7 for the entire 1-10 mg/kg dose range (Figure 4A-C). In
contrast, KU-32 treatment caused a significant decrease in tolerance over the full 7-day treatment
period and full dose range, so that at least some significant anti-nociceptive efficacy remained by
day 7 at each dose with KU-32 treatment (Figure 4A-C). Notably, baseline responses were not
altered by any treatment, demonstrating that KU-32 treatment is not altering baseline nociception
(Figure 4A-C). To quantify this result, we compared day 1 vs. day 4 responses for each dose and
treatment; day 4 was chosen because days 5-7 have no quantifiable Vehicle response for at least
one dose each. Dose/response analysis of these data revealed a 21-fold tolerance shift from day 1
to day 4 for Vehicle-treated mice; this tolerance shift was reduced to 2.9-fold in KU-32 treated
mice (Figure 4D).

This result suggests that morphine tolerance is blocked by KU-32 treatment; however,
KU-32 treatment began before the tolerance regimen and continued during every morphine
injection. We thus sought to determine if KU-32 treatment would reverse already-established
tolerance. We thus subjected naive mice to a tolerance regimen as above for 3 days; all mice

showed normal morphine anti-nociception on day 1 and a near-complete tolerance by day 3
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(Figure 4E). We then injected these mice with KU-32 or Vehicle, and 24 hours later, injected
morphine again. The Vehicle-treated mice showed little anti-nociception, showing how their
tolerance was maintained (Figure 4F). In sharp contrast, the KU-32 treated mice showed a full
anti-nociceptive response to morphine, comparable to their day 1 response (Figure 4F). These
results suggest that not only can spinal Hsp90 inhibition reduce the development of tolerance,

but it can also restore responsiveness to already-tolerant mice.

Spinal Hsp90 inhibition does not alter morphine-induced constipation and reward

Based on our rationale described above, we continued to investigate clinically relevant
opioid side effects. Opioid-induced constipation is a highly clinically significant side effect, that
lowers medication compliance and patient quality of life [184]. After KU-32 or Vehicle
treatment, we injected a dose-range of morphine and measured fecal output over a 6-hour time
course. Compared to saline injected controls, morphine caused ~40% constipation at 1 mg/kg,
that plateaued at ~70% constipation at 3.2-10 mg/kg (Figure 5A-C). Vehicle vs. KU-32 saline or
morphine treatment curves were not significantly different at any dose or time point. After
normalizing each treatment group to saline-injected controls, dose/response analysis revealed
overlapping curves with a constipation potency of 0.67 (0.32 — 0.94) mg/kg for Vehicle and 0.97
(0.59 — 1.3) mg/kg for KU-32, further supporting the conclusion that KU-32 treatment did not
alter morphine constipation (Figure 5D).

We next tested opioid-induced reward, which is the basis for opioid addiction, and has
contributed to an opioid abuse and overdose crisis [185, 207]. We used the well-established

conditioned place preference (CPP) assay, which demonstrates reward (or aversion) learning
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[26]. Over the 3.2-10 mg/kg morphine dose range, we observed an increasing preference for the
morphine-paired chamber by Vehicle-treated mice, that rose to the level of significance at 10
mg/kg of morphine (Figure 6A-C). KU-32 treatment did not differ significantly from Vehicle
treatment at any dose, and also showed significant preference at 10 mg/kg of morphine (Figure
6A-C). Dose/response analysis showed overlapping curves and a potency of 5.1 (2.7 — 7.7)
mg/kg for Vehicle and 5.3 (-0 - +00) mg/kg for KU-32, further supporting a lack of effect of KU-

32 treatment on morphine-induced reward learning (Figure 6D).

Identification of spinal cord specific Hsp90 isoforms

The results above confirm our basic hypothesis that inhibition of Hsp90 in the spinal cord
can improve the therapeutic index of opioids. However, all experiments above were performed
with i.t. injection, which is of limited therapeutic relevance, and we already know that systemic
delivery of non-selective Hsp90 inhibitors blocks opioid anti-nociception by inhibiting active
Hsp90 in the brain [184]. We thus sought a way to block spinal Hsp90 in a clinically-relevant
way. In our earlier work, we found that of the 4 Hsp90 isoforms, only Hsp90a was active in
regulating opioid signaling in the brain [182]. We thus hypothesized that if different Hsp90
isoforms were active in the spinal cord, these could be targeted by systemically delivered
selective inhibitors to selectively block spinal cord Hsp90.

We thus treated mice with selective small molecule inhibitors and targeted CRISPR
constructs for each Hsp90 isoform, all delivered by the i.t. route. We found that the Hsp90a-
selective inhibitor KUNAI115 and Hsp90a-targeted CRISPR enhanced morphine anti-

nociception in the tail flick assay (Figure 7A). This result suggests that Hsp90a regulates opioid
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signaling in the brain and the spinal cord. However, unlike the brain, inhibitors and CRISPR
targeted to Hsp90B and Grp94 also enhanced morphine pain relief (Figure 7B-C). This suggests
that all 3 Hsp90 isoforms regulate opioid signaling in the spinal cord, while only Hsp90a is
active in the brain. If our hypothesis is correct, then systemic inhibition of Hsp90p and Grp94

should recapitulate the benefits of Hsp90 inhibition in the spinal cord by the i.t. route.

Systemic Grp94 inhibition recapitulates the benefits of spinal Hsp90 inhibition

To test this hypothesis, we used the selective Grp94 inhibitor KUNG65 ([191], Figure
8A). KUNGH®6S is a strongly selective Grp94 inhibitor, with a target Kp of 540 nM and at least
73-fold selectivity vs. the other Hsp90 isoforms (Figure 8B), making this molecule a good
choice for this study. However, we are the first to use KUNG65 in vivo, and systemic delivery
requires metabolic stability and the ability to cross the blood-brain barrier, which is unknown for
this molecule. We thus tested in vitro ADME parameters of KUNG65, finding a LogD of 3.3, a
solubility of 0.074 uM, and a metabolic half-life of 144 and 32 minutes in human and mouse
liver microsomes, respectively (Figure 8C). While the solubility is low, the other parameters
were promising for in vivo delivery. We thus performed a pharmacokinetic study, giving
KUNGH65 at 10 mg/kg by the oral route, the most challenging route of administration. We found
variable but measurable KUNG65 in the plasma, peaking at 79.7 nM in the plasma, and in the
spinal cord, peaking at 5.2 nM (Figure 8D). While KUNG65 had relatively poor
pharmacokinetic performance, preventing the calculation of clearance, half-life, etc., this result
was sufficient to demonstrate that the drug could penetrate into the site of action in the spinal

cord. We thus delivered KUNG65 at 1 mg/kg by the i.v. route (to enhance spinal cord
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penetration) in a similar experimental design to the pain assays above, followed by a morphine
dose-response in the tail flick assay. Much like our results with KU-32 above, we found that i.v.
KUNG®65 consistently elevated tail flick anti-nociception in response to morphine across the 1-
5.6 mg/kg dose range (Figure 8E). We constructed a dose-response curve, finding an Aso of 3.6
(2.9 — 4.6) mg/kg in Vehicle treated mice, and 1.9 (1.4 — 2.3) mg/kg in the KUNG®65 treated
mice, a 1.9-fold shift improvement in morphine potency (Figure 8F). This 1.9-fold shift is
identical to the fold shift found with i.t. KU-32 treatment in Figure 1, providing a strong initial
confirmation of our hypothesis. To further evaluate the therapeutic potential of KUNG6S5, we
tested tail flick anti-nociception 48 hours after treatment, instead of 24 hrs as above. This
experiment found no effect of KUNGG65 treatment, suggesting the effects of the drug persist for
24 but not 48 hrs (Figure S1). To rule out confounding effects at the opioid receptors, we also
tested for the ability of KUNG65 to bind to any of the human opioid receptors, finding no
binding up to a 10 uM concentration (Figure S2).

Continuing our opioid anti-nociception analysis, we then tested i.v. KUNG®65 in the post-
surgical paw incision model. As expected, i.v. KUNG65 significantly elevated the morphine
anti-nociceptive response across the 1 — 3.2 mg/kg dose range (Figure 9A). Dose-response
analysis showed an Aso of 2.0 (1.4 — 3.0) mg/kg in Vehicle treated mice and 0.9 (0.5 — 1.2)
mg/kg in the KUNG®65 treated mice, a 2.2-fold shift improvement in morphine potency (Figure
9B). Again, these results support our hypothesis that systemic selective inhibition of Grp94 can

mimic the effects of spinal cord Hsp90 inhibition.
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Systemic Hsp90p inhibition recapitulates the benefits of spinal Hsp90 inhibition

We continued to test our hypothesis, this time using the Hsp90B-selective inhibitor
KUNB106 ([190], Figure 10A). Similar to KUNG65 above, KUNBI106 is a highly-selective
Hsp90p inhibitor, with a target Kp of 91 nM and a minimum 275-fold selectivity vs. other
isoforms (Figure 10B). /n vitro ADME analysis showed a LogD of 2.26, a solubility of 0.014
uM, and a human and mouse liver microsome half-life of 156 and 63 minutes, respectively
(Figure 10C). These ADME results and profile are similar to KUNG65 above, so we proceeded
directly to in vivo testing, using the same 1 mg/kg i.v. dose and route as for KUNG65. Again,
KUNBI106 caused an enhanced morphine tail flick anti-nociceptive response across the entire 1 —
5.6 mg/kg dose range (Figure 10D). Upon dose-response analysis, we found an Aso of 5.6 (4.4 —
o) mg/kg for Vehicle treated mice and 1.7 (1.1 — 2.3) mg/kg for KUNB106 treated mice, a 3.3-
fold shift (Figure 10E). As a test for potential confounds, we tested for the ability of KUNB106
to bind to the opioid receptors, which could explain these results. We did not find any binding to
any opioid receptor up to a 10 uM concentration, suggesting our findings are on-target to Hsp903
inhibition (Figure S2).

Extending this analysis again to the post-surgical paw incision model, we found that
KUNBI106 elevated morphine anti-nociception across the 1 — 3.2 mg/kg dose range (Figure
11A). We found an Aso of 2.5 (2.0 — o) mg/kg for Vehicle treated mice and 0.99 (o0 — ) mg/kg
for KUNB106 treated mice, a 2.5-fold shift (Figure 11B). Together these results support our
hypothesis, in that systemic Hsp90p and Grp94 inhibitors both boosted morphine pain relief in a

similar manner to direct spinal injection of a non-selective inhibitor like KU-32, suggesting that
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they are targeting active Hsp90 isoforms in the spinal cord and avoiding active Hsp90 isoforms

in the brain.

Systemic Grp94 and Hsp90p inhibitors improve the therapeutic index of morphine

The above results establish that systemic inhibition of Grp94 and Hsp90fB boost pain
relief much like we saw with direct spinal injection of Hsp90 inhibitor. However, these results do
not show that systemic Grp94/Hsp90p inhibitors either improve or do not change side effects,
which is necessary to fully show that these treatments boost the therapeutic index of morphine.
We thus tested for the impact of KUNG65 and KUNBI106 on tolerance and respiratory
depression, a key side effect linked to opioid safety and overdose.

We first tested the Grp94 inhibitor KUNG65. We found that acute injection i.v. of 1
mg/kg KUNG65 could rescue established morphine tolerance (Figure 12A). This finding was
very similar to the tolerance rescue observed with spinal injection of KU-32 in Figure 4E-F
above and suggests that KUNG65 can prevent or rescue opioid tolerance. In respiratory
depression, we found that KUNG65 had no effect on respiratory activity, either before or after
morphine injection (Figure 12B). This was an important safety finding, suggesting that while
these inhibitors can boost opioid pain relief, they will not boost side effects, thus they improve
the therapeutic index of morphine. We found near-identical results for KUNB106, finding that
KUNBI106 injection rescued established tolerance (Figure 12C) while also having no effect on
morphine-induced respiratory depression (Figure 12D). Together these results confirm that
Hsp90B and Grp94 inhibitors do indeed boost the therapeutic index of morphine, enhancing pain

relief while either improving or not changing side effects.



59

Systemic Hsp90a. inhibitor blocks opioid anti-nociception

Finally, we tested the last piece of our hypothesis by systemic i.v. injection of 1 mg/kg
KUNAI11S5, a selective Hsp90a inhibitor. If our hypothesis is correct, then this drug should
inhibit active Hsp90 in both the brain and spinal cord, leading to a loss of anti-nociception as we
saw with systemic non-selective inhibitor. We used this drug in the post-surgical paw incision
model and found that this treatment completely blocked anti-nociception in response to 3.2
mg/kg morphine (Figure 13). This last experiment ties together our model, finding that systemic
Hsp90B and Grp94 inhibition recapitulates the beneficial effects of spinal cord inhibition, while

Hsp90a inhibition recapitulates the negative effects of brain inhibition.

Discussion

We show here that Hsp90 inhibition in the spinal cord improves the therapeutic index of
morphine, by increasing anti-nociceptive potency by 2-4 fold, reducing and rescuing tolerance,
while not changing reward and constipation potency. We have further uncovered a novel strategy
to avoid unwanted brain Hsp90 inhibition, which blocks opioid pain relief, by targeting spinal
cord-specific Hsp90 isoforms. We found that Hsp90p and Grp94 alone regulate opioid signaling
in the spinal cord, while Hsp90a regulates both brain and spinal cord opioid signaling. Thus, by
delivering isoform-selective Hsp90p and Grp94 inhibitors by a systemic and translationally
relevant route, we could enhance opioid pain relief by a similar 2-3 fold while rescuing tolerance
and not altering morphine-induced respiratory depression. By contrast, a systemic Hsp90a-
selective inhibitor recapitulated brain inhibition, resulting in a loss of opioid anti-nociception.

Together these findings establish the potential for Hsp90p and Grp94 inhibitors as opioid co-
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therapies, which would improve the therapeutic index of opioids, allowing for lower opioid
doses with maintained analgesia and reduced side effects. Our model is summarized in Figure
14.

Selectively boosting anti-nociceptive potency/efficacy in order to enable a dose-reduction
strategy has precedent in the literature. Examples include demonstrated synergy between the
cannabinoid receptor type 2 and opioid receptor for anti-nociception, without synergizing the
side effects of either [187]. Further examples include selective inhibition of Gy signaling
downstream of the mu opioid receptor, which similarly potentiates anti-nociception but not side
effects [208], morphine and clonidine synergy [209], and using chemokine receptor antagonists
to enable opioid dose-reduction [210]. These examples provide precedent and a reason to believe
that dose-reduction with Hsp90 inhibitors would work. At the same time, to our knowledge, no
such approaches are being used in the clinic, providing novelty and opportunity to use our
findings.

Further factors argue for the clinical potential of our findings. Our earlier work suggests
that other opioids, specifically oxymorphone, are regulated similarly by Hsp90 inhibition as
morphine, albeit in different pain models and inhibitor route [183]. This suggests that a broad
spectrum of opioid drugs could be improved. We’ve also shown that these inhibitors have no
impact on opioid-induced respiratory depression, which is a key safety concern (Figure 12). Our
earlier work has shown that non-selective Hsp90 inhibitors given systemically mimic brain
inhibition, resulting in a loss of opioid pain relief [184]; this means that our finding that isoform-
selective inhibitors can be given systemically to recapitulate spinal inhibition is an important

translational advance. Few patients are amenable to an intrathecal delivery route for chronic care,
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meaning that an isoform-selective approach is necessary to achieve the benefits of spinal Hsp90
inhibition.

One potential concern in adopting these isoform-selective inhibitors for therapy is the
potential for on-target side effects. Indeed, early generation non-selective inhibitors like 17-AAG
did not make it through clinical trials due to liver toxicity [211]. However, later generation
compounds like CNF2024 were far better tolerated, suggesting this toxicity could be off-target
rather than Hsp90-mediated [211]. In any case, isoform-selective inhibitors as we propose here
should be far better tolerated than non-selective inhibitors, since each isoform has a distinct
cellular location and pool of client proteins. This is further supported by a recent report that
Hsp90a is the isoform responsible for the serious side effect of retinal degeneration associated
with non-selective inhibitors [212]. Happily, our work suggests that Hsp90a is the very isoform
that should be avoided for opioid therapy. Together these findings suggest that isoform-selective
Hsp90 inhibitors could be feasible for chronic patient therapy.

These observations also raise the question of by what mechanism are these effects taking
place. Our earlier work described an ERK-RSK kinase cascade that is not normally active in

[3

spinal cord, but becomes “unchained” with Hsp90 inhibition and promotes enhanced anti-
nociception [184]. This cascade is presumably responsible for the wider enhancement in anti-
nociceptive potency we see here across multiple acute and chronic pain models. At the same
time, reward is primarily modulated by a ventral tegmental area-striatal circuit [185] among
other forebrain circuits, while constipation is primarily modulated by opioid receptors in the gut

[186]; it thus makes sense why local spinal inhibition would not impact these regions and change

the potency of those side effects. This leaves tolerance. Several studies have found that spinal
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circuits modulate opioid tolerance through various mechanisms, suggesting that local spinal
inhibition could alter tolerance [213, 214]. Spinal Hsp90 inhibition may favorably alter these
mechanisms, blocking tolerance. Similarly, Hsp90 inhibition has been shown to be anti-
inflammatory, and spinal neuroinflammation has been shown to contribute to opioid tolerance
[175, 215]. Alternately, enhanced anti-nociceptive efficacy could lead to less tolerance over time
simply because the efficacy was higher to begin with; in support of this hypothesis, high efficacy
opioid agonists have been shown to produce slower/less tolerance than low efficacy agonists
[216].

However, these hypotheses only address the slower tolerance seen over time with
repeated treatment, they do not explain the tolerance rescue we observed. One potential clue for
this rescue mechanism could be our earlier findings that both brain and spinal cord effects of
Hsp90 inhibition on anti-nociception require rapid protein translation [182-184]. The translation
inhibitor we used had no impact on anti-nociception in Vehicle-treated mice, suggesting that this
mechanism is newly activated upon Hsp90 inhibitor treatment. The mechanisms we are
uncovering could thus be parallel pathways to the normal/baseline anti-nociceptive signaling,
which is further supported by our work on the spinal ERK-RSK cascade [182]. In the case of the
tolerance rescue, we could be observing new pathways becoming turned on that have not
developed tolerance as have the normal/baseline pathways. These new pathways could thus
provide anti-nociceptive responsiveness even when other parts of the system remain tolerant. It’s
also unclear at this point whether the tolerance reduction and the tolerance rescue share the same
or different mechanisms. Lastly, it is not at all clear why different Hsp90 isoforms are active in

brain vs. spinal cord, and whether these isoforms differ in how they regulate opioid signaling.



63

These questions will provide new basic science directions to follow while at the same time these

findings can be used to inform a new clinical opioid dose-reduction approach.
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CHAPTER 3

INHIBITION OF HEAT SHOCK PROTEIN 90 IN THE SPINAL CORD AUGMENTS
OPIOID ANALGESIA VIA DISABLING A GABAERGIC BRAKE

Introduction

There is a high prevalence of chronic pain (affecting over 20% of US Americans), and
the commensurate economic loss is estimated at more than $600 billion annually [218]. Chronic
pain is the leading cause of disability and the highest contributor to global disease burden [228].
The leading pharmaceutical treatments for acute and chronic pain are opioid analgesics, yet these
possess myriad detrimental side effects and are insufficient for most patients [218]. Individuals
suffering from chronic pain can develop strong associations with the rewarding effects of
opioids, creating dependence, addiction, and in some cases death [219]. Opioidergic receptor
activation via agonist ligands can produce constipation by activating opioid receptors along the
gastrointestinal tract, respiratory depression by inhibiting neurons in the pre-Botzinger complex
in the medulla, and addiction/reward by disinhibiting dopaminergic projections in the nucleus
accumbens and VTA in the mesolimbic reward pathway. One strategy to improve treatment
outcomes is to reduce opioid dosing by co-administering compounds that augment the analgesic
effects of opioids but decrease the unwanted side effects.

Our previous research shows that spinal cord heat shock protein 90 (Hsp90) is implicated
in opioid signaling and pain reduction [220,221]. By inhibiting Hsp90 in the spinal cord with 17-
AAQG, the potency of opioid-induced analgesia increases, while unwanted side effects decrease or

remain unchanged [222]. Interestingly, if Hsp90 is pharmacologically inhibited in the brain,
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opioid analgesia is strongly suppressed [220]. The effect of Hsp90 inhibition in the spinal cord
can be blocked by pharmacological inhibition of ERK, RSK, or protein synthesis, suggesting that
downstream effector molecules are upregulated downstream of this signal transduction pathway
that leads to protein translation [220]. The proteins mediating the effects on opioid signaling
after the translational step, downstream of Hsp90 inhibition, ERK, and RSK, are not known
[220].

Seeking a mechanism for this effect, our lab used proteomic analyses to find that spinal
administration of 17-AAG produced a substantial increase of GABA transporter 2 (GAT-2), a
protein involved in the reuptake of the inhibitory neurotransmitter GABA (Figure 17) [220]. 17-
AAG is an effective means to boost opioid antinociception; and further isoform-selective
inhibitors above may be translationally beneficial. However, the exact mechanism by which
Hsp90 inhibition increases opioid-induced analgesia and reduces side effects remains unclear. A
better understanding of the mechanistic details of Hsp90 inhibition in spinal cord opioid and pain
signaling may reveal new targets for pharmaceutical intervention and provide novel solutions to
the opioid crisis. Our data suggest that, in mice, 17-AAG increases opioid analgesia by
decreasing inhibitory GABAergic input to opioidergic interneurons that facilitate
antinociception. Proteomic analyses reveal that administration of 17-AAG in the spinal cord
upregulates the sodium and chloride dependent GABA reuptake transporter 2 (GAT-2; Figure
17). The pharmacological blockade of GAT-2 prevents the 17-AAG-induced increase in opioid
analgesia in males and females (Figure 18). The downstream effects of GAT-2 upregulation
resulting from Hsp90 inhibition in the spinal cord are less clear and include sex-specific

differences. Recent investigations into the dynamics between opioid and GABAergic signaling in
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ascending and descending nociceptive and analgesic circuitry may provide mechanistic insight

into this phenomenon.

Spinal Cord Mechanisms of Pain

Nociceptors in the skin and viscera transmit pain signaling to the brain by first producing
and sending action potentials along primary afferents into the dorsal horn of the spinal cord. In
the dorsal horn, the projections are organized according to the region of the body affected, and
the sensory modality of the stimuli. The information transmitted to the dorsal horn is then
processed by a complex network of excitatory and inhibitory interneurons before nociceptive
traffic is communicated to projections that ascend to the brain. Neurokinin 1 receptors are
localized in a majority (80%) of lamina I projection neurons and are activated by substance P —
an undecapeptide ligand associated with inflammation and pain [224]. Latencies in tail flick
responses in the hot water bath/tail flick assay have been shown to be reduced to baseline with
the administration of NK1 receptor antagonists [222]. Additionally, morphine (a Mu opioid
receptor agonist) blocks the relay of substance P induced facilitation of the tail flick reflex at the
level of the spinal cord, indicating that the NK 1 receptor-expressing neurons are involved in
mediating the nociceptive traffic in the tail flick reflex and that opioid receptor activation can
block these signals [223]. Understanding the interaction between MOR activity and Hsp90

inhibition in the spinal cord may elucidate novel targets for the development of pain therapeutics.

GABA and Opioids
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The interaction between GABAergic and opioidergic signaling in the spinal cord is
complex, and not yet completely understood. In the spinal cord, morphine (a full Mu opioid
receptor [MOR] agonist) precipitates analgesia by inhibiting neurons that send nociceptive
signals along the ascending spinothalamic tract [224]. MOR-expressing interneurons in the
spinal dorsal horn are predominantly localized on excitatory interneurons [226]. MOR activation
in neurons can produce presynaptic [227-229] and postsynaptic [230-232] effects that largely
engender a decrease in excitatory activity in the dorsal horn by producing hyperpolarizing
currents in primary afferents, secondary afferents, and excitatory interneurons [226]. Activation
of MOR produces a signaling cascade via the Gi/Go proteins [233]. Via this pathway, opioids
activate inwardly rectifying GIRK channels and inhibit Ca*" channels, decreasing excitability
through both mechanisms [234]. GABA receptors, however, facilitate inhibitory
neurotransmission through other molecular signaling cascades. GABA-A receptors are
ionotropic and, upon ligand binding, open and allow CI ions to flow in and hyperpolarize the
cell [235]. Whereas, GABA-B receptors are metabotropic, and upon activation activate the
Gi/Go pathway to inhibit inward Ca?" currents and activate outward K currents [236]. In the
spinal cord, GABAergic interneurons may exhibit one of three putative intrinsic firing patterns:
tonic, initial burst, or phasic [240]. Importantly, over 90% of inhibitory GABAergic interneurons
in the superficial dorsal horn exhibit a tonic firing pattern [237] — a subset of which, we believe,
project onto PPE-expressing excitatory opioidergic interneurons. Thus, it may be the case that,
since 17-AAG alone produces no analgesia in the tail-flick assay, the administration of a Mu
opioid receptor agonist (e.g., DAMGO) may be necessary to observe the effect of reduced

GABAergic tone on opioid-mediated analgesia.
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GAT-2

GAT-2 is a member of the solute carrier family (SLC6) which consists of sodium and
chloride dependent transporters that modulate various physiological processes [297]. The four
subfamilies within the SLC6 family contain GABA transporters, monoamine transporters, amino
acid transporters, and “orphan” transporters [298,299]. Point mutations within genes encoding
these proteins are related to a number of disorders including obesity, orthostatic hypotension, and
obsessive-compulsive disorder [299]. Thus, many prescription drugs target these proteins to
modulate their activity for therapeutic purposes. GABA is the most widely distributed inhibitory
neurotransmitter in the nervous system and inhibits neurons postsynaptically by binding to its
cognate receptors, which subsequently hyperpolarize neurons [300]. However, non-CNS actions
of GABA have also been elucidated in the liver, kidney, stomach, intestine, testis, etc. [301]. The
GABA subfamily of solute carriers consists of four transporters that decrease the available
synaptic GABA by reuptaking it back into the cell body [300,302]. Very little is known about
these transporters, and GAT-2 remains the least well-characterized [297]. GAT-1 and GAT-3 are
highly expressed in the brain, but neither the cell type distribution nor expression levels of GAT-
2 have been elucidated [303]. However, GAT-2 has been shown to reuptake GABA in vitro and
in vivo [304-307] and shows affinity for taurine as well as GABA (although, shows much greater
affinity for GABA) [307,308]. GABA 1is appropriately deemed the major inhibitory
neurotransmitter within the nervous system. However, the functional circuitry wherein GABA
neurons are distributed may decrease or increase the overall amount of neuronal communication
and excitability. As reviewed earlier, inhibitory interneurons in the PAG-RVM-SC circuit, when

inactivated by GABA receptor antagonists, decrease the tonic inhibition of downstream opioid
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projections, which increases their output. Most recently, in a paper published in Nature this
September, researchers revealed that axo-axonic GABA projections can target myelinated
sensory neurons, and facilitate spike propagation, rather than inhibit [309]. Presumably, if these
circuits play a role in the mechanism of Hsp90 inhibition on opioid analgesia, a decrease in
available synaptic GABA in these contact sites as a result of GAT-2 upregulation would instead
enhance antinociception rather than attenuate it. Thus, the functional role GABA plays within
CNS circuitry is vastly complicated, and many circuits remain to be fully characterized.

Heat shock protein 90 (Hsp90) is a stress-inducible protein that acts primarily as a
molecular chaperone, predominantly ensuring the proper folding of nascent polypeptides.
Additionally, Hsp90 plays a role in maintaining, localizing, and trafficking kinases and other
signaling molecules involved in intra and intercellular signaling transduction and communication
(e.g., RSK, MAP/ERK) [296]. 17-allylamino-17-demethoxy-geldanamycin (17-AAG) binds to
the ATP-binding region of Hsp90, inhibits Hsp90’s ability to form multichaperone complexes,
induces the degradation of its client proteins, thus altering downstream molecular signaling
cascades. Intrathecal (IT) administration of the heat shock protein 90 inhibitor 17-AAG has been
shown previously to potentiate the efficacy of morphine-induced antinociception while reducing
or not changing opioid side effects, enabling a dose-reduction strategy. However, the signaling
cascade and receptor-level mechanisms underlying the effects of 17-AAG remain to be entirely
elucidated. In this study, we attempted to understand the cellular and circuit-level mechanisms of

spinal cord Hsp90 inhibition in the context of morphine antinociception.

Materials and Methods
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Drugs and CRISPR constructs

17-AAG, Baclofen, Muscimol, CGP54626, and Bicuculline were stored under
desiccation at -20°C, and stock solutions were prepared in DMSO, and also stored at -20°C. A
matched Vehicle control for was included in every experiment; 0.02% DMSO in sterile USP
water for the 0.01 nmol intrathecal injections and 10% DMSO, 10% Tween80, and 80% sterile
USP saline for 1 mg/kg intravenous and 10 mg/kg oral injections. Morphine sulfate pentahydrate
was obtained from the NIDA Drug Supply Program, stored at room temperature, and working
solutions were made fresh prior to every experiment in sterile USP saline. USP saline injected
controls were used for the reward and constipation assays below.

An all-in-one CRISPR DNA construct expressing Cas9 and a gRNA targeting GAT-2
(Slc6al3) were obtained from Genecopoeia (Rockville, MD). The DNA was amplified using
standard molecular biology approaches, and complexed with TurboFect in vivo transfection
reagent (Thermo Fisher, Waltham, MA) as described in our previous work [193] and by the
manufacturer’s protocol. The complexed DNA was injected into the mice by the intrathecal route

(2 ng DNA in 5 pL) daily from days 1-3, with behavioral testing performed on day 10.

Mice

Male and female CD-1 mice in age-matched cohorts from 5-8 weeks of age were used
for all behavioral experiments and were obtained from Charles River Laboratories (Wilmington,
MA). CD-1 (a.k.a. ICR) mice are commonly used in opioid research as a line with a strong
response to opioid drugs (e.g. [192], and our own previous Hsp90 research [181-184]). Mice

were recovered for a minimum of 5 days after shipment before being used in experiments. Mice
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were housed no more than 5 mice per cage and kept in an AAALAC-accredited vivarium at the
University of Arizona under temperature control and 12-h light/dark cycles. All mice were
provided with standard lab chow and water available ad /libitum. The animals were monitored
daily, including after surgical procedures, by trained veterinary staff. All experiments performed
were in accordance with JACUC-approved protocols at the University of Arizona and by the
guidelines of the NIH Guide for the Care and Use of Laboratory Animals. We also adhered to the

guidelines of ARRIVE; no adverse events were noted for any of the animals.

Behavioral experiments

All animals were randomized to treatment groups by random assignment of mice in one
cohort to cages, followed by random block assignment of cages to treatment group. Group sizes
were based on previous published work from our lab using these assays [182, 184, 193, 194].
The mice were not habituated to handling. Prior to any behavioral experiment or testing, animals
were brought to the testing room in their home cages for at least 1 h for acclimation. Testing
always occurred within the same approximate time of day between experiments during the
animal light (inactive) cycle, and environmental factors (noise, personnel, and scents) were
minimized. All testing apparatus (cylinders, grid boxes, etc.) were cleaned between uses using
70% ethanol and allowed to dry. The experimenter was blinded to treatment group by another
laboratory member delivering coded drug vials, which were then decoded after collection of all

data. Naive mice were used for every experiment, including each dose.

Tail-flick assay
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Pre-injection tail-flick baselines were determined in a 52°C tail-flick assay with a 10-s
cutoff time (method also reported in [181]). The mice were then injected with inhibitor or
Vehicle control with a 24-hour treatment time. 24-hours post-injection baselines were
determined. The mice were then injected s.c. with 1-10 mg/kg of morphine, and tail-flick
latencies were determined over a 2-hour time course. For tolerance studies, baseline tail flick
latencies were taken, and mice were then injected with inhibitor or Vehicle control with a 24-
hour treatment time. 24 hours later mice were baselined again and then injected with 10 mg/kg
s.c. morphine with one tail flick latency measured at 30 minutes post morphine. Mice were
injected again with inhibitor or Vehicle and the process was repeated for an additional 7 days
with twice daily morphine injection, and tail flick response measured after the morning injection.

No animals were excluded from these studies.

Intrathecal Injections

Mice were acclimated in a lab setting for 30 minutes then placed under anesthesia
(isoflurane, 5% induction, 2% maintenance). Once anesthetized, injections were made at the
intervertebral space between L5-L6. A slight tail flick response was observed, indicating entry

into the intradural space.

Compounds
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Injection volumes consisted of SuL of drug or vehicle. Compounds included .5nmoles 17-
AAG (IT), .3umoles Nipecotic Acid (IT), 20nmoles Muscimol (IT), 1.6nmoles Baclofen (IT),

.01ug Bicuculline (IT), 10nmoles CGP54626 (IT), and 3.2mg/kg morphine (SC).

General Experimental Design

Male or female CD-1 mice were given 17-AAG intrathecally. 24 hours later, the mice
were given the experimental compounds intrathecally followed twenty minutes later by
subcutaneous administration of 3.2mg/kg morphine. Antinociception was measured using the tail

flick/hot water bath assay over the course of 1.5-2 hours.

Statistical analysis

All data were reported as the mean + SEM and normalized where appropriate as
described above. The behavioral data from each individual dose was reported raw without
maximum possible effect (MPE) or other normalization. Technical replicates and further details
are described in the Figure Legends. Statistical comparisons of individual dose/response curve
time courses were performed using Repeated Measures 2-Way ANOVA with Sidak’s post hoc
tests. The Geisser-Greenhouse correction was used to account for a potential lack of sphericity of
the data, permitting valid Repeated Measures ANOVA. ANOVA post hoc tests were only
performed when ANOVA F values indicated a significant difference, and there was homogeneity
of variance (permitting parametric analysis). In all cases, significance was defined as p < 0.05.

The group sizes reported represent independent individual mice tested in each assay. All
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graphing and statistical analyses were performed using GraphPad Prism 9.3. Approximately

equal numbers of male and female mice were used for each experiment.

Results

Intrathecal Nipecotic Acid Blocks the 17-AAG Mediated Augment of Systemic Morphine
Analgesia

We first attempted to perturb the effect of 17-AAG on morphine analgesia
pharmacologically. Based on the mass spectrometry data, it was unclear as to whether GAT-2
upregulation was directly involved in the signaling alterations in MOR activity, or an unrelated
outcome of spinal 17-AAG administration. We hypothesized that GAT-2 was involved in
mediating the enhancement of opioid antinociception induced by Hsp90 inhibition in the spinal
cord. To elucidate this, we pharmacologically antagonized GAT-2 using nipecotic acid delivered
to the spinal cord 2hr after 17-AAG administration and 10 minutes prior to systemic morphine
delivery. Nipecotic acid is an antiepileptic drug that nonselectively and reversibly binds to the
sodium and chloride dependent GABA reuptake transporter protein (Slc6al3). Surprisingly, we
found that the nonselective GAT inhibitor, nipecotic acid, blocked the effect of 17-AAG (Figure
18). This suggested that downstream of Hsp90 inhibition, the upregulation of GAT-2 may be

involved in mediating the enhancement of morphine potency in the spinal cord.

CRISPR/Cas9 Mediated Knockdown of GAT-2 Shows Specific Involvement of GABA
Reuptake in 17-AAG Mediated Enhanced Potency of Morphine

Because nipecotic acid shows affinity for other GABA transporters within the same

family, we utilized a custom CRISPR/Cas9 construct with three individual guides all targeting
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regions of the Slc6al3 gene in order to specifically target and knock down GAT-2. CRISPR
gRNA was grown and expanded in our lab and delivered using lipofection of 2pug intrathecally
once daily for three days. On day nine, 17-AAG was administered intrathecally and tail flick
assays were performed on day 10. We found a similar effect using the specific Slc6al3 knockout
as we did with nipecotic acid. The knockout mice showed no enhancement of opioid analgesia
compared to controls (Figure 21). This experiment revealed the specific involvement of GAT-2
in mediating the enhancement of opioid potency by 17-AAG. However, the GABAergic
signaling mechanisms in the spinal cord are complex and a specific cell type or circuit was not
apparent given the data. Whether downstream involvement of GABAA or GABAB receptors was
unclear, which lead us to further attempt to characterize some of the interactions between GABA

and morphine in the spinal cord.

GABA-A and GABA-B Agonists Differentially Disrupt the Effect of 17-AAG in a Sex-
Dependent Manner

GABA is the predominating inhibitory neurotransmitter in the nervous system. It has
three main families of receptor subtypes: GABAa, GABAB, and GABAc. GABAA receptors are
ionotropic and conduct chloride anions upon ligand binding, producing hyperpolarization of
neurons. GABAB receptors are Guio coupled metabotropic GPCRs. Since GABA reuptake
transporters decrease synaptic levels of GABA, leading to disinhibition of downstream neurons,
and GAT-2 is significantly upregulated after Hsp90 inhibition, we hypothesized the downstream
effects of decreased GABA levels mediate an effect on post-synaptic GABA receptors. Thus,
activation of GABA receptors in the circuitry wherein GAT-2 is upregulated after 17-AAG

should block the effect of Hsp90 inhibition on morphine analgesia. In an attempt to characterize
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the interplay between GABA receptor subtypes in the spinal cord on 17-AAG induced
enhancement of morphine antinociception, we administered GABAA and GABAB agonists 24hrs
after 17-AAG administration, and 10 minutes prior to morphine injections to inspect GABA
receptor subtype differences in regulating the effects of Hsp90 inhibition. We found that both
GABAA and GABAB agonists disrupted the effect of 17-AAG in male mice, but only the
GABAA agonist Muscimol blocked the effect in females (Figure 19). This suggested that Hsp90
inhibition in the spinal cord is differentially modulated by GABA receptors in a sex-dependent

manner.

GABA-A and GABA-B Antagonists Alter Opioid Signaling in the Spinal Cord in Male but Not
Female Mice

The previous results also suggested that GABAA and GABAA receptor distribution and
function may be different between the sexes even outside of the context of Hsp90 inhibition. To
test this, Muscimol and Baclofen were administered intrathecally 10 minutes before systemic
morphine administration. To our surprise, both GABAa and GABAB antagonists enhanced the
potency of morphine in naive male mice, but neither had any effect on female mice. Sex
differences in neurophysiology and pain sensation and perception are widely studied and many
differences have been characterized (Figure 20). These results lend themselves to support our
sex difference results in the context of Hsp90 inhibition in the spinal cord. To recapitulate, the
effect of 17-AAG was disrupted by both GABAA and GABAB agonists, but only GABAa
agonists affected female mice. Similarly, GABAA and GABAB antagonists affected opioid

signaling in naive male mice but did not affect female mice. Thus, there are intrinsic sex
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differences in GABA circuit physiology in the context of opioid signaling, both with and without

Hsp90 inhibition that remain to be fully elucidated.

Discussion

The predominant pharmaceutical treatment for moderate to severe chronic pain is the
administration of opioid analgesics, which are insufficient for most patients and possess myriad
detrimental side effects [219]. Opioid drugs used in the treatment of pain are in desperate need of
replacement due to their deleterious side effects. Individuals suffering from chronic pain can
develop strong associations with the rewarding effects of opioids, creating dependence and
addiction [220]. One strategy to avoid the side effects of opioids is the concomitant
administration of painkillers with drugs that boost pain relief efficacy without boosting side
effects, enabling a dose-reduction approach. This dose-reduction strategy augments the efficacy
of the opioid while reducing unwanted side-effects such as addiction, tolerance, respiratory
depression, and death. As mentioned above, we used mass spectrometry to find that spinal
administration of 17-AAG causes an increase of GABA transporter 2 (GAT-2), a protein
involved in the reuptake of the inhibitory neurotransmitter GABA (Figure 17). Interestingly, 17-
AAG administration alone confers no measurable analgesia. To elucidate the role of GAT-2 in
mediating the enhancement of morphine analgesia, 17-AAG treated male and female CD-1 mice
were given a nonselective GAT inhibitor, Nipecotic Acid (NA), in the tail flick pain assay. NA
blocked the 17-AAG enhancement of morphine analgesia, suggesting that GAT-2 mediates 17-
AAG’s analgesic enhancement (Figure 18). Because NA nonspecifically targets other isoforms

of GABA reuptake transporters, we used a custom CRISPR/Cas9 construct to specifically target
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and knockdown (KD) the GAT-2 gene, Slc6al3. After treatment with the GAT-2 CRISPR or a
negative control CRISPR construct, mice were then given 17-AAG or vehicle intrathecally. 24h
later, all mice were given 3.2mg/kg morphine subcutaneously, and analgesia was measured in the
tail flick/hot water bath assay. The experiment revealed that in GAT-2 KD mice, Hsp90
inhibition failed to increase the efficacy of morphine — confirming our pharmacological
experiments with even more specificity (Figure 19).

These data taken together led us to hypothesize that an inhibitory interneuronal GABA
circuit is present in the spinal cord which tonically reduces opioid analgesia and is disabled by
Hsp90 inhibition and an increase in GAT-2 expression. The descending circuit described by
Scherrer (2019) et al. is a likely candidate. To explore this further, mice were treated with
spinally administered GABA receptor subtype (GABA-A or GABA-B) selective compounds
prior to morphine administration (Baclofen or Muscimol). The GABA-A agonist reversed 17-
AAG enhanced analgesia similar to NA, supporting our hypothesis. However, the GABA-B
agonist reversed 17-AAG analgesia in males but not females, suggesting a sex-specific
difference in GABA signaling in the spinal cord (Figure 20). We then tested naive mice (no 17-
AAG) with GABA-A or GABA-B antagonists alone before administering morphine (Bicuculline
or CGP54626). Males showed enhanced morphine analgesia with either drug, supporting the
GABA circuit hypothesis; however, neither drug had an impact on female mice, again suggesting
mechanistic sex differences (Figure 21). Together, these findings show that a spinally
administered Hsp90 inhibitor increases the pain-reducing effects of morphine by increasing the
levels of GAT-2 in the spinal cord, likely decreasing GABA in synapses that inhibit circuitry

conferring opioid analgesia.
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We derive from these data that 17-AAG potentiation of opioid-induced antinociception is
mediated by the sodium-and-chloride-dependent GABA transporter, GAT-2. Due to the
inhibitory function of GABA, we further posit that GAT-2 decreases GABAergic signaling
involved in an inhibitory brake on opioid antinociceptive circuitry. Immunohistochemistry can
be performed in future experiments to characterize cells in the dorsal horn that exhibit the GAT-
2 upregulation. This would provide us with the knowledge of what cell types upregulate GAT-2
expression after Hsp90 inhibition and how they relate to opioid and pain circuitry in the spinal
cord. Additionally, conditional knockouts of GAT-2 in the identified cells in the dorsal horn may
provide some cell-type insight into this circuitry.

It is our prediction that the circuit characterized by Scherer et al. (2018) is the circuit
involved in these effects. However, it may be the case that the predicted neurons (Penk
expressing GAD65+) in the dorsal horn are not the cell subtype wherein the alterations induced
by Hsp90 inhibition are what confer the augmented opioid analgesia. If this is the case,
additional cell subtypes in the dorsal horn can be visually and electrophysiologically
characterized and therefore targeted and experimentally manipulated in future experiments.
Another target to be investigated could be CGRP-expressing projection neurons, as they also
transmit nociceptive signaling in the spinal cord to the brain. It is unlikely that no interneuronal
cell type in the pain pathway reveals alterations after Hsp90 inhibition, given our behavioral
pharmacology data. If this is the case, however, additional experimentation could be done in
descending circuitry originating from the RVM that project to further downstream projections in
the corticostriatal nociceptive pathway. These projections can be labeled, experimentally

manipulated, and recorded from similarly, although an alternative transgenic model may be
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necessary to do so. In any case, we have revealed a novel function of GAT-2 in the spinal cord as

it relates to pain, analgesia, and Hsp90 inhibition.
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CHAPTER 4

GENERAL DISCUSSION AND CONCLUSION

Pain continues to be an immense, worldwide problem that is predicted to worsen in the
coming decades [242,5,10]. Opioids continue to be a useful but problematic treatment for acute
and chronic pain states [274-278]. The combined estimated economic burden of pain conditions
and opioid liabilities exceeds $1 trillion, annually [20,285]. Fortunately, the promise of
improving opioid therapies or generating alternatives to opioids has greatly increased in the past
several decades [286]. Our previous research showed the promise of Hsp90 inhibition in the
spinal cord in improving opioid therapy. However, due to the lack of specificity of 17-AAG and
other nonselective Hsp90 inhibitors, routes of administration were limited, and off-target effects
were likely. This led our lab to create Hsp90 isoform-selective inhibitors and to seek out further
mechanistic understanding of how Hsp90 inhibition increases opioid potency. Our present
research adds to this development with the Hsp90 isoform-selective inhibitors and the

elucidation of a possibly novel circuit involved in their mechanisms.

Isoform Selective Inhibitors

These inhibitors confer enhanced opioid potency in several animal models of pain (e.g.,
acute thermal, post-operative, HIV-induced neuropathy) while reducing or unchanging opioid
side effects. This allows for the possibility of human and animal patients to take lower doses of

opioids while achieving the same relief or take higher doses of opioids and have a reduced risk
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of side effects (e.g., constipation, reward, respiratory depression, tolerance). Overall, the specific
Hsp90 inhibitors improve the therapeutic index of morphine. The characterization of these
compounds shows that they exhibit high affinity for their targets, solubility, and bioavailability.
Additionally, after investigating the mechanism by which Hsp90 inhibitors produce this effect,
we found that the protein GAT-2 likely mediates this effect in the spinal cord by, hypothetically,
decreasing synaptic GABA at tonically active GABAergic interneurons which project onto
opioid neurons.

KU-32, the nonspecific Hsp90 inhibitor increased the potency of morphine by 1.9 fold in
an acute thermal nociception assay, 2.8 fold in the post-surgical paw incision assay, and 3.5 fold
in a model of HIV-induced peripheral neuropathy. Spinally administered KU-32 also rescued or
attenuated the development of opioid tolerance in chronic opioid administration experiments and
did not alter morphine-induced constipation or reward learning. The selective Hsp90a. inhibitor
KUNA115, Hsp90p inhibitor KUNB106, and the Grp94 inhibitor KUNG65 all enhanced the
potency of morphine in the thermal nociception assay when delivered intrathecally.
Confirmations of the role these proteins play in opioid antinociception were confirmed with
specific CRISPR/Cas9 knockout of each before morphine administration, and similar
enhancements to morphine potency were measured. KUNG65 showed a nanomolar affinity for
Grp94 and significantly lower (73-fold or more) affinity for other Hsp90 isoforms. It also
exhibited micromolar solubility and oral bioavailability. Importantly, when KUNG65 was
delivered systemically, a similar enhancement of morphine potency was measured. After
systemic administration, 1.9 fold shift was measured in the thermal nociception assay and a 2.2

fold shift was measured in the post-surgical model using KUNG65. After systemic
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administration, KUNB106 exhibited similarly high affinity for Hsp90f over other isoforms, high
distribution, and solubility and showed 3.3 and 2.5 fold shifts in the thermal nociception and
post-surgical models of pain, respectively. Importantly, both systemic KUNG65 and KUNB106
rescued opioid tolerance and did not affect respiratory depression, despite the increased potency
of morphine. To show that none of the small molecule compounds directly bind to the opioid
receptors, competition radioligand binding assays were performed using human MOR, DOR, and
KOR-expressing CHO cells. These experiments revealed that the compounds do not bind to the
opioid receptors, at least up to 10uM concentrations. However, the question of how Hsp90

inhibition mechanistically leads to increased opioid potency remained in question.

GAT-2

Our mechanistic investigation into Hsp90 inhibition first began with a proteomic analysis
of spinal cord tissues treated with or without 17-AAG (a nonselective Hsp90 inhibitor). Mass
spectrometry analyses revealed a 154-fold increase of GAT-2 in the 17-AAG condition
compared to controls. This was a surprise, given that decreased GABA levels in the spinal cord
are associated with hyperalgesia and allodynia. We hypothesized that, if GAT-2 was in the
signaling pathway mediating the effect of 17-AAG, pharmacologically blocking GAT-2 in the
spinal cord should prevent the increase in the potency of systemic morphine. We found just that.
However, because of the lack of specificity of nipecotic acid, we decided to use a more specific
approach and utilized a custom-designed CRISPR/Cas9 editing system to knockout GAT-2 in the
spinal cord. After doing so, we treated the mice with 17-AAG and found that they resembled the

control mice that were treated with a negative CRISPR control. This suggested that GAT-2 was
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within the signaling pathway from Hsp90 to opioid potency. Since the GABA system is
primarily comprised of GABAA and GABAB receptor subsystems, we attempted to distinguish
between downstream receptor subtypes within this circuitry. To do this, we administered 17-
AAG and subsequently added GABAA or GABAB agonists to block the effect of 17-AAG. We
found sex-specific differences in the way opioid potency was modulated after 17-AAG by
GABA receptor subtypes. While both GABA agonists prevented the increased opioid
antinociception in males, only the GABAA agonist, Muscimol, prevented the effect in female
mice. This led us to believe that perhaps the circuitry in naive mice differs between the sexes, so
we administered GABAA and GABAB antagonists along with morphine but no Hsp90 inhibitor
and found that both antagonists enhanced the potency of morphine in the thermal nociception
assay in male naive mice, but neither did so in females. This suggested that the basic underlying
circuitry involving GABA and opioid receptor systems differs at baseline between the sexes, and
those effects extend into the context of Hsp90 inhibition. Further experiments elucidating the
sex-dependent differences in GABA and opioid signaling in the spinal cord both at baseline and
after Hsp90 inhibition remain to be performed. However, our work does show the involvement
of GAT-2 in mediating Hsp90 inhibition-induced enhancement of opioid potency.

Yet, there is still more work to be done both at the translational and basic scientific
levels. Understanding the toxicity of Hsp90 isoform inhibitors in vivo in dose-escalation
experiments can be performed to determine effective dose ranges. In vivo experiments examining
PD/PK will likely be performed in the near future to determine tolerability, tolerance, and
toxicity. Furthermore, the molecular mechanisms of Hsp90 inhibition enhancing opioid analgesia

need to be further characterized. In our lab, evidence continues to be produced that implicates
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other molecules such as AKT, isoforms of PKC, and DUSP15. At the circuit level, the role of
GABA and GAT-2 remain to be fully characterized. Experiments utilizing microdialysis,
immunohistochemistry, and conditional CRISPR/Cas9 knockouts can greatly improve the
resolution at which this circuitry is understood, and thus, provide greater insight into potential

therapeutic targets for improving opioid therapy.
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Figure 1: Spinal Hsp90 inhibition increases morphine potency in acute heat-induced tail
flick. Male and female CD-1 mice were injected i.t. with 0.01 nmol KU-32 or Vehicle control,
24 hours, then 1-10 mg/kg morphine, s.c. Tail flick responses were recorded at 52°C with a 10
sec cutoff. Data reported as the mean = SEM, with sample sizes of mice/group noted in each
graph. 2-3 technical replicates were performed per dose. *, **, #** ##%x% = <(.05, 0.01, 0.001,
0.0001 vs. same time point Vehicle group by RM 2 Way ANOVA with Sidak’s post hoc test. A-
D) Individual dose curves shown as noted. Data not normalized. E) Dose/response analysis
performed for individual curves, normalized as %MPE (baseline vs. 10 sec cutoff). Aso: Vehicle
= 3.0 (2.5 - 3.7) mg/kg; KU-32 = 1.6 (1.3 — 2.0) mg/kg; 1.9 fold increase in potency (Data
collected by KC, DD, PB).
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Figure 2: Spinal Hsp90 inhibition increases morphine potency in acute post-surgical paw
incision pain. Male and female CD-1 mice had the paw incision surgery performed, then were
injected i.t. with 0.01 nmol KU-32 or Vehicle control, 24 hours, then 0.32-5.6 mg/kg morphine,
s.c. Paw withdrawal responses recorded using von Frey filaments, including pre- and post-
surgical baselines, validating the pain state. Data reported as the mean + SEM, with sample sizes
of mice/group noted in each graph. 2 technical replicates were performed per dose. *, *** ¥
= p < 0.05, 0.001, 0.0001 vs. same time point Vehicle group by RM 2 Way ANOVA with
Sidak’s post hoc test. A-E) Individual dose curves shown as noted. Data not normalized. Vehicle
at 0.32 mg/kg and KU-32 at 5.6 mg/kg were not measured since these would be too low
(Vehicle) or hit the assay threshold (KU-32), meaning they would not fit the linear dose/response
model used. F) Dose/response analysis performed for individual curves, normalized as %MPE
(baseline vs. 2.34 g cutoff). Aso: Vehicle = 2.4 (2.0 — 2.8) mg/kg; KU-32 = 0.85 (0.64 — 1.1)
mg/kg; 2.8 fold increase in potency (Data collected by KC, DD, PB).
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Figure 3: Spinal Hsp90 inhibition increases morphine potency in chronic HIV neuropathy
pain. Male and female CD-1 mice were injected i.t. with gp120 protein on days 1, 3, and 5 (see
Methods). On day 20, mice were injected i.t. with 0.01 nmol KU-32 or Vehicle control, 24 hours,
then 0.32-10 mg/kg morphine, s.c. Paw withdrawal responses recorded using von Frey filaments,
including pre- and post-treatment baselines, validating the pain state. Data reported as the mean
+ SEM, with sample sizes of mice/group noted in each graph. 2 technical replicates were
performed per dose. *, ** **** = < (.05, 0.01, 0.0001 vs. same time point Vehicle group by
RM 2 Way ANOVA with Sidak’s post hoc test. A-E) Individual dose curves shown as noted.
Data not normalized. Vehicle at 0.32-1 mg/kg and KU-32 at 10 mg/kg were not measured since
these would be too low (Vehicle) or hit the assay threshold (KU-32), meaning they would not fit
the linear dose/response model used. F) Dose/response analysis performed for individual curves,
normalized as %MPE (baseline vs. 2.34 g cutoff). Aso: Vehicle =4.2 (3.7 — 4.8) mg/kg; KU-32 =
1.2 (0.87 — 1.5) mg/kg; 3.5 fold increase in potency (Data collected by KC, DD, PB).
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Figure 4: Spinal Hsp90 inhibition reduces morphine anti-nociceptive tolerance and rescues
established tolerance. Data reported as the mean £ SEM with sample sizes of mice/group noted
in the graphs. A-C) Male and female CD-1 mice injected with 0.01 nmol KU-32 or Vehicle
control i.t. beginning on day 0 and continuing daily until day 6. The mice were injected with 1-

10 mg/kg morphine s.c. twice daily beginning on day 1 and continuing daily until day 7. Thermal
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tail flick latencies (52°C, 10 sec cutoff) were recorded before treatment on day 0, daily before
morphine injection (“BL”), and 30 minutes after each morning morphine injection on days 1-7.
R wEkx D ekRk = p < 0.01, 0.001, 0.0001 vs. same time point Veh/Mor group by RM 2 Way
ANOVA with Tukey’s post hoc test. Individual dose/time curves shown as labeled. KU-32
treatment caused consistent elevation over Vehicle treatment over the 7 day period in all doses.
Data not normalized. D) Day 1 vs. Day 4 dose/response analysis performed with the data from
A-C. Data normalized to %MPE (baseline vs. 10 sec cutoff). Aso: Vehicle Day 1 =5.2 (3.9 -7.5)
mg/kg, Vehicle Day 4 = 110 (30 — 6300) mg/kg, 21 fold shift; KU-32 Day 1 = 1.9 (1.3 — 2.5)
mg/kg, KU-32 Day 4 = 5.5 (3.5 — 12) mg/kg, 2.9 fold shift. E) Male and female mice treated
with twice daily morphine (10 mg/kg, s.c.) for 3 days to establish tolerance in all mice. Tail flick
responses shown on day 1 (acute morphine) and day 3 (morphine-tolerant). F) On day 3, after
measuring the tail flick time course, the mice were injected with 0.01 nmol KU-32 or Vehicle
control, i.t., with a 24 hour recovery. On day 4, the mice were injected again with 10 mg/kg
morphine, s.c., and a tail-flick time course performed. Experiment performed in 2 technical
replicates. *, **** =p < (.05, 0.0001 vs. same time point Vehicle group by RM 2 Way ANOVA
with Sidak’s post hoc test. The KU-32 treated mice, previously tolerant on day 3, showed a
statistically significant increase in morphine anti-nociception when compared to Vehicle (Data

collected by KC, DD, PB).
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Figure 5: Spinal Hsp90 inhibition does not alter morphine-induced constipation. Male and

female CD-1 mice treated with 0.01 nmol KU-32 or Vehicle control i.t., 24 hours, followed by 1-

10 mg/kg morphine, s.c. Fecal mass was measured over 6 hours post-morphine, and used to

construct cumulative plots. Curves for morphine as well as saline-injected controls shown. Data

reported as the mean £ SEM with the sample size of mice/group noted in the graphs.

Experiments performed in 2-3 technical replicates. A-C) Individual dose curves reported, along

with saline-injected controls. KU-32 treated saline or morphine groups were not statistically

different from Vehicle saline or morphine injected groups, respectively, at any time point (p >
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0.05). D) Morphine injected animals were normalized to saline injected controls for each
treatment group (Vehicle or KU-32) and used to construct dose/response curves. The 6 hour area
under the curve (AUC) data from A-C was further normalized to %MPE (100% MPE = 0% fecal
production/100% constipation). Only the 1 and 3.2 mg/kg dose curves were used to calculate the
Aso since the dose response plateaus between 3.2-10 mg/kg. Aso: Vehicle = 0.67 (0.32 — 0.94)
mg/kg; KU-32 =0.97 (0.59 — 1.3) mg/kg (Data collected by KC, DD, PB).
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Figure 6: Spinal Hsp90 inhibition does not alter reward learning. Male and female mice
were treated over 4 days with KU-32 or Vehicle treatment i.t., combined with 3.2-10 mg/kg
morphine, s.c. as a conditioned place preference (CPP) stimulus (see Methods). On day 5, paired
chamber preference was recorded. Data reported as the mean £ SEM with the sample size of
mice/group noted in the graphs. Each dose performed in 2 technical replicates. ** =p < 0.01 vs.
same treatment Baseline (BL) by RM 2 Way ANOVA with Tukey’s post hoc test. A-C) The

individual doses are shown. There was a trend to increasing preference with increasing dose that
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reached significance over baseline at 10 mg/kg for both Vehicle and KU-32 treatment. There was
no difference between Vehicle and KU-32 treatment (p > 0.05). D) Dose/response analysis was
performed, with the data reported as the % Difference Score (see Methods). For the purposes of
Aso calculation, the response at 10 mg/kg in Vehicle-treated mice was considered to be a
maximal response, since 100% preference is not possible in this assay. Aso: Vehicle = 5.1 (2.7 —

7.7) mg/kg; KU-32 = 5.3 (-0 - +o0) mg/kg (Data collected by KC, DD, PB).
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Figure 7: Identification of spinal-cord specific Hsp90 isoforms that regulate opioid anti-
nociception. Male and female CD-1 mice were treated with 0.01 nmol of isoform-selective
inhibitor or Vehicle control i.t. with a 24 hr treatment time; or with an isoform-selective CRISPR
knockdown construct or universal negative control CRISPR construct (NC) with a 10 day
treatment time (see Methods). Pre- and post-treatment baselines were recorded using the 52°C
tail flick assay (as above), as well as tail flick timecourses in response to 3.2 mg/kg morphine
s.c.. Data are presented as the mean = SEM with the sample size of mice/group noted in each
graph. Each experiment was completed in 2 technical replicates. *, ** *** #x¥* = 1 < (.05,
0.01, 0.001, 0.0001 vs. same time point Vehicle/NC group by 2 Way RM ANOVA with Sidak’s
post hoc test. A) The Hsp90a isoform targeted with the selective inhibitor KUNA115 as well as
selective CRISPR. B) The Hsp90p isoform targeted with the selective inhibitor KUNB106 as
well as selective CRISPR. C) The Grp94 isoform targeted with the selective inhibitor KUNG65
as well as selective CRISPR. Both methods caused significant anti-nociceptive elevation for all 3
isoforms, confirming that all 3 isoforms regulate opioid anti-nociception in the spinal cord (Data

collected by KC, DD, PB).



OMe
Cl
e
HO OH
C.
Property KUNG65
LogD 3.30
Solubility
074
(UM) 0.07
HLM Ty,
(min.) 144
MLM T,
(min.) 32

E. KUNGS65 (IV) Tail Flick 1 mg/kg

10+ e Vehicle
mn 94 ® KUNGSE5
> 87 N=9
g 7]
£ o
4 54
ﬁ 4 *d *
iL 3
i 2_
e o1
00— T T T T T T T 1
0\, s, 15 30 45 60 75 90 105120
o b:.;\" Post-Morphine Time (Min.)
q\e Vv
KUNGS65 (IV) Tail Flick 5.6 mg/kg
10
@ 9 *k "
> g
g 2
L]
3
x 57
S 4
L 5
£ 29
17 e Vehicle e KUNGB5 N =10
0—— T T T T T T T 1
%\, ~ 15 30 45 60 75 90 105120
><1\' b“\\' Post-Morphine Time (Min.)
v

Qﬁ

Isoform KUT:,:f Ko
Grp94 540
Hsp90a | 39,200(73X)
Hspoop >40,000
TRAP1 >40,000

KUNGS65 PK Study - Oral Route

% 150+ ® Plasma

=t ®  Spinal Cord

g N=4

& 100

T

7

o

c

5}

O 50

uy

©

Y]

5

¥ 0 T L
0.0 0.5 1.0 1.5 2.0

Time (hr)

KUNGS5 (IV) Tail Flick 3.2 mg/kg

-
o
|

® \Vehicle
e ® KUNG65
8-
7_
B_
5_
4
37
2_
1_
0—— I R — L —

‘b\' s, 15 30 45 60 75 90 105120
Q‘\/"\\' f],""&. Post-Morphine Time (Min.)
Qﬁ

Tail Flick Latency (s)

F. KUNGB65 Dose Response Curve

100 e Vehicle
o KUNGE5 [ ]
809 N=g-19 A
w -
e 60
=
X 40+ 'y
20— Veh = 3.6 mg/kg
KUNG = 1.9 mglkg
1.9 fold shift
0 T
0 1 2

Log[Morphine], mg/kg

100



101

Figure 8: Systemic Grp94 inhibition enhances morphine anti-nociception. A) Chemical
structure of KUNG65. B) The affinity (Kp) of KUNG65 for each Hsp90 isoform is shown;
KUNG®65 has a minimum selectivity of 73 fold vs. other isoforms (data taken from [49]). C) In
vitro ADME parameters for KUNG65 are shown (see Methods). HLM/MLM = human/mouse
liver microsomes; Ti2 = half-life. D) A pharmacokinetic (PK) study with KUNG65 was
performed, dosed at 10 mg/kg by the oral (p.o.) route in male and female CD-1 mice (see
Methods). Data presented as the mean = SEM, with the sample size of mice/group noted in the
graphs, performed in one technical replicate. The KUNG65 is detectable in both plasma and
spinal cord, with peak concentrations of 79.7 nM and 5.2 nM, respectively. The drug is
undetectable past 30-60 minutes, so PK parameters could not be calculated (half-life, etc.) but
the results are sufficient to show that the drug has systemic exposure and blood-brain barrier
penetration with oral dosing. E) Male and female CD-1 mice treated with KUNG65 (1 mg/kg) or
Vehicle injected i.v. with a 24 hr treatment time, followed by 1 — 5.6 mg/kg morphine, s.c., with
tail flick time courses performed. Data presented as the mean + SEM, with the sample size of
mice/group noted in the graphs, performed in 2 - 4 technical replicates. *, **  *¥* #¥¥* = p <
0.05, 0.01, 0.001, 0.0001 vs. same time point Vehicle group by 2 Way RM ANOVA with
Sidak’s post hoc test. Morphine anti-nociception is consistently elevated, similar to the results
with direct spinal inhibition above in Figure 1. F) The data was transformed into %MPE and
used to construct dose/response curves. Vehicle = 3.6 (2.9 — 4.6) mg/kg, KUNG65 = 1.9 (1.4 —
2.3) mg/kg; 1.9 fold improvement in morphine potency (Data collected by KC, DD, PB).
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Figure 9: Systemic Grp94 inhibition enhances morphine anti-nociception in paw incision
pain. Male and female CD-1 mice treated with paw incision surgery and 1 mg/kg KUNG65 or
Vehicle control i.v., 24 hrs, followed by 1 — 3.2 mg/kg s.c. morphine and a Von Frey mechanical
allodynia timecourse performed. Data presented as the mean + SEM, with sample sizes of
mice/group noted in each graph; experiments performed in 2 technical replicates per dose. A)
Individual dose curves shown (no transformation). *, #* ##* ##ik = < (.05, 0.01, 0.001,
0.0001 vs. same time point Vehicle group by 2 Way RM ANOVA with Sidak’s post hoc test.
KUNG®65 treatment consistently elevated anti-nociception. B) Data transformed into %MPE and
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used to construct dose/response curves. Aso: Vehicle = 2.0 (1.4 — 3.0) mg/kg, KUNG65 = 0.9
(0.5 —1.2) mg/kg; 2.2 fold improvement in morphine potency (Data collected by KC, DD, PB).
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Figure 10: Systemic Hsp90p inhibition enhances morphine anti-nociception. A) Chemical
structure of the Hsp90pB-selective inhibitor KUNB106. B) Affinity (Kp) of KUNB106 for each
Hsp90 isoform, showing a minimum selectivity of 275 fold (data taken from [22]). C) In vitro
ADME parameters for KUNB106 are shown (see Methods). HLM/MLM = human/mouse liver
microsomes; Tiz = half-life. D) Male and female CD-1 mice were treated with 1 mg/kg
KUNB106 or Vehicle i.v., 24 hrs, followed by 1 — 5.6 mg/kg morphine s.c. and tail flick
timecourses recorded. Data shown as the mean + SEM, with the sample size of mice per group
noted in each graph, completed in 2 technical replicates. *, **, #¥* #*#% = < (.05, 0.01, 0.001,
0.0001 vs. same time point Vehicle group by 2 Way RM ANOVA with Sidak’s post hoc test.
KUNBI106 caused increased anti-nociception over the whole morphine dose range. E) Dose-
response curves generated from the data in D, after transformation to %MPE. Aso: Vehicle = 5.6
(4.4. - ©) mg/kg, KUNB106 = 1.7 (1.1 — 2.3) mg/kg; 3.3 fold increase in morphine potency
(Data collected by KC, DD, PB).
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Figure 11: Systemic Hsp90p inhibition enhances morphine anti-nociception in paw incision

pain. Male and female CD-1 mice treated with paw incision surgery and 1 mg/kg KUNB106 or

Vehicle control i.v., 24 hrs, followed by 1 — 3.2 mg/kg s.c. morphine and a Von Frey mechanical

allodynia timecourse performed. Data presented as the mean = SEM, with sample sizes of

mice/group noted in each graph; experiments performed in 2 technical replicates per dose. A)

Individual dose curves shown (no transformation). *, **, **** = p < (.05, 0.01, 0.0001 vs. same

time point Vehicle group by 2 Way RM ANOVA with Sidak’s post hoc test. KUNB106

treatment consistently elevated anti-nociception. B) Data transformed into %MPE and used to
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construct dose/response curves. Aso: Vehicle = 2.5 (2.0 — o) mg/kg, KUNB106 = 0.99 (00 — )
mg/kg; 2.5 fold improvement in morphine potency (Data collected by KC, DD, PB).
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Figure 12: Systemic Grp94 and Hsp90p inhibition rescues established tolerance without
worsening opioid-induced respiratory depression. Male and female CD-1 mice used for every
experiment, with data presented as the mean = SEM and the sample size of mice/group noted in
each graph. The tolerance experiments were performed in 2 technical replicates, and the
respiratory depression experiments in 1 technical replicate. *, ** ¥ #x*x = < (.05, 0.01,
0.001, 0.0001 vs. same time point Vehicle group by 2 Way RM ANOVA with Sidak’s post hoc
test. A) Tolerance induced in all mice over 3 days with twice daily injection of 10 mg/kg
morphine s.c. (as in Figure 4). On day 3, mice injected with 1 mg/kg KUNG65 or Vehicle i.v.,
24 hrs, followed by 10 mg/kg morphine s.c. and another tail flick time course. KUNG65 rescued
established tolerance much like intrathecal injection of KU-32 above. B) Mice injected with 1
mg/kg KUNG65 or Vehicle i.v., 24 hrs, then habituated and baselined in a whole body
plethysmography chamber for 30 minutes (see Methods). All mice were then injected with 7.5
mg/kg morphine i.v., and respiratory activity recorded for another hour. KUNG65 had no effect
on respiration before or after morphine injection (p > 0.05). C) Tolerance induced as above, and
on day 3, 1 mg/kg KUNBI106 or Vehicle injected i.v., 24 hrs, followed by 10 mg/kg morphine
s.c. and another tail flick timecourse. KUNB106 also rescued established tolerance like systemic
KUNG®65 or intrathecal KU-32. D) Mice injected with 1 mg/kg KUNB106 or Vehicle i.v., 24
hrs, then respiratory activity measured as above (including 7.5 mg/kg morphine i.v. challenge).
KUNB106 had no impact on respiratory activity before or after morphine (p > 0.05) (Data
collected by KC, DD, PB).
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Figure 13: Systemic Hsp90a inhibition blocks opioid anti-nociception. Male and female CD-
1 mice had paw incision performed, then injected with 1 mg/kg KUNA115 or Vehicle i.v., 24
hrs, followed by 3.2 mg/kg morphine s.c. and a Von Frey mechanical allodynia timecourse
performed. Data presented as the mean + SEM with the sample size of mice/group noted in the
graph (performed in 2 technical replicates). **, **** = p < (.01, 0.0001 vs. same time point
Vehicle group by 2 Way RM ANOVA with Sidak’s post hoc test. Unlike Hsp90p and Grp94
inhibition, systemic Hsp90a inhibition via KUNAI115 completely blocked opioid anti-
nociception in this model (Data collected by KC, DD, PB).
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Figure 14: Model of Hsp90 isoform inhibition in the brain vs. spinal cord. In the brain,
Hsp90a alone regulates opioid signaling, while in the spinal cord, Hsp90a, Hsp90pB, and Grp94
all do so. When Hsp90a is inhibited systemically with non-selective inhibitor or Hsp90a-

selective inhibitor, opioid anti-nociception is blocked, since brain Hsp90 is inhibited and a brain-
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like response is evoked. In contrast, when Hsp90B or Grp94 are inhibited systemically with
selective inhibitors, brain inhibition of Hsp90a is avoided, and a spinal cord-like response is
evoked — increased anti-nociception and decreased side effects. This model suggests that Hsp90
and Grp94 inhibitors could be given by translationally-relevant routes to improve the therapeutic

index of opioids and enable a dose-reduction strategy. Figure created using biorender.com.
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Figure 15: Enhanced morphine anti-nociception after Grp94 inhibitor treatment dissipates
by 48 hours post-treatment. Male and female CD-1 mice were injected with 1 mg/kg KUNG65
or Vehicle control i.v., followed by 48 hrs of treatment, then 3.2 mg/kg morphine s.c. and a tail
flick timecourse. Data displayed as the mean + SEM with the sample size of mice/group noted in
the graph; the experiment was completed with 1 technical replicate. The anti-nociception after 48
hrs of KUNG65 treatment was not significantly different from control (p > 0.05), suggesting that

the benefits of the treatment wear off between 24 and 48 hrs post-treatment.
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Figure 16: The Grp94 and Hsp90p inhibitors KUNG65 and KUNB106 do not bind to the
opioid receptors. KUNG65, KUNBI106, and positive control (naloxone for mu opioid receptor
[MOR] and delta opioid receptor [DOR], U50,488 for kappa opioid receptor [KOR]) were
competed against *H-diprenorphine at all 3 human opioid receptors using competition
radioligand binding (see Methods). Data shown as the mean + SEM of N = 3 independent
experiments. Positive control compounds displayed competition as expected, validating the assay
(K1 values: MOR = 34 + 3 nM; DOR = 120 + 44 nM; KOR = 37 + 4 nM). KUNG65 and
KUNBI106 did not display competition up to a 10 uM concentration, ruling out opioid receptor
binding as a potential confound for our findings (Data collected by CSC and PT).
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Figure 17: Quantitative proteomic analysis of protein quantification following intrathecal
17-AAG administration. Results revealed a 154-fold increase in GAT-2 expression levels 24
hours after intrathecal .5nmol 17-AAG administration in female CD-1 mice compared to vehicle
controls. Spinal cords were analyzed using mass spectrometry reported in Duron et al, 2020.
From this published data set, we extracted the raw mass spectrometry counts for GAT-2, shown

here as the mean +/- SEM. P<.05 by an Unpaired 2-Tailed ¢ Test.
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Figure 18: Intrathecal Administration of Nipecotic Acid Blocks the Effect of 17-AAG on
Morphine Analgesia. Intrathecal administration of Nipecotic Acid, a nonspecific GAT-2
inhibitor, following 17-AAG treatment effectively blocked the 17-AAG induced enhancement of
opioid analgesia in the hot water bath/tail-flick assay. The effect of the blockade remained
significant throughout the entire time-course. Data reported as the mean + SEM, n=8 for the 17-

AAG/NA group, n=8 mice for the 17-AAG/Veh group, n=8 for Veh/NA group, and n=6 for
Veh/Veh group.



Tail Flick - GABA Agonists
Male & Female

10 ® Veh/Veh
7 97 e Veh/Musc
-~ 81 e AAG/Veh
§ 7 ® AAG/Musc
3 g: N =9-19
S 4
L 3
T 27
= 14
0— T T T T T T T 1
Q 15 30 45 60 75 90 105120
& O Post-Morphine Time (min.)
Q¥ &
4
Tail Flick - GABA Agonists
Male Only
13: ® Veh/Veh
E 8 ® Veh/Bac
3 7- ® AAG/Veh
S 6 ® AAG/Bac
5 £ N =529
S 47
o 3
3 2
= 14
0—— T T T T T T T 1
Q¥ 15 30 45 60 75 90 105120
O \,\6\ Post-Morphine Time (min.)
&
¢ Qoe
Tail Flick - GABA Agonists
Female Only
10
_ o s ® Veh/Veh
2 . Pl ® Veh/Bac
> 7. * it g ® AAG/Veh
S 6 ® AAG/Bac
ki 5] N=7-11
S 49
o 3
T 27
| o 14
0— T T T T T T T 1

Q¥ 15 30 45 60 75 90 105120

x'\éY Post-Morphine TIme (min.)

118



119

Figure 19: Hsp90 inhibition mediates augmentation of opioid induced analgesia via GABA-
A Receptor signaling in a sex-dependent manner. Intrathecal administration of the GABA-A
specific agonist Muscimol following 17-AAG administration similarly blocked the effects of 17-
AAG on opioid analgesia, suggesting that the downstream effect of GAT-2 upregulation
decreases GABA receptor signaling on post-synaptic targets involved in modulating opioid
antinociception. Data reported as the mean = SEM, n=19 for the 17-AAG/Bac group, n=10 mice
for the 17-AAG/Mus group, n=19 for 17-AAG/Veh group, n=14 for Veh/Veh group, n=16 for
Veh/Bac group, and n=9 for Veh/Mus group. Intrathecal administration of the GABA-B selective
agonist Baclofen revealed a sex-specific difference in blocking the effect of 17-AAG. The
GABA-B agonist failed to block the effect of 17-AAG. Baclofen similarly blocked the effect of
17-AAG as the GABA-A agonist Muscimol. Data reported as the mean + SEM, n=11 for the 17-
AAG/Bac group, n=5 mice for the 17-AAG/Mus group, n=11 for 17-AAG/Veh group, n=9 for
Veh/Veh group, n=7 for Veh/Bac group, and n=2 for Veh/Mus group. Data reported as the mean
+ SEM, n=4 for the 17-AAG/Bac group, n=5 mice for the 17-AAG/Mus group, n=5 for 17-
AAG/Veh group, n=2 for Veh/Veh group, n=5 for Veh/Bac group, and n=5 for Veh/Mus group.



120

Tail Flick - GABA Antagonists

Male Only
#

10— *ﬁ#*:;c**:*** *ﬁ#** ’ﬁ* ® Vehicle
- 97 e Bicuculline
; 8+ ® CGP54626
g 77 « N=10
2 6+
3 5
S 4
L 3
5 2
F 14

O——1—71 1 1 T T T 1

BL 15 30 45 60 75 90 105 120
Post-Morphine Time (Min.)
Tail Flick - GABA Antagonists
Female Only

10— ® Vehicle
- 9+ @ Bicuculline
> 87 ® CGP54626
e 77 N=15
-4 5-

S 4
i 3
5 2]

14

0 T T T —

I I I I
BL 15 30 45 60 75 90 105 120
Post-Morphine Time (Min.)

Figure 20: Hsp90 inhibition mediates augmentation of opioid induced analgesia via GABA-
B Receptor signaling in a sex-dependent manner. Intrathecal administration of GABA-A, and
to a lesser degree GABA-B specific antagonists in naive (no 17-AAG) male mice produced
potent increases in opioid antinociception, suggesting a GABAergic brake on opioid

antinociceptive circuitry exists in the spinal cord. Intrathecal administration of GABA-A
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(Bicuculline) or GABA-B (CGP54626) specific antagonists in naive (no 17-AAG) female mice

failed to produce any augmentation of opioid analgesia.
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Figure 21: CRISPR/Cas9 Slc6al3 Knockout in the spinal cord mimics the effects of

intrathecal 17-AAG administration.
Mice were given + or — CRISPR injections for three days intrathecally. On the 9™ day, mice were

given .5nmol 17-AAG or vehicle. On the 10™ day, mice were given 3.2mg/kg morphine
subcutaneously. Antinociception was measured over the course of two hours using the hot water

bath/tail flick assay. All data reported as Mean +/- SEM. N= 8 per group.
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