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ABSTRACT

Despite their extensive side effect profile and potential for abuse, clinically used opioids
such as morphine are still the most effective analgesics for most chronic pain patients. A
negative stigma has been cast over opioids due to the recent opioid epidemic, which has
claimed hundreds of thousands of lives over the past few decades in the United States
alone. Despite this, there is still great potential for the use of these drugs if negative side
effect profiles, especially reward and addiction, can be reduced or eliminated. Here we
identify a pharmacological and non-pharmacological means for enhancing analgesic
potency while reducing side effect profiles attributed to systemic morphine. We have
uncovered a novel regulator of downstream mu opioid receptor (MOR) signaling within
the spinal cord, heat shock protein 90 (HSP90). Within the spinal cord, HSP90 prevents
MOR induced ERK MAPK phosphorylation which otherwise activates RSK2 and
subsequent translation, leading to enhanced morphine induced anti-nociception. By
selectively inhibiting HSP90 within the spinal cord, morphine induced anti-nociception is
elevated without impacting side effects, and therefore allows for a dose reduction
strategy while achieving equi-efficacious anti-nociception. Additionally, we have
uncovered a novel consequence of dietary intervention on opioid pharmacology.
Through daily intermittent fasting (IF), morphine induced anti-nociception is enhanced
and prolonged, while several side effects including reward, constipation, and tolerance
are reduced. MOR functionality but not expression within various brain regions is altered
due to daily IF which may account for the behavioral differences in systemic morphine
treatments seen with IF. These two approaches attempt to alter opioid pharmacology not
by modifications to new drugs, but by altering opioid physiology to maximize the desired
effect of anti-nociception while reducing side effects. Together these novel approaches
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may allow for rapid translation into the clinic and lead to additional research efforts to
improve existing opioids with the aim of treating chronic pain in patients while reducing
side effects and abuse.
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CHAPTER 1: INTRODUCTION TO PAIN

In recent years, acute and chronic pain have had an economic burden in the
United States of more than 600 billion U.S. dollars every year [1, 2]. This economic
burden stems primarily from lost productivity of workers suffering from pain conditions
and the cost of health care to treat these individuals [3]. It is estimated that a minimum of
50 million American adults suffer from chronic pain on a current yearly basis, equating to
roughly 20% of the entire American adult population [4]. This growing pain population
within the United States is tied to a variety of factors including an increasing elderly
population, high prevalence of physical and mental pathologies, and decline in general
health potentially linked to poor nutrition and/or physical upkeep [5-8]. The chronic pain
epidemic, along with an inadequate analgesic repertoire, has spurred a substantial surge
in research efforts toward pain management strategies and analgesic drug discovery.
Much is known about the basic mechanisms of acute pain sensation, but much less is
known about chronic pain, the mechanisms of specific chronic pain states, and
molecular mechanisms which can be used for the development of novel therapeutic
strategies.
Pain is characterized by a distressful sensory, emotional, and cognitive
experience. This experience is often evoked through a noxious external stimulus which
may elicit tissue damage, though many pain conditions and disorders (e.g. migraine)
lack this external stimulus. From an evolutionary perspective, pain is a critical sensory
component for alerting the body to a potentially harmful stimulus. Nociceptive pain or
nociception is a term which refers to the sensory component of pain alone. The majority
of analgesic compounds prevent neuronal action potentials within these nociceptive
sensory circuits and thus prevent the perception of pain. Many pain conditions such as
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migraine and neuropathic pain may elicit pain through alternative circuits and
mechanisms to the general dogma and thus classical medications have minimal efficacy
[9, 10]. Despite these exceptions, the most efficacious clinical analgesics such as
opioids act on these classical nociceptive circuits (Fig. 1), and a complete understanding
of these circuits and signal transduction events are critical for the development of novel
analgesics and pain management strategies.
Noxious stimuli often begin externally but can have central and/or visceral origins
as well. These noxious stimuli include mechanical, temperature, and chemical varieties.
Noxious mechanical stimuli examples include sharp puncture, pressure, and other direct
physical tissue trauma. Noxious temperature stimuli include excess heat and cold.
Noxious chemical stimuli include strong acids, strong bases, and other chemical irritants.
Despite the physical differences in these stimuli, they all lead to the depolarization of
primary afferents of the Aδ and C fiber types. Aδ are typically activated by mechanical
and temperature stimuli, while polymodal C fibers can be activated through mechanical,
temperature, and/or chemical stimuli [11]. The depolarization of these free nerve endings
is achieved through a variety of mechanisms. Mechanical stimuli activate
mechanosensitive Piezo channels which allow for a direct non-selective influx of cations
including Na+, Ca++, and Mg++ [12]. Hot and cold stimuli activate temperature sensitive
transient receptor potential (TRP) channels which similarly allow for a direct influx of
cations [13]. Chemical stimuli include a variety of different subtypes which elicit neuronal
depolarization. These can include the opening of ion channels for the influx of cations in
the case of ATP and protons, which open the ligand gated ion channels P2X and acidsensing ion channels (ASICs) respectively [14, 15]. Other chemical stimuli activate Gprotein coupled receptors (GPCRs) such as subsets of EP receptors activated by
prostaglandins and P2Y receptors activated by ATP [16, 17]. These GPCRs are typically
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Figure 1

Figure. 1 - Diagram of classical nociceptive circuitry
Nociceptive input begins in the periphery with a noxious stimulus. This stimulus results in an
action potential from nociceptive free nerve endings in the periphery. That signal is transmitted to
the dorsal horn of the spinal cord via first order nociceptors. Secondary neurons in the spinal cord
dorsal horn then transmit their signal up to the thalamus, with input into the periaqueductal PAG
and RVM as well. The thalamus then projects third order inputs into various areas of the brain.
Descending nociceptive modulation occurs primarily through the PAG and RVM from various
regions ultimately resulting in inhibitory input within the dorsal horn of the spinal cord. ACC,
anterior cingulate cortex; PC, prefrontal cortex; Amy, amygdala; Hipp, hippocampus; PAG,
periaqueductal gray; RVM, rostral ventromedial medulla; DH, spinal cord dorsal horn; DRG,
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dorsal root ganglion. Green arrows indicate ascending circuitry, red arrows indicate descending
circuitry. Not meant to be anatomically accurate.
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either Gαs or Gαq coupled and therefore indirectly elicit depolarization through kinase
activity on ion channels. The more recognized kinases activated by these GPCRs are
Protein Kinase A (PKA) and C (PKC) which may directly or indirectly lead to the
phosphorylation of ion channels allowing for the influx of cations [18]. If the threshold for
action potential is reached, these depolarization events will allow for the opening of
voltage-gated (VG) Na+ channels and initiation of an action potential, concluding the first
step in nociception.
The cell bodies of Aδ and C fibers are located within dorsal root ganglia (DRG)
adjacent to the spinal cord [11]. Aδ fibers are heavily myelinated and therefore action
potentials are transmitted quicker than the less myelinated C-fiber, resulting in quick
“sharp” pain versus slow “burning” pain sensations respectively [19]. The electrical signal
travels up the primary afferent to the pseudo-unipolar neurons within the DRG which
then projects primarily to lamina I-II of the dorsal horn of the spinal cord. Within these
lamina primary neurons synapse onto second order neurons which will project to either
motor neurons for a muscle reflex or up the spinothalamic tract [20]. This synapse
between primary and secondary afferents involves several known excitatory
neurotransmitters and receptors. Some of the more well-known neurotransmitters
released in this synapse are glutamate, substance P (SP), and calcitonin gene related
peptide (CGRP) which act on various channels and receptors post-synaptically [20].
Glutamate elicits depolarization through the ligand gated cation channels α-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) and N-methyl-Daspartate receptor (NMDAR), and through the GPCR metabotropic glutamate receptor
(mGluR) [21]. SP activates an excitatory GPCR, the Neurokinin 1 (NK1) receptor [22].
CGRP also activates an excitatory GPCR, the CGRP receptor, which is typically
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composed of a multi-protein complex of the calcitonin receptor-like receptor (CLR),
receptor activity-modifying protein (RAMP), and receptor component protein (RCP) [23].
Second order neurons which receive excitatory input from primary nociceptors
project up through the spinothalamic tract and eventually transmit excitatory signals to
third order neurons wither in the thalamus for further distribution to higher cortical areas
to provide affective processing to the initial sensory pain stimulus or to the
periaqueductal grey region (PAG) for descending modulation of pain [24]. The PAG is a
region within the midbrain which is highly involved in the descending modulation of pain
through mechanisms like the endogenous opioid systems [25]. While some of the
cortical areas projected to from the thalamus include: the insula which provides the
feeling of disgust, the somatosensory cortex which provides the localization of the pain
stimulus, the amygdala which provides emotional context to the pain stimulus, the
cingulate cortex which adds motivational context to the pain stimulus, the prefrontal
cortex which adds decision making and empathy aspects to the stimulus, and the
hippocampus which provides the memory and learning components to the stimulus.
Although pain is a critical sensory warning for a potentially threatening stimulus, it
can become debilitating if left unchecked. Therefore, natural selection has resulted in a
descending pain modulatory circuit which endogenously inhibits pain. Second order
neurons within the classical nociceptive circuit projecting from the thalamus to the PAG
are involved in this descending modulation of pain. Descending circuits may also
originate from higher cortical brain regions such as the ACC, amygdala, insula, cortex,
and hypothalamus [26]. Neurons within the PAG then project to the nucleus raphe
magnus (NRM) located within the rostral ventral medulla (RVM), which in turn project to
laminas I and II of the dorsal horn where they can inhibit the transmission of the
nociceptive signals between primary and secondary afferents [24, 27]. This inhibition
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occurs through a variety of neurotransmitters including norepinephrine, serotonin (5-HT),
endorphins, and enkephalins, which act on several GαI coupled GPCRs including α2
adrenergic receptors (α2R), several subsets of 5-HT1 receptors, mu opioid receptors
(MOR), and delta opioid receptors (DOR), both pre- and post-synaptically [28, 29].
Typically, this descending circuitry is thought to be inhibited via gamma-aminobutyric
acid (GABA)-ergic interneurons within the PAG and RVM which can be inhibited through
the release of endogenous endorphins acting at the MOR within these GABAergic
neurons, resulting in disinhibition of the descending pain modulatory circuit and the
promotion of anti-nociception [30]. Within the RVM, there is the presence of “on” and “off’
cells which are named based on their response to nociceptive input. “On” cells
demonstrate increased activity when presented with nociceptive input, which is thought
to promote nociception. “Off” cells demonstrate a reduction of firing rate under the same
conditions, and are thus thought to be anti-nociceptive. Activation of “off” cells with a
MOR agonist yields an anti-nociceptive effect, and it has been proposed that the
inhibition of “on” cells may also yield anti-nociception [31].
The above described circuitry, both pro- and anti-nociceptive, has mostly been
studied in the context of acute pain sensation, which is relatively well-understood. In
contrast, much less is known about the mechanisms of chronic pain, and how or when
acute pain states (injury, etc.) transition to chronic pain. Chronic pain in humans is
generally classified as a pain state which persists for 3 months or more [32]. This
general classification can be further broken down into more specific pain types which
include headache, post-trauma pain, arthritic pain, cancer pain, neuropathic pain, and
psychogenic pain, to name a few [32]. These pain types can then be broken down even
further to address the initial cause of pain which can be due to various
disease/disorders, age, medication use, and other physiological factors [33]. These
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subclassifications make the research and treatment of chronic pain extremely complex
and difficult. Due to these difficulties, many have turned their attention toward
personalized medicine for the treatment of these various pain types, but drugs which
have a more generalized application allow for are more cost effective and therefore more
desirable within clinics [34]. For the case of chronic pain, opioid analgesics have been
heavily prescribed due in large part to a lack of better options. The various negative
properties of these opioid drugs have synergized with heavy and increasing prescription
rates over the past 20 years, which has now culminated in a new opioid abuse and
overdose epidemic.
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CHAPTER 2: TREATMENT OF PAIN: OPIOIDS

Opiates have been used by human civilizations to treat pain for thousands of
years [35, 36]. There is even evidence for the use of opium poppy plants discovered in
Neolithic culture sites in the Iberian Peninsula [37]. Opiates are classically defined as
drugs derived from the opium poppy plant, while modern day pharmacology and drug
discovery efforts have yielded a variety of both natural and synthetically derived
compounds which bind to opioid receptors [38]. The modern term “opioid” describes this
more comprehensive category of drugs. Opioids can be effective for the treatment of
several pain states in humans, but they also have a large negative side effect profile.
The side effect profile for opioids includes, among others: constipation, analgesic
tolerance, addiction/dependence, and respiratory depression [39]. Constipation and
analgesic tolerance become an increasing issue in the treatment of chronic pain when
continuous opioid administration is necessary [40, 41]. Constipation can be incredibly
debilitating to quality of life for patients, while analgesic tolerance requires escalating
doses to achieve an equal analgesic effect and therefore enhances negative side effect
complications. Addiction stems from the rewarding properties of opioids, can further
increase the odds for developing physical dependence, and are at the root of the cause
for the current opioid epidemic which plagues the United States [42, 43]. Respiratory
depression is the primary cause of death with opioid overdose and significantly reduces
the therapeutic window of opioids as analgesics [44]. These negative side effects make
opioids extremely dangerous medications which should be used with extreme care.
Several alternatives to opioid analgesics exist in the clinic today. Some of the
pharmacological options include cannabinoids, nonsteroidal anti-inflammatory drugs
(NSAIDs) and acetaminophen. Other non-pharmacological options include physical
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therapy, acupuncture, and diet/exercise. Experimental drugs and therapeutics include
gene therapies, drug delivery systems, and novel small molecules and peptide drugs
targeting ion channels and receptors within the above-mentioned nociceptive circuit. The
issue with these options is that the currently available drugs and therapies are simply
limited by their efficacy and the experimental drugs and therapies are still limited by a
lack of preclinical and clinical progress. With this said, opioids are already used clinically
and have demonstrated high efficacy in the treatment of several pain states.
Unfortunately, opioids throughout history have been significantly abused. This
abuse potential paired with external factors such as false advertisement, a careless
healthcare system, and significant over prescription have now led to the modern-day
opioid epidemic [45-48]. This epidemic burdens millions of Americans with opioid abuse
disorder and worse still, claims thousands of lives on a yearly basis [49]. Despite this,
opioids remain our most effective pain medications and a significant portion of research
has been designated to the study of opioid receptor systems and discovery of novel
drugs and methods to achieve a safer and more effective opioid based treatment for
pain [50].
At the molecular level, opioid agonists produce their effects through activation of
a specific subset of Gαi coupled GPCRs deemed opioid receptors. There are multiple
types of opioid receptors; the three most extensively studied receptors are the mu
(MOR), delta (DOR) and kappa (KOR) opioid receptors. The majority of clinically used
opioid analgesics are either full or partial agonists at MOR. Efforts for the use of DOR
and KOR agonists as analgesics have been made but these drugs generally have
limited efficacy and can produce seizures and dysphoria/hallucinations respectively [51,
52]. Therefore, our lab focuses on modulating MOR signal transduction to enhance
opioid analgesic activity while reducing side effects.
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From a physiological perspective, activation of MOR by an agonist prevents
action potential propagation within neuronal nociceptive circuits; therefore the location of
the MOR within these circuits is critical for changes in behavioral output [53]. MOR is
expressed in a variety of locations, but the locations thought to be primarily involved in
the anti-nociceptive effects of opioid agonists are those involved in descending
modulation of pain, namely the PAG, RVM, and spinal cord [54]. Activation of MOR
within these locations can directly inhibit the firing of neurons within nociceptive circuits,
which can be activated by exogenous drugs as well as descending modulatory neurons
leading to a release of endogenous opioids [55, 56].
Side effects such as euphoria/reward, constipation, and respiratory depression
exhibit their effects in other regions. Euphoria occurs due to the disinhibition of
GABAergic neurons in the ventral tegmental area (VTA) allowing for dopamine release
into the nucleus accumbens (NAc) [57]. Constipation occurs within the enteric nervous
system whereby the inhibitory effects of MOR activation prevents peristalsis and
promotes water absorption within the gastrointestinal system [58]. Respiratory
depression occurs within the pre-Bötzinger complex in the medulla of the brainstem
where MOR activation inhibits autonomic firing of neurons responsible for rhythmic
respiration [59, 60]. The location of MOR activation is therefore critical for a specific
analgesic response to opioid agonists; but equally important is the molecular signaling
mechanisms that link MOR activation to neuronal activity changes in MOR-expressing
neurons.
Like all GPCRs, the binding of an opioid agonist to this 7 transmembrane domain
protein causes a conformational shift which promotes the release of GDP from the alpha
subunit of the heterotrimeric G protein [61, 62]. Once released, GTP is then able to bind
and causes a dissociation of the alpha subunit from the beta/gamma subunits [63]. Once
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dissociated, both subunits are now in their active state and produce respective
downstream signaling [64, 65]. In the case of the MOR, the alpha subunit is of the i
subclass and upon dissociation will inactivate adenyl cyclase (AC). Once inactivated, AC
is prevented from activating cyclic adenosine monophosphate (cAMP) production and
subsequent kinase activation including protein kinase A (PKA) [66-68]. It is thought that
this PKA inactivation and beta/gamma subunit activation are the primary driving factors
for the inactivation of N-type voltage gated (VG) Ca++ channels and the activation of G
protein-coupled inwardly-rectifying potassium channels (GIRKs) respectively [69-71]. It
should also be noted that the activated beta/gamma subunit has also been shown to
have several other direct and indirect effector molecules including but not limited to p21activated protein kinase, PI3K, Raf-1, and phospholipase A and C [72-76]. The
inactivation of VG Ca++ channels in a presynaptic terminal will prevent Ca++ dependent
neurotransmitter release [77]. The activation of GIRKs will cause an efflux of K+ ions and
subsequent hyperpolarization [78]. Hyperpolarization will decrease the odds of an action
potential occurring both pre and post synaptically [79]. When these mechanisms occur
within nociceptive circuits mentioned above, there is a suppression of the nociceptive
neuronal transmission which results in pain relief.
In addition to the MOR signaling mentioned above, there are a variety of other
MOR signaling mechanisms which have been investigated to an extent. After activation,
MOR is then rapidly desensitized [80]. Desensitization begins with the phosphorylation
of MOR by G protein-coupled receptor kinases (GRKs) [81]. The phosphorylation of
MOR then promotes the binding of β-arrestins (β-Arr), formation of clathrin coated pits,
and internalization of endosomes containing the MOR complex [82]. The relatively acidic
pH of these endosomes reduces the ligands affinity for MOR and allows for the
dissociation of β-Arr [83]. MOR can then be dephosphorylized by phosphatases, and
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either reinserted into the membrane or transferred to lysosomes for degradation [84].
This desensitization mechanism is critical in downstream signaling events as well. β-Arr
is thought to produce diverse mitogen-activated protein kinase (MAPK) pathways
including ERK, p38, and JNK signaling thought to lead to modifications to transcription
[85]. Among these effectors, it is also thought that additional β-Arr effectors may be
involved in opioid side effects such as constipation, respiratory depression, and
tolerance [86]. Evidence for differential behavioral effects based on specific molecular
signaling has led to a significant drug discovery effort into biased opioid agonists which
lack β-Arr signaling activation [87]. Despite this, downstream MOR signaling events and
their subsequent effectors have not been extensively studied and therefore there is a
need for further research into these areas which could potentially lead to further drug
discovery efforts.
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CHAPTER 3: IMPROVING OPIOID TREATMENT

Many strategies are currently under investigation to improve the treatment of
pain. Some groups have opted to investigate non-opioid targets including cannabinoid
receptors, the neurokinin-1 (NK-1) receptor, and pain related subsets of ion channels
such as Nav1.7 [88]. Other groups have focused their efforts towards biased opioid
agonists or bivalent molecules to produce specific molecular signal cascades that
produce analgesia without side effects [89, 90]. Additionally, efforts are also being made
for drug delivery systems to specific tissues to avoid regions which produce side effects
[91]. Finally, there are also a few groups which aim to modulate opioid agonist
pharmacodynamics through alternative approaches. Two examples of this are through
the modulation of MOR signaling with additional compounds to lead to a preferred
analgesic specific outcome, and non-pharmacological modulation of endogenous opioid
systems through practices such as diet modification [92, 93].
OPIOID SIGNALING MODULATION: HEAT SHOCK PROTEIN 90
Many aspects of MOR physiology and molecular signaling are still poorly
understood. One previous study performed a meta-analysis from available proteomic
reports from animal and human brain tissue to identify protein expression changes after
morphine and/or heroin exposure [94]. This study suggested heat shock protein 70/90
organizing protein (Hop) as a potential target in morphine induced signaling, as it was
increased in response to chronic opioid treatment in the brain. Although there are very
few specific inhibitors for this protein, it’s known to modulate the function of heat shock
protein 90 (HSP90) which could serve as the most suitable target considering the variety
of available inhibitors.
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HSP90 is a chaperone protein which makes up roughly 2% of the total protein
pool in a given cell [95]. This expression can then be increased up to 6% of the total
protein pool upon stress conditions [96]. HSP90 has been found to be involved in
numerous cellular processes which can be regulated by several factors including: the
HSP90 isoform, the formation of specific co-chaperone complexes, and other ongoing
cellular functions [97, 98]. Identified functions in which HSP90 is involved includes:
protein folding, kinase modulation, transcription factor activation, and many others [99,
100]. HSP90’s ability to modulate kinase function makes it a promising candidate as a
signal transduction modulation target [101, 102]. Despite this, due to the high expression
of HSP90 in tumor cells, HSP90 has been primarily researched within the context of
cancer pathology [103]. Therefore, there is a need for further investigation of HSP90
function within receptor-mediated signal transduction such as in the case of MOR
signaling.
Previous research within our lab has demonstrated that the inhibition of HSP90 in
the brain with either the N-terminal inhibitor 17-(Allylamino)-17-demethoxygeldanamycin
(17-AAG) or the C-terminal inhibitor KU-32 prevents systemic morphine induced antinociception in mice. Additionally, the inhibition of HSP90 in the brain prevents DAMGOinduced ERK phosphorylation within the PAG, and the inhibition of ERK within the brain
recapitulates the loss of morphine induced anti-nociception seen with HSP90 inhibition.
Therefore, HSP90 activity and ERK phosphorylation within the brain are necessary for
systemic morphine induced anti-nociception [104]. Along with these findings, the use of
selective HSP90 isoform and co-chaperone inhibitors, and CRISPR verification, has
attributed this promotion of morphine induced anti-nociception to a co-chaperone
complex involving HSP90-alpha, p23, and Cdc37 within the brain [105].This study was
restricted to HSP90’s role in MOR signaling within the brain and PAG. Further
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investigations for HSP90 in MOR signaling within the brain, PAG and other MOR
expressing regions such as the RVM, VTA, and spinal cord may yield additional insights
into MOR signaling and gain a more comprehensive understanding of HSP90s role as a
downstream GPCR signaling modulator. We hypothesized that similar to the brain,
spinal cord HSP90 inhibition would result in a loss of morphine induced anti-nociception
through a prevention of ERK phosphorylation. Exploring the signaling regulation of the
MOR by HSP90 could lead to future drug discovery strategies to utilize selective HSP90
inhibitors or modulators to improve the therapeutic index of opioid treatment.
NON-PHARMACOLOGICAL OPIOID MODULATION: DIET AND INTERMITTENT
FASTING
Today’s United States culture has grown accustomed to the convenience of
modern medicine and pharmacology which has exponentially surged over the past few
centuries [106]. This surge has allowed for an extension of life span, growth in the
economy, and increased quality of life [107-109]. In general, both the therapeutic
benefits and negative side effects of drugs act on existing physiological processes in the
human body. Historically, pharmacological research has been focused on the synthesis
of drugs with the aim of improving or correcting normal/abnormal physiological
processes. This has led to a vast library of compounds which are now available for
clinical use and seemingly boundless libraries of compounds which have yet to be fully
investigated. With the development of these massive libraries of drugs, we can now
begin to approach pharmacological research from a different perspective. Namely, is it
possible to change the existing physiology of an individual through non-pharmacological
means to alter the pharmacodynamics and/or kinetics of a drug for a safer and more
effective therapy? Some of these non-pharmacological processes which shape human
physiology include: diet, exercise, and sleep quality [110-112]. Modulating therapy
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through these means has the further benefit of being low-cost, relatively high
compliance, with no or essentially no side effects.
With respect to opioids in particular, there have been numerous studies aimed at
how several positive and negative dietary archetypes might impact certain opioid
physiological processes and subsequent pharmacology. Mediterranean diets have been
shown to reduce mesolimbic neuroplasticity and relapse after chronic morphine use in
mice. [113]. The high fat western diet has been demonstrated to increase morphine antinociceptive tolerance, reduce morphine antinociception, and cause dysregulation of
endogenous opioid systems in mice [114, 115]. Additionally, rats who are fed more
“palatable” substances demonstrate enhanced analgesic properties of exogenous
opioids [116]. These findings may not necessarily be surprising considering numerous
studies which have demonstrated the role of endogenous opioids in food reward and
selection [117]. Therefore, opioids likely have impacts on food related processes and
vice versa.
With several diets demonstrating positive and negative impacts on exogenous
opioid pharmacology, we can begin the process of identifying diets which enhance
desired properties of opioids and reduce negative properties. One such candidate for
this is intermittent fasting (IF). Intermittent fasting is a time restriction feeding strategy
which has recently grown in popularity as a weight management strategy. The idea
behind this diet is to mimic the hypothesized eating patterns of our ancestors [118].
There is a general consensus that our ancestors routinely went through periods of fasts
due to limitations in food availability and storage [119]. There are several IF methods
which have yielded physiological benefits in both human and rodent studies [120]. The
more common methods are: monthly fasting (2-5 days once a month), weekly fasting (2
days per week), alternate day fasting, and daily time restricted feeing (16-22 hours per
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day) [121, 122]. Some of the benefits of these IF methods include: reduction in
proinflammatory cytokines, positive alterations in hormones, increased life span, and
prevention and/or mitigation of pathologies such as cardiovascular disease,
gastrointestinal disorders, metabolic disorders, and neurodegenerative disorders [118,
120, 121, 123, 124]. To date there are several studies which suggest that acute fasting
can impact opioid systems, but there are only two studies which investigate the impacts
of continuous IF on opioid systems. The first of which suggests an anti-nociceptive effect
of IF through the kappa opioid system, and the second suggests circadian dependent
increased morphine induced anti-nociception with IF mice [125, 126]. While intriguing,
these studies did not examine the impact of IF on opioid therapy itself; the impact on
analgesia vs. side effects (therapeutic index). The literature does suggest that such a
link exists, but has not been experimentally tested [127]. The research carried out within
this study aims to assess IF as an adjunct therapy to opioid treatment, and the
mechanisms by which any benefits and/or adverse effects might occur. We
hypothesized an enhancement in morphine induced anti-nociception in IF mice and a
reduction of side effects, which may allow for an opioid dose reduction strategy to
improve the therapeutic index of opioid treatment.
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CHAPTER 4: HSP90 MODULATION OF OPIOID SIGNALING IN THE SPINAL CORD

INTRODUCTION
The current available therapeutics for the treatment of chronic pain are largely
limited by their efficacy and undesired side effects. With over 100 million individuals
suffering from chronic pain, and an economic burden exceeding $600 billion in the United
States alone, chronic pain remains an area of critical and growing medical need [128,
129]. One of the more efficacious therapeutic options for the treatment of a variety of pain
states are opioid analgesics, such as morphine. Although these drugs can be very
effective acutely, their side effects such as tolerance, addiction, and respiratory
depression make them a high-risk choice when dealing with continuous medication
regimens [130, 131]. Accompanying these negative side effects is a growing social
awareness of the potential dangers of opioids that have begun to negatively stigmatize
their use, abetted by a growing opioid abuse and addiction crisis, despite their great
potential as analgesics [132].
Intensive research over decades has revealed a complex signaling network
evoked by opioid treatment downstream of the µ-opioid receptor (MOR)[133]. Increased
understanding of the complexity of MOR signal transduction has resulted in new efforts
for drug discovery and development, such as biased agonism to reduce opioid side effects
[134-136]. These efforts have produced new biased ligands, as well as additional drugs
targeting key proteins such as mTOR or receptors such as PAR2 relevant to MOR
signaling, to either augment or reduce key behavioral outputs such as anti-nociception
[137-141]. These efforts illuminate the relevant MOR signaling cascades beyond the
“classical” GαI cascade, and show the value in elucidation of key signaling regulators
downstream of MOR activation.
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Heat shock protein 90 (Hsp90) is a molecular chaperone protein which is
upregulated in response to stress. It regulates its client proteins via several molecular
mechanisms, including protein folding, kinase modulation, protein complex formation, and
subcellular localization [97, 142]. Hsp90 makes up roughly 2% of the total protein pool in
a given cell, highlighting its centrality to cell biology, but its functions have primarily been
investigated in the context of cancer models and treatments [143-145]. Although less
studied, Hsp90 has been shown to have a key role in regulating signal transduction at the
receptor and downstream cascade levels in a number of different tissues and physiological
contexts, suggesting this protein could play a key role in MOR signal transduction [146].
We tested this hypothesis in our earlier work, in which we selectively inhibited
Hsp90 in the brain using intracerebroventricular (i.c.v.) administration of 17-N-allylamino17-demethoxygeldanamycin (17-AAG). We found that Hsp90 inhibition in the brain
completely suppressed systemically administered morphine-induced anti-nociception in a
variety of murine pain models [104]. In addition, we showed that i.c.v. administration of
17-AAG blocked ERK phosphorylation in response to the selective MOR agonist DAMGO,
and that this loss of ERK phosphorylation was responsible for the loss of morphine antinociception. These findings demonstrated that Hsp90 regulates MOR signaling in the
brain, and identified new signaling pathways to explore. However this work was just the
first step, leaving many mechanistic details unknown, such as the contribution of other
regions of the central nervous system.
In this work we thus began our investigation of tissue differences in Hsp90
modulation of MOR signal transduction by testing the spinal cord. To do this we inhibited
spinal cord Hsp90 by performing 24-hour pretreatments of intrathecal (i.t.) Hsp90 inhibitors
17-AAG or KU-32. We then assessed the impact of spinal Hsp90 inhibition on morphine
anti-nociception using tail flick and post-surgical paw incision pain models in CD-1 mice.
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Contrary to what was observed in our previous study in the brain, we found an amplified
morphine anti-nociceptive response with spinal cord Hsp90 inhibition. We were also able
to demonstrate that these effects were elicited in an ERK MAPK dependent manner within
the spinal cord dorsal horn, and also required rapid protein translation and p90-Ribosomal
S6 kinase (RSK) activation. These findings identify a novel molecular ERK/RSK circuit in
the spinal cord that can promote opioid anti-nociception, which is normally repressed by
local Hsp90. These findings may also allow for an opioid dose reduction strategy using
spinal Hsp90 inhibitors to avoid negative opioid side effects while maintaining analgesia.
METHODS AND MATERIALS
Materials
17-AAG (#AAJ66960MC), DAMGO (#11711), Fmk (#46-901-0), cycloheximide
(#AC357420010), and U0126 (#11-445) were all purchased from Fisher Scientific
(Waltham, MA). Morphine sulfate pentahydrate was obtained through the National Institute
on Drug Abuse Drug Supply Program and distributed through the Research Triangle
Institute. KU-32 was synthesized using published protocols, and purity (>95%) and identity
confirmed by HPLC and mass spectrometry [147]. 17-AAG, U0126, Fmk, KU-32, and
cycloheximide were prepared as stock solutions in DMSO, and DAMGO was prepared as
a stock solution in water. Morphine was prepared fresh for each experiment in USP saline.
Powders were stored as recommended by the manufacturer, and stock solutions stored
at -20°C. Appropriate vehicle controls were used for each experiment: 10% DMSO in
water for KU-32, Fmk, and cycloheximide i.t. injections; water for DAMGO i.t. injections;
USP saline for systemic morphine injections; and 10% DMSO, 10% Tween-80, and 80%
USP saline for the 17-AAG and U0126 i.t., i.c.v., and i.p. injections.
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Animals
Male and female CD-1 mice in age-matched controlled cohorts from 4–8 weeks of
age were used for all experiments and were obtained from Charles River Laboratories
(Wilmington, MA). Male and female mice were used in approximately equal numbers in
each experiment; no sex differences were observed, so the male and female cohorts were
combined for all data shown. CD-1 (a.k.a. ICR) mice are commonly used in opioid
research and in our previous work as a line with a strong response to opioid drugs ([104,
148], etc.). Mice were recovered for a minimum of 5 days after shipment before being
used in experiments. The mice were kept in an AAALAC-accredited vivarium at the
University of Arizona under temperature control and 12-h light/dark cycles with food
(standard lab chow) and water available ad libitum. No more than five mice were kept in
a cage. 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 according to the guidelines of the NIH Care and
Use of Laboratory Animals handbook.

Behavioral experiments
Prior to any behavioral experiment or testing, the animals were brought to the
testing room in their home cages for at least 1 hr for acclimation. Testing always occurred
within the same approximate time of day between experiments, and environmental factors
(noise, personnel, and scents) were minimized. All testing apparatus (cylinders, grid
boxes, etc.) were cleaned between uses. The experimenter was blinded to treatment
group by another laboratory member delivering coded drug vials, which were then
decoded after collection of all data.
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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 [104, 149]. The mice were housed in a homemade
apparatus with Plexiglas walls and ceiling and a wire mesh floor (3”W x 4”L x 3”H with
0.25” 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. All i.c.v. and i.t. injections were performed as described in our previous work [104].
For the 17-AAG/KU-32 experiments, the mice were then injected i.t. and left to recover for
24 hrs. The next day, the mechanical threshold was again determined as described above,
and i.t. injections took place for the U0126 experiments with a 15-min treatment time. Both
the 17-AAG and the U0126 mice were then injected with 3.2 mg/kg morphine s.c., and
mechanical thresholds were determined over a 3-hour time course. No animals were
excluded from these studies.

Tail-flick assay
Pre-injection tail-flick baselines were determined in a 52 °C warm water tail-flick
assay with a 10 sec cutoff time [104]. The mice were then injected i.t. with 17-AAG, KU32, cycloheximide, Fmk, or U0126 with a 24-hr (17-AAG and KU-32), 30-min
(cycloheximide and Fmk), or 15-min (U0126) treatment time. 24 hr post-injection baselines
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were determined for the 17-AAG experiments. The mice were then injected s.c. with 3.2
mg/kg of morphine, and tail-flick latencies were determined over a 2-hour time course. No
animals were excluded from these studies.

Rotarod test
Mice were subjected to three training trials of 3 min each on a Rotarod device, with
the machine off for trial 1, the machine on but not rotating for trial 2, and the machine
rotating at 4 rpm for trial 3 [104]. An automatic timer in the unit was used to record fall
latencies with a 3-min maximum time. The mice were then injected i.t. with 17-AAG or
vehicle and allowed to recover for 24 hr, and another 3-min Rotarod trial was performed
without additional treatments or interventions. This trial was done with an accelerating 4–
16 rpm task over the 3-min trial time. No mice were excluded from these studies.

Western blotting and analysis
Mouse spinal cord or PAG protein lysates were prepared using our previously
published protocol [104] and quantified with a BCA protein quantitation assay using the
manufacturer’s protocol (Bio-Rad). The protein was run on precast 10% Bis-Tris Bolt gels
(Fisher Scientific #NW00100BOX) using the Bolt gel apparatus and following the
manufacturer’s instructions. The gels were transferred to nitrocellulose membrane (BioRad) using a wet transfer system (30 V, minimum of 1 hr on ice). The blots were blocked
with 5% nonfat dry milk in TBS and incubated with primary antibody in 5% BSA in TBS +
0.1% Tween-20 (TBST) overnight rocking at 4 °C. The blots were then washed three times
for 5 min in TBST, incubated with secondary antibody (see below) in 5% milk in TBST for
1 hr of rocking at room temperature, washed again, and imaged with a LiCor Odyssey
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infrared imaging system (LiCor, Lincoln, NE). Some blots were then stripped with 25 mM
glycine-HCl and 1% SDS, pH 2.0, for 30–60 min of rocking at room temperature prior to
being washed and re-exposed to primary antibody. The resulting image bands were
quantified using Scion Image (based on NIH Image). All images were quantified in the
linear signal range, which is easier to ensure because the Odyssey imager is a dynamic
imager that allows for fine control of exposure. The pERK signal was normalized to the
tERK signal, and pRSK1 and 2 were normalized to tRSK1 and 2 respectively, with both
measured from the same blot as the primary target. The normalized intensities were
further normalized to a vehicle control present on the same blot.

Immunohistochemistry
Perfusions were performed on drug treated mice with cold PBS, followed with cold
4% paraformaldehyde in PBS. Shortly after the perfusions were complete, fixed spinal
cords were extracted and immediately placed in cold 4% paraformaldehyde for ~6 hours.
Spinal cords were then placed in 15% sucrose in PBS overnight, followed by 30% sucrose
in PBS overnight. Spinal cords were then flash frozen in O.C.T. Compound using liquid
nitrogen and sectioned with a Microm HM 525 cryostat at a thickness of 20 μm between
the L5 and L6 vertebrae and mounted on Surgipath X-tra microscope slides. Spinal cord
sections were rehydrated in PBS in preparation for free float staining. Samples were
incubated in an endogenous peroxidase blocking buffer consisting of 60% methanol and
0.3% H2O2 in PBS at RT for 30 minutes and then washed with PBST. They were then
incubated in 5% goat serum, 1% BSA in PBST at RT for 1 hour. Samples were then
incubated with 1:5000 primary pERK antibody in 1.5% goat serum, 1% BSA in PBST at
4˚C overnight. Samples were then washed with PBST and then incubated with a 1:400
biotinylated secondary goat anti-rabbit IgG antibody in 1.5% goat serum, 1% BSA in PBST
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at RT for 1 hour. Samples were prepared as instructed using the Vectastain Elite ABC
HRP Kit (#PK-6101) and TSA Plus Fluorescein Evaluation Kit (#NEL741E001KT), both
from PerkinElmer. NeuN and MAP2 primary antibodies were used at 1:1000 and 1:500
respectively during the pERK primary incubation. The secondary for NeuN and MAP2 was
Alexa Flour goat anti-mouse IgG 594 which was used at 1:500 for both which was added
during the pERK secondary incubation mentioned above. Stained spinal cord sections
were then mounted onto slides with Novus FluorEver. Sections were imaged at 4x, 10x,
and 63x using an Olympus BX51 microscope equipped with a Hamamatsu C8484 digital
camera. Images were analyzed using ImageJ. Dorsal horn regions were selected, and
average mean intensities were measured and normalized to no primary Ab and vehicle
controls within experimental groups.

Antibodies
The antibodies used were: Hsp70 (Cell Signaling 4872S, lot 4, rabbit, 1:1000),
GAPDH (ThermoFisher MA5-15738, lot PI209504, mouse, 1:1000), pERK (Cell Signaling
4370S, lot 12, rabbit, 1:1000 for Westerns and 1:5000 for IHC), tERK (Cell Signaling
4696S, lot 16, mouse, 1:1000), pRSK1 (Cell Signaling 11989S, lot 4, rabbit 1:1000),
tRSK1 (Cell Signaling 8408S, lot 5, rabbit 1:1000), pRSK2 (Cell Signaling 3556S, lot 4,
rabbit, 1:1000), tRSK2 (Cell Signaling 5528S, lot 1, rabbit 1:1000), MAP2 (Invitrogen 131500, lot TJ275359, mouse, 1:500), NeuN (Abcam ab104224, lot GR3247200-1, mouse,
1:1000), secondary GαM680 (LiCor 926-68020, lot C50721-02, goat, 1:10,000–1:20,000),
secondary GαR800 (LiCor 926-32211, lot C50602–05, goat, 1:10,000–1:20,000), and
secondary Alexa Fluor goat anti-mouse IgG 594 (Invitrogen A11032, lot 1985396, mouse,
1:500).
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Proteomics - In-gel digestion
Mouse spinal cord protein lysates (100 µg) were prepared as for Western blot from
animals that were treated with either 17-AAG or vehicle (N = 3 each) and were separated
on a 10% SDS-PAGE gel and stained with Bio-Safe Coomassie G-250 Stain. Each lane
of the SDS-PAGE gel was cut into six slices and the gel slices were subjected to trypsin
digestion. The resulting peptides were purified by C18-based desalting exactly as
previously described [150, 151].

Proteomics - Mass spectrometry and database search
HPLC-ESI-MS/MS was performed in positive ion mode on a Thermo Scientific
Orbitrap Fusion Lumos tribrid mass spectrometer fitted with an EASY-Spray Source
(Thermo Scientific, San Jose, CA). NanoLC was performed exactly as previously
described [150, 151]. Tandem mass spectra were extracted from Xcalibur ‘RAW’ files and
charge states were assigned using the ProteoWizard 3.0 msConvert script using the
default parameters. The fragment mass spectra were searched against the Mus musculus
SwissProt_2018_01 database (16965 entries) using Mascot (Matrix Science, London, UK;
version 2.6.0) using the default probability cut-off score. The search variables that were
used were: 10 ppm mass tolerance for precursor ion masses and 0.5 Da for product ion
masses; digestion with trypsin; a maximum of two missed tryptic cleavages; variable
modifications of oxidation of methionine and phosphorylation of serine, threonine, and
tyrosine. Cross-correlation of Mascot search results with X! Tandem was accomplished
with Scaffold (version Scaffold_4.8.7; Proteome Software, Portland, OR, USA). Probability
assessment of peptide assignments and protein identifications were made using Scaffold.
Only peptides with ≥ 95% probability were considered. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE [152, 153]
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partner repository with the dataset identifier PXD015060 and 10.6019/PXD015060. The
reviewer account details are Username: reviewer97855@ebi.ac.uk and Password:
8AM00kfd.

Label-free quantitative proteomics
Progenesis QI for proteomics software (version 2.4, Nonlinear Dynamics Ltd., Newcastle
upon Tyne, UK) was used to perform ion-intensity based label-free quantification as
previously described [151]. In an automated format, .RAW files were imported and
converted into two-dimensional maps (y-axis = time, x-axis = m/z) followed by selection of
a reference run for alignment purposes. An aggregate data set containing all peak
information from all samples was created from the aligned runs, which was then further
narrowed down by selecting only +2, +3, and +4 charged ions for further analysis. The
samples were then grouped and a peak list of fragment ion spectra from only the top eight
most intense precursors of a feature was exported to a Mascot generic file (.MGF) format
and searched using Mascot (Matrix Science, London, UK; version 2.4) with the same
search variables as described above. The resulting Mascot .XML file was then imported
into Progenesis, allowing for peptide/protein assignment, while peptides with a Mascot Ion
Score of <25 were not considered for further analysis. Protein quantification was
performed using only non-conflicting peptides and precursor ion-abundance values were
normalized in a run to those in a reference run (not necessarily the same as the alignment
reference run)

Statistical analysis

39

All data were reported as the mean ± SEM and normalized where appropriate as described
above to total protein and/or Vehicle control groups. SEM is justified as it indicates the
impact of sample size on data set variability. The behavioral data were reported raw
without maximum possible effect (MPE) or other normalization. Biological and technical
replicates are described in the Figure Legends. Comparisons between two groups (HSP70
protein expression) were performed by unpaired 2-tailed t tests. Comparisons of more
than two groups (ERK and RSK signaling, paw incision, tail flick, and rotarod) were
performed by two-way ANOVA with Sidak’s (behavior) or Tukey’s (Western) post hoc
tests. In all cases, significance was defined as p < 0.05. All graphing and statistical
analyses were performed using GraphPad Prism 8.1 (San Diego, CA).
RESULTS
Spinal inhibition of Hsp90 enhances morphine-induced anti-nociception
We previously showed that intracerebroventricularly (i.c.v.) administered Hsp90
inhibitors completely ablated morphine-induced anti-nociception in multiple pain models
[104]. In addition, Hsp90 has a considerable number of client proteins, which differ in
various tissue, cellular, and environmental contexts [154-156]. This suggests the potential
for context specific roles for Hsp90 within downstream MOR signaling. We began to test
this question for Hsp90 in MOR signaling by considering the contribution of Hsp90 to
morphine induced anti-nociception within the spinal cord. CD-1 mice were treated with 0.5
nmol of intrathecal (i.t.) 17-AAG, a geldanamycin derivative which competitively binds the
N-terminal ATP binding domain of Hsp90. 24 hours post-injection mice were then treated
with 3.2 mg/kg morphine subcutaneously (s.c.), and behavioral pain assays were
performed.
Contrary to our previous report with i.c.v. administered 17-AAG, we found that
spinally inhibited Hsp90 resulted in an elevated anti-nociceptive response due to morphine
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in both thermal tail flick and mechanical post-operative paw incision pain models (Fig. 1AB). To verify the Hsp90 selectivity of these results, we utilized a C-terminal inhibitor of
Hsp90, KU-32, that binds to an alternate site than 17-AAG, and would be highly unlikely
to share off-target interactions [147, 157]. KU-32 was administered at 0.01 nmol i.t.
followed by s.c. morphine 24 hrs later. Enhanced morphine-induced anti-nociception was
also observed with KU-32 treatment, confirming the Hsp90 selectivity of our results (Fig.
1C).
We next confirmed that these findings were not due to off-target motor or sedative
effects using the Rotarod test. Spinal 17-AAG treatment had no impact on Rotarod
performance in the mice, suggesting that our findings reflect bona fide changes to the
opioid pain modulatory system (Fig. 1D). Lastly, in our previous report, we tested the brain
role of Hsp90 in tail flick pain using i.c.v. DAMGO instead of morphine, showing that
inhibition of brain Hsp90 had no impact on tail flick pain [104]. To confirm that our tail flick
results here were due to changes in Hsp90 location (brain vs. spinal cord) rather than drug
and route (i.c.v. DAMGO vs. s.c. morphine), we tested i.c.v. 17-AAG combined with s.c.
morphine. We found that at both 3.2 and 10 mg/kg s.c., morphine had no impact on tail
flick response, the same as for i.c.v. DAMGO in our earlier study (Fig. 1E, [104]).

Brain Hsp90 inhibition overrides spinal cord Hsp90 inhibition
With behavioral differences identified in brain vs. spinal cord Hsp90 inhibition, we
next tested the interaction of these two regions using systemic Hsp90 inhibition, which
would impact both brain and spinal cord. To do this we injected mice with intraperitoneal
(i.p.) 17-AAG and assessed its effects on morphine induced anti-nociception after a 24 hr
period. We tested for increased Hsp70 expression levels as a marker of Hsp90 inhibition
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Figure 1
within the periaqueductal grey (PAG) brain region and spinal cord tissue post 24 hrs i.p.
17-AAG using Western blot [104]. We found that Hsp70 levels were increased in the PAG

Figure 1 – Spinal cord Hsp90 inhibition enhances morphine anti-nociception. Male and female
CD-1 mice were injected as indicated with 17-AAG (0.5 nmol) or KU-32 (0.01 nmol) or Vehicle
control by the i.c.v. or i.t. route, followed by 24 hr recovery and then behavioral testing with or
without morphine injection. Data reported as the mean ± SEM, with the sample size in mice/group
noted on each graph. *, ***, **** = p < 0.05, 0.001, 0.0001 vs. same time point Vehicle group by
2 Way ANOVA with Sidak’s post hoc test. A) Mice tested using the 52°C warm water tail flick
assay with i.t. 17-AAG and 3.2 mg/kg morphine s.c.; 17-AAG caused a significant increase in antinociception. Two independent technical replicates. B) Mice tested using a post-surgical paw
incision model with i.t. 17-AAG and 3.2 mg/kg morphine s.c.; 17-AAG caused a significant
increase in anti-nociception. Two independent technical replicates. C) Mice tested using the tail
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flick assay with i.t. KU-32 instead of 17-AAG along with 3.2 mg/kg morphine s.c., which caused
a similar significant elevation in anti-nociception. Two independent technical replicates. D) Mice
tested using the Rotarod test after i.t. 17-AAG injection with no morphine injection; 17-AAG had
no effect (p > 0.05). One technical replicate. E) Mice tested using the tail flick assay with i.c.v. 17AAG and 3.2 or 10 mg/kg morphine s.c.; i.c.v. 17-AAG treatment had no effect on morphine antinociception at either dose (p > 0.05). Three independent technical replicates.
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as expected, validating our treatment regimen as effective in inhibiting CNS Hsp90 (Fig.
2A-B). Interestingly, we were unable to detect an increase in spinal cord Hsp70 (Fig. 2AB). The 17-AAG is likely reaching the spinal cord since we’ve shown it can reach the PAG,
thus this result may represent different molecular mechanisms for Hsp90 in brain vs. spinal
cord. Now validated, we tested the impact of systemic 17-AAG on morphine antinociception. We observed that systemic 17-AAG had no impact on anti-nociception in tail
flick pain, and very strongly reduced anti-nociception in paw incision pain (Fig. 2C-D);
these results are very similar to what was observed with i.c.v. 17-AAG treatment (Fig. 1E,
[104]).
The effects on morphine anti-nociception seen with systemic Hsp90 inhibition
suggest that the signaling events within the brain may override that of the spinal cord. To
directly test this hypothesis and rule out peripheral mechanisms, we performed dual i.c.v.
and i.t. injections of 17-AAG. We found that dual brain and spinal cord injections
recapitulated systemic injection in both the tail flick and paw incision pain models (Fig. 2EF). These results suggest that the signaling events regulated by Hsp90 within the brain
override MOR signaling within the spinal cord, which would otherwise allow for amplified
pain relief in these models.

ERK MAPK is activated by spinal Hsp90 inhibition and is necessary for enhanced antinociception
Our previous study within the brain demonstrated that blocked activation of ERK
MAPK in the PAG by 17-AAG treatment is a mechanism for the reduction in morphine
induced anti-nociception [104]. We thus tested ERK signaling activation within the spinal
cord after i.t. 17-AAG and DAMGO (selective MOR agonist) treatment using Western blot.

Figure 2
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Figure. 2 – Brain Hsp90 inhibition overrides spinal cord Hsp90 inhibition with respect to
opioid anti-nociception. Male and female CD-1 mice were treated as indicated with 17-AAG or
Vehicle with a 24 hour recovery time. Data reported as the mean ± SEM with sample sizes in
mice/group noted on each graph. A) Mice injected with 50 mg/kg 17-AAG or Vehicle i.p., and
Hsp70 levels analyzed in brain (PAG) and spinal cord by Western blot. Representative blots shown
for Hsp70 and GAPDH loading control. B) Quantitation of the Western data from A. Hsp70 density
normalized to GAPDH from each sample, and further normalized to the Vehicle group within each
tissue. ** = p < 0.01 vs. same tissue Vehicle group by unpaired 2-tailed t test. Two independent
technical replicates. C-D) Mice injected with 50 mg/kg 17-AAG or Vehicle i.p., followed by 3.2
mg/kg morphine in the tail flick (C) and paw incision (D) models. *, **** = p < 0.05, 0.0001 vs.
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same time point 17-AAG group by 2 Way ANOVA with Sidak’s post-hoc test. Four (C) or two (D)
independent technical replicates. E-F) Mice injected both i.c.v. and i.t. with 0.5 nmol 17-AAG or
Vehicle, followed by 3.2 mg/kg morphine s.c. in the tail flick (E) or paw incision (F) models. *,
**** = p < 0.05, 0.0001 vs. same time point 17-AAG group by 2 Way ANOVA with Sidak’s posthoc test. Two independent technical replicates for each model.
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DAMGO was used as a high efficacy selective agonist, increasing our ability to observe
kinase changes in tissue vs. the partial agonist morphine; our results above (Fig. 1E) and
experiments below validate this choice. Interestingly, DAMGO alone showed no ERK
activation relative to vehicle treatment; in contrast, 17-AAG induced an elevated ERK
baseline with a further increase in ERK phosphorylation when combined with DAMGO
(Fig. 3A-B). As in our systemic inhibition studies above, we also sought to confirm Hsp90
inhibition by 17-AAG by testing for Hsp70 upregulation [104, 158, 159]. We again found
no Hsp70 upregulation, even with direct i.t. injection of inhibitor, confirming our systemic
results above and further suggesting that Hsp90 molecular mechanisms may differ in
spinal cord vs. brain (Fig. 3A, C).
To localize the observed increases in ERK phosphorylation within the spinal cord,
we performed immunohistochemical (IHC) analysis of spinal cord tissue from mice treated
with i.t. 17-AAG and DAMGO as for our Western studies. Our findings confirmed the
Western results, with very low phospho-ERK signal observed in Vehicle/Vehicle and
Vehicle/DAMGO groups; we observed some increase in signal in the 17-AAG/Vehicle
group, and a large increase in specific phospho-ERK signal in the 17-AAG/DAMGO group
(Fig. 3D). We particularly noted an apparent increase in ERK phosphorylation in the
lamina I/II region of the dorsal horn, a region rich in nociceptive input and opioid receptors
(Fig. 3D white arrows). We also performed co-localization studies with NeuN, a marker
for neuronal cell bodies, and MAP2, a neuronal cytoskeletal protein enriched in dendrites;
we found that the pERK signal co-localized with MAP2 but not NeuN, suggesting ERK
activation in post-synaptic dendrites (Fig. 3E). This was confirmed using high
magnification imaging in Fig. 3F, showing substantial but not complete pERK/MAP2
overlap. We also quantitated the phospho-ERK signal in the dorsal horn region, which
confirmed a significant increase with 17-AAG and DAMGO co-treatment (Fig. 3G).
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Figure 3
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Figure 3 – Spinal Hsp90 inhibition enables opioid activation of ERK MAPK, leading to
enhanced anti-nociception. Male and female CD-1 mice were treated as indicated with 17-AAG
or Vehicle with a 24 hour recovery time. Data reported as the mean ± SEM with sample sizes in
mice/group noted on each graph. A) Mice injected with 0.5 nmol 17-AAG or Vehicle i.t., followed
by 0.1 nmol DAMGO or Vehicle i.t. for 10 minutes. Spinal cord tissue was then analyzed by
Western blot. Representative blots shown for phospho-ERK (pERK), total ERK (tERK), Hsp70,
and GAPDH. B) Quantitation of pERK and tERK signal from A. pERK density normalized to
tERK density within each sample, and further normalized to the Vehicle:Vehicle group. *, **** =
p < 0.05, 0.0001 vs. Vehicle:Vehicle group; ## = p < 0.01 vs. 17-AAG:Vehicle group; both by 2
Way ANOVA with Tukey’s post hoc test. Four independent technical replicates. C) Quantitation
of Hsp70 signal from A. Hsp70 density normalized to GAPDH within each sample, and further
normalize to the Vehicle group. P > 0.05 by unpaired 2-tailed t test. Four independent technical
replicates. D) IHC for pERK (green) performed from treated spinal cords as for A in the L4-L6
region. Representative images shown. Increased pERK signal was most obviously apparent in the
lamina I/II region of the dorsal horn in the 17-AAG/DAMGO group (white arrows), matching the
Western data in B. E) Colocalization IHC experiments were performed in the dorsal horn region
from 17-AAG/DAMGO treated spinal cords. pERK (green) was separately tested for colocalization with the neuronal markers NeuN or MAP2 (red). pERK/MAP2 co-localization is
visible as a yellow signal in the merged image (white arrow). N ≥ 3 individual spinal cords per
target; representative images shown; two independent technical replicates. F) Higher magnification
images (63x) from E are shown. These images further confirm substantial but not complete
pERK/MAP2 colocalization. G) Quantitation of the pERK signal in the dorsal horn region from all
four groups in D. Intensity values normalized to the Vehicle:Vehicle group. ** = p < 0.01 vs.
Vehicle:Vehicle group by 2 Way ANOVA with Tukey’s post hoc test. Four independent technical
replicates. H-I) Mice injected with 0.5 nmol 17-AAG or Vehicle i.t., 24 hrs, followed by 5 μg
U0126 or Vehicle i.t., 15 min, followed by 3.2 mg/kg morphine s.c. in the tail flick (H) or paw
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incision (I) assays. *, **, ***, **** = p < 0.05, 0.01, 0.001, 0.0001 vs. same time point
Vehicle:Vehicle group by 2 Way ANOVA with Sidak’s post hoc test. U0126 returns the enhanced
anti-nociception caused by 17-AAG back to baseline while causing no effect on its own. Four (H)
or three (I) independent technical replicates.
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To investigate whether these differences in ERK signaling contribute to the enhanced
morphine induced anti-nociception observed, we performed behavioral analysis with cotreatment of i.t. 17-AAG and i.t. 5 μg U0126, a MEK/ERK inhibitor [104]. In both tail flick
and paw incision models, U0126 treatment brought the enhanced morphine induced antinociceptive profile back to the baseline morphine response (Fig. 3H-I). In addition, mice
treated with U0126 alone without 17-AAG showed no difference in morphine induced antinociception (Fig. 3H-I). These results demonstrate that ERK phosphorylation within the
spinal cord is necessary for increased morphine induced anti-nociception via spinal cord
Hsp90 inhibition; they also support our Western and IHC results suggesting that ERK is
not activated by opioids without Hsp90 inhibition.

Rapid protein translation after ERK activation is necessary for enhanced morphine antinociception through spinally inhibited Hsp90
Hsp90 and ERK MAPK signaling pathways have been previously connected to
translational initiation [160-163]. To evaluate the possibility of these pathways altering
translation and subsequently contributing to the behavioral differences observed here, we
administered the translational inhibitor cycloheximide (CX) i.t. in the context of our
behavioral experiments. In a very similar pattern to the ERK inhibitor experiments above,
we found that 85 nmol i.t. CX, 24 hours post-17AAG and 30 minutes prior to morphine,
reduced the enhancement of morphine induced anti-nociception back to baseline in the
tail flick model (Fig. 4A). CX alone without 17-AAG treatment did not change morphineinduced anti-nociception (Fig. 4A). These findings suggest that rapid translation within 30
minutes of opioid treatment is necessary for the enhanced morphine anti-nociception seen
through spinally inhibited Hsp90.
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Figure 4

Figure 4 – Spinal Hsp90 inhibition evokes rapid protein translation that is necessary for
enhanced morphine anti-nociception. Male and female CD-1 mice injected as noted below. Data
reported as the mean ± SEM with the sample size of mice/group noted in each graph. A) Mice
injected with 0.5 nmol 17-AAG or Vehicle i.t., 24 hrs, then 85 nmol CX or Vehicle i.t., 30 minutes,
then 3.2 mg/kg morphine s.c. in the tail flick assay. *, **, *** = p < 0.05, 0.01, 0.001 vs. same time
point Vehicle:Vehicle group; #, ## = p < 0.05, 0.01 vs. same time point 17-AAG:CX group; both
by 2 Way ANOVA with Sidak’s post hoc test. Four independent technical replicates. B) Mice
treated with 17-AAG and CX (or Vehicle control) as in A, followed by 0.1 nmol DAMGO or
Vehicle i.t. for 10 minutes and spinal cords analyzed by Western blot for p/tERK. Representative
blots shown. C) The p/tERK data from B was quantitated. pERK density was normalized to tERK
density within each sample, and further normalized to the 17-AAG:Vehicle:Vehicle group. * = p <
0.05 vs. 17-AAG:Vehicle:Vehicle; # = p < 0.05 vs. 17-AAG:CX:Vehicle; both by 2 Way ANOVA
with Tukey’s post hoc test. ERK activation by 17-AAG and DAMGO was not altered by CX
treatment. Six independent technical replicates.
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To identify the position of translation within the Hsp90/ERK molecular cascade, we
performed Western blot analysis on spinal cord tissues harvested from mice treated with
17-AAG and combinations of CX and DAMGO. 17-AAG paired with DAMGO treatment
stimulated ERK phosphorylation as above; CX treatment 30 minutes prior to DAMGO had
no effect on this stimulation (Fig. 4B-C). These results suggest that translational initiation
is a downstream event from ERK phosphorylation after Hsp90 inhibition.
Proteomic analysis reveals a protein network altered by spinal Hsp90 inhibition
Our results above suggest that protein translation is altered by spinal Hsp90
inhibition; these changes should thus in principle be measurable by quantitative
proteomics. We treated mice with 0.5 nmol i.t. 17-AAG or Vehicle control as above for 24
hours, and removed their spinal cords for analysis. We followed a protocol of protein
extraction, SDS-PAGE gel separation with 6 equal bands excised, tryptic digest, and an
MS-MS analysis workflow (Fig. 5A). We detected 116 proteins significantly downregulated
by 17-AAG treatment and 69 proteins significantly upregulated; unbiased hierarchical
clustering analysis showed that the individual mice in each sample group (Vehicle vs. 17AAG) clustered together, validating a consistent effect of 17-AAG treatment (Fig. 5B). The
full data sets for the significantly altered proteins in the whole analysis and in the subanalyses shown in this Figure are available in the Supplementary Data. Of the proteins in
this data set, we noted that the kinase RSK2 was significantly upregulated by 17-AAG
treatment (Fig. 5C). RSK2 has been shown to promote acute opioid anti-nociception,
highlighting this protein as a potential mechanism for spinal Hsp90 inhibition impacting
opioid anti-nociception [164].
We next performed additional analyses to validate the proteomic data set and
explore the network of protein changes evoked by Hsp90 inhibition. Principal component
analysis (PCA) showed that the individual mice in each treatment group (Vehicle vs. 17-
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Figure 5

Figure 5 – Quantitative proteomic analysis reveals a protein network altered by spinal Hsp90
inhibition. Female CD-1 mice, N=3/group, 1 technical replicate, were injected with 0.5 nmol 17AAG or Vehicle i.t. for 24 hrs. Spinal cords removed for proteomic analysis; protein extracted as
for Western blot above. A) Sample preparation and proteomic analysis workflow (see Methods for
more details). B) Unbiased hierarchical clustering and heat map analysis of proteins significantly
altered by 17-AAG treatment (p < 0.05). All 3 Vehicle and 17-AAG samples cluster together. Red
= increased, green = decreased, rows = individual proteins, columns = individual samples. 116
proteins were significantly downregulated and 69 significantly upregulated; protein quantity traces
for all proteins in each sample shown (inset). C) Protein quantity data for the protein kinase RSK2
shown, data reported as the mean ± SEM. * = p < 0.05 vs. Vehicle group by unpaired 2-tailed t test.
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D) Principal component analysis of the data set performed. Both treatment groups cluster together
and are well-separated along Component 1, accounting for 75.1% of the variance. Within-group
variance only occurs along Component 2, accounting for only 8.5% of the variance. E) Volcano
plot of all proteins plotting p-value vs. fold change. Red = significantly downregulated; blue =
significantly upregulated; grey = not significant. F) Gene ontology (GO) and KEGG pathway
analysis of significantly altered proteins (see Methods for details). Molecular Function, Pathways,
Biological Process, and Cell Compartment are all shown, and plot significance vs. fold enrichment.
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AAG) clustered together; the groups were strongly separated from each other on
Component 1, accounting for 75.1% of the variance, while within treatment the samples
were much closer together along Component 2, accounting for only 8.5% of the variance
(Fig. 5D). We also represented our data in a volcano plot, permitting an overall
visualization of significance and fold-change (Fig. 5E). Together these analyses further
confirm the quality of our data and analysis.
Lastly we performed Gene Ontology and KEGG Pathways analysis of the
significantly changed proteins using Database for Annotation, Visualization, and
Integrated Discovery (DAVID) to identify broad themes in functions and processes altered
by Hsp90 inhibition (Fig. 5F). We identified proteins heavily represented in molecular
functions such as kinase activity, protein kinase binding, and protein phosphatase binding;
pathways including metabolic pathways and oxytocin signaling; processes such as
phosphorylation, cell proliferation, lipid metabolism, and synaptic plasticity; and cell
components including synapse, exosome, focal adhesion, and postsynaptic density (Fig.
5F). This network analysis begins to identify an overall role for Hsp90 in regulating protein
networks in the spinal cord, which has not been previously reported.

RSK signaling is required for enhanced anti-nociception through spinally inhibited Hsp90
Cytosolic RSK1 and RSK2 have both been implicated in translational initiation
through several substrates, suggesting a potential link to our translation findings above
[165-171]. RSK2 has also been implicated in acute morphine induced analgesia within the
medial habenula [164]. Our proteomic analysis demonstrated altered expression levels of
RSK2 within the spinal cord due to Hsp90 inhibition. Therefore, we aimed to probe both
RSK1 and RSK2 as a potential mechanism within this molecular path
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To evaluate the necessity of RSK activation within our behavioral model, we
utilized

the

irreversible

RSK

1/2

inhibitor

1-[4-Amino-7-(3-hydroxypropyl)-5-(4-

methylphenyl)-7H-pyrrolo[2,3-d] pyrimidin-6-yl]-2-fluoroethanone (Fmk). In a similar
design to the U0126 and CX experiments above, 24 hr i.t. 17-AAG was combined with i.t.
10 nmol Fmk 30 minutes before morphine treatment in the tail flick model. Fmk treatment
returned the enhanced morphine anti-nociception caused by 17-AAG treatment back to
baseline, while Fmk alone without 17-AAG treatment had no effect on morphine antinociception (Fig. 6A). These results show the same pattern as the U0126 and CX
experiments above, and strongly suggest that RSK promotes morphine anti-nociception
after spinal Hsp90 inhibition. Notably, Fmk is non-selective between RSK1 and RSK2, so
either or both isoforms could promote anti-nociception.
To confirm and extend these findings, we evaluated phosphorylation levels of both
isoforms by Western blot in treated spinal cords as above. We found that both RSK1 and
RSK2 demonstrate a similar phosphorylation pattern to that of ERK. 17-AAG treatment
alone elicits increases in both RSK1 and RSK2 phosphorylation that rises to the level of
significance for RSK2; 17-AAG and DAMGO co-treatment significantly increases
phosphorylation of both proteins vs. the Vehicle/Vehicle control group, and over the 17AAG/Vehicle group for RSK2 (Fig. 6B-D). These results show that both RSK1 and RSK2
are activated by 17-AAG and DAMGO co-treatment, and may both promote morphine antinociception after spinal cord Hsp90 inhibition.

DISCUSSION
In this study, we’ve identified a novel molecular ERK/RSK signaling circuit in the
spinal cord which can promote acute opioid anti-nociception; this circuit is normally
suppressed by Hsp90, and is only uncovered by spinal Hsp90 inhibition. Our results place
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Figure 6

Figure 6 – Spinal Hsp90 inhibition activates RSK1/2 phosphorylation, which is necessary for
enhanced morphine anti-nociception. Male and female CD-1 mice injected as noted below. Data
reported as the mean ± SEM with sample sizes in mice/group noted in the graphs. A) Mice injected
with 0.5 nmol 17-AAG or Vehicle i.t., 24 hrs, followed by 10 nmol Fmk or Vehicle i.t., 30 minutes,
followed by 3.2 mg/kg morphine s.c. and the tail flick assay. **, ***, **** = p < 0.01, 0.001,
0.0001 vs. same time point Vehicle:Vehicle group by 2 Way ANOVA with Sidak’s post hoc test.
Three independent technical replicates. B) Mice injected with 0.5 nmol 17-AAG or Vehicle i.t., 24
hrs, followed by 0.1 nmol DAMGO or Vehicle i.t., 10 min, and spinal cords removed for Western
analysis of p/tRSK1/2 signaling. Representative blots shown. C) The data from B was quantitated
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for phosphorylation of RSK1 (C) and RSK2 (D). pRSK was normalized to tRSK within each
sample, and further normalized to the Vehicle:Vehicle group. *, ***, **** = p < 0.05, 0.001, 0.0001
vs. Vehicle:Vehicle group; ## = p < 0.01 vs. 17-AAG:Vehicle group; both by 2 Way ANOVA with
Tukey’s post hoc test. Three independent technical replicates.
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rapid protein translation as a downstream event of ERK activation; due to extensive
literature which has shown an ERK/RSK/translation cascade [165-171], we propose a
model by which Hsp90 inhibition relieves repression of ERK activation by the MOR,
resulting in an ERK/RSK/translation/anti-nociception cascade after opioid treatment (Fig.
7).
Our results provide strong support that spinal ERK, RSK, and translation are not
active at baseline for acute opioid anti-nociception. The inhibitors U0126, Fmk, and CX all
had no effect on their own without 17-AAG treatment; we also showed that neither ERK
nor RSK phosphorylation was stimulated by opioid treatment in vehicle-treated control
mice using both Western blot and IHC methods. Notably, we could find no literature reports
showing acute activation of these kinases by opioids in the spinal cord. This is in sharp
contrast to the brain, where our results and others show that ERK and RSK are
phosphorylated by baseline opioid treatment, and contribute to opioid anti-nociception
[104, 164, 172-175]. This is not to say that ERK can have no impact on the opioid system
in the spinal cord. Spinal ERK has been shown to have a role in mediating chronic opioid
treatment side effects, particularly tolerance [176]. ERK also has a well-established role
in promoting chronic pain states after activation in the dorsal horn by strong and chronic
pain stimuli [177]. These contrasting findings show the importance of context in the
function of signaling kinases. ERK is downstream of numerous receptor systems in the
same cell, and must be able to carry out diverse functions in the same cell when stimulated
by these different systems. We propose that ERK is organized uniquely within the spinal
cord so that it does not respond to acute MOR activation, but is free to act in response to
chronic MOR activation and in response to other receptor systems; our results suggest
that Hsp90 could be this organizing factor preventing acute activation by the MOR.
Removing this blockade enables ERK activation, leading to RSK activation, translation of
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Figure 7

Figure 7 – Proposed model of Hsp90 regulation of opioid signaling in the spinal cord.
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new proteins, and enhanced anti-nociception. Uncovering these additional mechanisms
will lend great insight into how MOR signaling is organized in the spinal cord.
One potential clue to the unique organization of Hsp90 in the spinal cord is that we
found that spinal Hsp90 inhibition does not result in Hsp70 upregulation, confirmed in
multiple experiments. Hsp70 upregulation in response to Hsp90 inhibition has long been
considered a canonical response, caused by the release of heat shock factor-1 when
Hsp90 is inhibited; we and many others have shown in this paper and elsewhere that
Hsp70 is upregulated in response to Hsp90 inhibition in numerous cell lines as well as
brain tissue [104, 178]. Notably however we cannot find any reports of Hsp70 upregulation
in wild type in vivo spinal cord after Hsp90 inhibitor treatment. Others have pointed out
that Hsp90 inhibition does not always result in a heat shock response leading to Hsp70
upregulation [179]. It may be that Hsp90 in the spinal cord is organized differently at the
molecular level than in the brain; perhaps it does not interact with heat shock factor-1 or
similar proteins in the spinal cord. These differences may point to the mechanism by which
Hsp90 has different signaling roles in brain vs. spinal cord.
Our observations are consistent with the ERK/RSK cascade enhancing opioid
activation via rapid protein translation. Hsp90 and ERK have both been linked to the
initiation of protein translation [160-163]. RSK phosphorylation by ERK has been shown
to activate translation through a variety of substrates including eukaryotic translation
initiation factor-4B (eIF4B), tuberous sclerosis complex-1/2 (TSC1/2), the 40S ribosomal
subunit protein S6 (rpS6), glycogen synthase kinase-3 (GSK3β), and elongation factor-2
(EF2) kinase [165-171]. These studies provide plausible targets linking ERK/RSK to
protein translation, but do not provide a potential mechanism for how protein translation
enhances anti-nociception. Among the full list of proteins altered by 17-AAG treatment in
our proteomic analysis, candidate proteins for this mechanism do occur (see
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Supplementary Data). These include ion channels like KCNA4 and the CACNA2D1
subunit of the voltage gated calcium channel, and numerous signaling proteins and
signaling protein regulators, such as PLCD3, PP1, RGS12, and GPR162. Alteration of the
above-mentioned ion channels could lead to a reduction in action potential frequency and
thus amplify the effects of MOR while the signaling protein regulators could indirectly lead
to similar effects. These provide plausible future candidates to investigate that could link
the protein translation we observe to enhanced anti-nociception. One finding which will
guide such a search is that any candidate protein must have a rapid turnover half-life,
since inhibition of translation within 30 minutes of opioid treatment abolished the response,
suggesting the protein must be degraded sufficiently within that 30 minute window.
We also observed interesting systemic interactions above the level of molecular
circuitry when investigating how Hsp90 inhibition in the brain and spinal cord interact. We
found that brain inhibition dominated over spinal inhibition in terms of the overall
behavioral output, with either systemic or combined i.c.v./i.t. inhibition. This occurred even
with tail flick pain, in which brain inhibition showed no effect, but nonetheless caused a
loss in spinal enhancement in tail flick anti-nociception. The brain has a well-established
circuit of opioidergic descending modulation with cell bodies in the rostroventral medulla
and other regions and synapsing on nociceptive modulatory circuits in the spinal cord
[180]. It may be that descending modulatory neurons in the brain can override the spinal
circuits when Hsp90 is inhibited in the brain. Lending some support to this hypothesis is
our finding that spinal Hsp90 inhibition leads to enhanced ERK phosphorylation in lamina
I/II of the dorsal horn of the spinal cord, which is a key target region for these descending
neurons [181]. Investigating the circuit context in which Hsp90 regulates anti-nociception
will provide key insights into how the molecular circuitry translates into a whole animal
behavioral response.
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In this study we demonstrate a spinal cord specific role for Hsp90 within MOR
downstream signaling and in doing so, begin to elucidate MOR-dependent downstream
mechanisms of ERK phosphorylation within the spinal cord which can impact systemic
morphine-induced anti-nociception. We propose a mechanism in which Hsp90 serves as
a brake on ERK phosphorylation within neurons in the spinal cord dorsal horn. Once the
brake is removed by a spinal Hsp90 inhibitor, ERK phosphorylation is “unchained” and
can contribute to MOR-agonist induced anti-nociception through RSK activation and rapid
translation. This translation event must upregulate proteins which contribute to either
hyperpolarization or the prevention of neurotransmitter release in primary or secondary
nociceptive afferents within the spinal cord, further preventing the transmission of pain
signals. This mechanism is not only significant in the context of molecular signaling, but
there is also the potential to capitalize on these findings clinically by developing an opioid
dose reduction strategy. Hsp90 inhibitors could be used to amplify morphine analgesia
through the spinal cord without altering unwanted morphine side effects, many of which
are evoked through brain regions such as the striatum (reward) or through the gut
(constipation) and would not be affected by spinal cord treatment.
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CHAPTER 5: IMPROVING THE THERAPUTIC INDEX OF SYSTEMIC MORPHINE
THROUGH SPINAL CORD HSP90 INHIBITION

INTRODUCTION
Chronic pain is a condition which affects roughly 20% of the United States
population [4]. Many of these patients lack adequately efficacious therapeutic options to
manage their pain and therefore must turn to commonly prescribed opioids [182].
Continuous use of opioids for chronic pain management generates its own slew of
additional problems in the form of constipation, tolerance, addiction, and respiratory
depression which can lead to death [39]. It is therefore critical that the scientific
community find new methods by which opioid pharmacology can be immediately
improved, both enhancing analgesic efficacy and decreasing side effects. One such
option for this is the modulation of opioid signal transduction through directly targeting
signaling regulators with accompanying medications. One such target for this approach
that we have identified is heat shock protein 90 (HSP90).
HSP90 is a chaperone protein which is involved in a variety of molecular and
cellular processes, including but not limited to protein maturation, receptor translocation,
transcription, translation, and kinase activation [97, 183]. HSP90 makes up ~2% of the
total protein pool, which can be increased to ~6% under stressful conditions [184, 185].
The importance of HSP90 to cellular physiology is therefore not surprising, and there are
likely many more functions which we are not yet aware of which may be dictated by
cellular type, ongoing signal transduction, and/or the assembly of specific co-chaperone
complexes. Due to the elevated expression of HSP90 in tumor cells, HSP90 has been
primarily studied in the context of cancer, but recently there have emerged ongoing
studies implicating HSP90 in mu opioid receptor (MOR) signal transduction [104, 143].
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Our previous studies have demonstrated that intracerebroventricular (i.c.v.)
administration of the HSP90 inhibitor 17-N-allylamino-17-demethoxygeldanamycin (17AAG) prevents morphine anti-nociception in mice through an ERK dependent manner
[104]. Contrary to these findings, we have additionally shown that 17-AAG treatment
within the spinal cord causes an enhancement of systemic morphine anti-nociception in
an ERK-RSK dependent manner (Chapter 4). These contrasting results demonstrate
that HSP90 has region-specific roles in the nervous system. In conjunction with these
findings, novel HSP90 inhibitors such as KU-32 have recently been developed primarily
as potential cancer related therapeutics [186, 187]. KU-32 is a novobiocin derivative
which targets the C-terminal domain of HSP90, thereby modulating HSP90s function.
These novel inhibitors provide additional tools, as well as novel approaches to dissect
which functions of HSP90 are critical for modulating opioid signaling. We have
previously demonstrated an equivalent effect of KU-32 to that of the earlier N-terminal
ATP binding pocket inhibitor 17-AAG with regards to their effect on acute morphine
induced anti-nociception (Chapter 4), [105].
Our findings in Chapter 4 that spinal cord inhibition enhanced opioid antinociception suggested that we may be able to improve the therapeutic index of morphine
using this mechanism. Since many side effects like constipation and reward/addiction
are mediated through non-spinal regions, HSP90 inhibition in spinal cord would not be
expected to impact them. The net effect may thus be to enhance opioid analgesia while
keeping side effects the same, which could permit an opioid dose-reduction strategy.
This study set out to test this hypothesis by establishing dose response curves
for morphine related anti-nociception and side effects with and without intrathecal KU-32
administration. In both acute and chronic pain models we demonstrate a dose
dependent increase in morphine induced anti-nociception after i.t. KU-32 administration.
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Further, we demonstrate no observable difference in the rewarding effects of morphine
via conditioned place preference (CPP) and no observable difference in opioid induced
constipation (OIC) via fecal pellet collection. With regards to the development of
tolerance, we demonstrate that there is significant decrease in the development of
tolerance with continuous i.t. KU-32 administration. Additionally, already established
morphine tolerance can be retroactively reversed with i.t. KU-32 administration. These
findings together suggest that spinal KU-32 treatment induces a leftward shift in the
therapeutic window of morphine induced anti-nociception without altering side effects.
This study in turn provides supporting evidence for a novel opioid dose reduction
strategy through the spinal inhibition of HSP90 for more effective opioid pain treatment.
METHODS AND MATERIALS
Animals
Male and female CD-1 mice in age-matched controlled cohorts from 4–8 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. Mice 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.
Behavioral experiments
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Prior to any behavioral experiment or testing, the 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, and environmental factors
(noise, personnel, and scents) were minimized. All testing apparatus (cylinders, grid
boxes, etc.) were cleaned between uses. The experimenter was blinded to treatment
group by another laboratory member delivering coded drug vials, which were then
decoded after collection of all data.
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. 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 i.t. and left to recover
for 24 h. The next day, the mechanical threshold was again determined as described
above. Mice were then injected with 1, 1.8 or 3.2 mg/kg morphine s.c., and mechanical
thresholds were determined over a 3-hour time course. No animals were excluded from
these studies.
Tail-flick assay
Pre-injection tail-flick baselines were determined in a 52 °C tail-flick assay with a 10-s
cutoff time. The mice were then injected i.t. with 0.01 nmol KU-32 (obtained from Brain
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Blagg, PhD; Department of Chemistry and Biochemistry, University of Notre Dame) or
Vehicle (0.0025% DMSO in water) control with a 24-hour treatment time for all
nociception experiments. 24-hours post-injection baselines were determined. The mice
were then injected s.c. with 1, 3.2, 5.6, or 10mg/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 i.t. with KU-32 with a 24-hour
treatment time. 24 hours later mice were baselined again and then injected with 1, 3.2,
or 10mg/kg s.c. morphine with one tail flick latency measured at 30 minutes post
morphine. Mice were injected again with i.t. KU-32 and the process was repeated for an
additional 7 days. For tolerance rescue experiments, mice underwent a full time course
on day 1 with 10mg/kg morphine s.c. in the morning and a second injection of morphine
in the afternoon. Days 2 and 3 consisted of morning and afternoon injections as well. On
day 3 during the first injection, another full time course was taken to verify the
development of tolerance. Mice received an i.t. injections of KU-32 or Vehicle after the
second injection. On day 4 full time courses were taken again with 10 mg/kg s.c.
morphine. No animals were excluded from these studies.
HIV 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 protein (15 ng/μl in 0.1 M PBS and 0.1% BSA, 7-μl volume) using an
established protocol [188] 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 was injected i.t with a 24-h treatment time. A third mechanical threshold was
then measured on day 21 and morphine (1.8, 3.2, or 5.6 mg/kg s.c.) was then injected,
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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. 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. 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 with a 24-hour treatment time. On day 1 mice were injected
with i.t. KU-32 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. 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 which 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 the form of seconds and percentage spent in chamber
was exported from PPC WIN 2.0 as an excel file and transferred to GraphPad Prism for
further analysis.
Opioid induced constipation

70

Prior to the experiment mice were injected with either KU-32 or vehicle i.t. and allowed to
recover for 24 hours. 1, 3.2, or 10mg/kg s.c. morphine 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 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. AUC values from these
normalized values were also quantified for a further comparison.
Statistical analysis
All data were reported as the mean ± S.E.M. and normalized where appropriate as
described above. The behavioral data were reported raw without maximum possible
effect (MPE) or other normalization for the individual dose curves, but were normalized
using MPE for dose/response curves. Biological and technical replicates are described
in the figure legends. Comparisons of more than two groups were performed by two-way
ANOVA with Sidak’s post-hoc test. In all cases, significance was defined as p < 0.05. All
graphing and statistical analyses were performed using GraphPad Prism 8.2 (San
Diego, CA). Dose/response analysis was performed using linear regression to calculate
A50 values, as previously described [104, 105].

RESULTS
The inhibition of HSP90 within the spinal cord has been previously demonstrated
to enhance morphine induced anti-nociception within the thermal tail flick model and
post-surgical paw incision model (Chapter 4). To evaluate whether this effect occurs in a
dose dependent manner within the thermal pain model, we performed tail flick assays in
mice pre-treated with spinal KU-32 or vehicle and morphine doses of 1, 3.2, 5.6, and 10
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mg/kg. We observed a significant increase in morphine induced anti-nociception at each
dose with intrathecal KU-32 (Fig. 1A-D). The resulting dose response curve yielded a
1.87 fold leftward shift in morphine potency within i.t. KU-32 treated mice (Fig. 1E).
The thermal tail flick model has translational limitations as a relatively simplistic
thermal and spinal reflex pain model. Therefore, we then aimed to evaluate the effects of
i.t. KU-32 on a more complex acute pain model using the post-operative paw incision
pain model. The resulting pain state before and after these surgeries can be evaluated
using Von Frey filaments which yield a subsequent mechanical threshold. Mice which
received a 24 hour pretreatment of i.t. KU-32 once again demonstrated enhanced
morphine induced anti-nociception at 1, 1.8, and 3.2 mg/kg morphine doses (Fig. 2A-C).
Importantly, the pain state itself was not altered by KU-32, suggesting a downstream
opioid specific anti-nociceptive effect. The resulting dose-response curve demonstrates
a 2.29 fold leftward shift in morphine anti-nociception within the KU-32 treated mice (Fig.
2D).
We demonstrated that spinal inhibition of HSP90 using KU-32 clearly enhances
morphine anti-nociceptive potency in two acute pain models. Spinal HSP90 inhibition
has thus far not been demonstrated to enhance morphine anti-nociception in a chronic
pain model. Therefore, we aimed to assess the effects of i.t. KU-32 pretreatment on
morphine anti-nociception within a HIV neuropathic pain model. This model achieves a
neuropathic pain state through multiple i.t. injections of the HIV glycoprotein, gp120.
After 21 days, a significant pain state is developed in mice which can then be evaluated
using Von Frey filaments to obtain a mechanical threshold value. On day 20 mice were
treated with i.t. KU-32 which demonstrated no significant effect on the pain state. Once
again, KU-32 treated mice demonstrated an enhanced morphine induced anti-
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Figure 1

Figure 1 – Intrathecal KU-32 enhances morphine anti-nociception dose dependently in the
tail flick model. Male and female CD-1 mice were injected as indicated with KU-32 (0.01 nmol)
or Vehicle control by the i.t. route, followed by 24 hr recovery and then behavioral testing with or
without morphine injection. Data reported as the mean ± SEM, with the sample size in mice/group
noted on each graph. *, ***, **** = p < 0.05, 0.001, 0.0001 vs. same time point Vehicle group by
2 Way ANOVA with Sidak’s post hoc test. A-D) Mice tested using the 52°C warm water tail flick
assay with i.t. KU-32 and 1, 3.2, 5.6, and 10 mg/kg morphine s.c.; KU-32 caused a significant
increase in anti-nociception. Two or three independent technical replicates each. E) Dose response
curve demonstrating a 1.87 fold leftward shift in potency with KU-32 treated mice. A50 values:
Vehicle = 3.03 mg/kg, KU-32 = 1.62 mg/kg.
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Figure 2

Figure 2 – Intrathecal KU-32 enhances morphine anti-nociception dose dependently in the
post-operative paw incision model. Male and female CD-1 mice were injected as indicated with
KU-32 (0.01 nmol) or Vehicle control by the i.t. route, followed by 24 hr recovery and then
behavioral testing with or without morphine injection. Data reported as the mean ± SEM, with the
sample size in mice/group noted on each graph. *, ***, **** = p < 0.05, 0.001, 0.0001 vs. same
time point Vehicle group by 2 Way ANOVA with Sidak’s post hoc test. A-C) Mice tested using a
post-surgical paw incision model with i.t. KU-32 and 1, 1.8, and 3.2 mg/kg morphine s.c.; KU-32
caused a significant increase in anti-nociception. Two independent technical replicates each. D)
Dose response curve demonstrating a 2.29 fold leftward shift in potency with KU-32 treated mice.
A50 values: Vehicle = 2.34 mg/kg, KU-32 = 1.02 mg/kg.
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nociception which occurred in a morphine dose dependent manner (Fig. 3A-C). The
resulting dose response curve again yielded a 3.26 fold leftward shift in morphine antinociceptive potency (Fig. 3D).
Continuous administration of opioids such as morphine yield anti-nociceptive
tolerance over time. This development of tolerance makes the treatment of chronic pain
with opioids challenging in the long term, leading to dose escalation and increased side
effects. The enhanced morphine induced anti-nociception caused by i.t. KU-32
pretreatment could also have impacts on the development of tolerance. To evaluate this,
we used the thermal tail flick model to track peak thermal latencies after daily systemic
morphine treatment over a 7 day period. Mice which received daily i.t. KU-32 still
demonstrated an enhanced morphine induced anti-nociception throughout the 7 day
period and still developed some, although less, anti-nociceptive tolerance at 1, 3.2, and
10mg/kg morphine doses (Fig. 4A-C). Despite this apparent tolerance, the rate of
tolerance development is significantly decreased, which can be seen from the difference
of day 1 and day 4 in the resulting dose response curve, yielding a much smaller
tolerance shift (Vehicle = 21 fold vs. KU-32 = 2.9 fold) in KU-32 treated mice (Fig. 4D).
We have shown that spinal HSP90 inhibition using i.t. KU-32 enhances systemic
morphine anti-nociception and reduces the development of tolerance. We also aimed to
test whether this enhancement in morphine anti-nociception might still occur in a mouse
which has already developed morphine anti-nociceptive tolerance. To test this, we
developed morphine anti-nociceptive tolerance with twice daily injections of s.c. 10mg/kg
morphine for 3 days. Morphine anti-nociception was evaluated before and after
morphine tolerance development on days 1 and 3 using the thermal tail flick model (Fig.
5A and B). On day 3 mice were then injected with i.t. KU-32 and were allowed to
recover for 24 hours. Mice on day 4 were subjected to one additional morphine
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Figure 3

Figure 3 – Intrathecal KU-32 enhances morphine anti-nociception dose dependently in the
HIV neuropathic pain model. Male and female CD-1 mice were injected as indicated with KU32 (0.01 nmol) or Vehicle control by the i.t. route after establishment of the HIV neuropathic pain
state, followed by 24 hr recovery and then behavioral testing with or without morphine injection.
Data reported as the mean ± SEM, with the sample size in mice/group noted on each graph. *,
***, **** = p < 0.05, 0.001, 0.0001 vs. same time point Vehicle group by 2 Way ANOVA with
Sidak’s post hoc test. A-C) Mice tested using a HIV neuropathic pain model with i.t. KU-32 and
1, 1.8, 3.2, and 5.6 mg/kg morphine s.c.; KU-32 caused a significant increase in anti-nociception.
Two independent technical replicates each. D) Dose response curve demonstrating a 3.26 fold a
leftward shift in potency with KU-32 treated mice. A50 values: Vehicle = 6.44 mg/kg, KU-32 =
1.67 mg/kg.
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Figure 4

Figure 4 – Intrathecal KU-32 reduces morphine anti-nociceptive tolerance in the tail flick
model. Male and female CD-1 mice were injected as indicated with KU-32 (0.01 nmol) or
Vehicle control by the i.t. route daily, followed by 24 hr recovery and then behavioral testing with
daily morphine injections s.c.. Data reported as the mean ± SEM, with the sample size in
mice/group noted on each graph. *, ***, **** = p < 0.05, 0.001, 0.0001 vs. same time point
Vehicle group by 2 Way ANOVA with Sidak’s post hoc test. A-C) Mice tested using a tail flick
model with daily i.t. KU-32 and daily 1, 3.2, and 10 mg/kg morphine s.c.; KU-32 still allows for a
degree of morphine tolerance, but KU-32 treatment response is consistently elevated over Vehicle
control. Two independent technical replicates each. D) Dose response curves for day 1 and day 4
show a smaller difference in the development of tolerance with KU-32 treated mice (Vehicle = 21
fold vs. KU-32 = 2.9 fold). A50 values: Vehicle day 1 = 5.2 mg/kg, KU-32 day 1= 1.9 mg/kg,
Vehicle day 4 = 110 mg/kg, KU-32 = 5.5 mg/kg.
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Figure 5

Figure 5 – Intrathecal KU-32 reverses morphine anti-nociceptive tolerance in the tail flick
model. Male and female CD-1 mice were injected as indicated with KU-32 (0.01 nmol) or
Vehicle control by the i.t. route after the development of tolerance on day 3, followed by 24 hr
recovery and then behavioral testing with s.c. morphine on day 4 (day 1 and day 3 time courses
are pre-KU-32 treatment). Data reported as the mean ± SEM, with the sample size in mice/group
noted on each graph. *, ***, **** = p < 0.05, 0.001, 0.0001 vs. same time point Vehicle group by
2 Way ANOVA with Sidak’s post hoc test. A) Mice tested using a tail flick model with 10mg/kg
s.c. morphine on day 1, prior to chronic morphine treatment. Two independent technical
replicates each. B) Mice tested using a tail flick model with 10mg/kg s.c. morphine after 3 days of
twice daily 10mg/kg s.c. morphine. Two independent technical replicates each. C) Mice tested
using a tail flick model with i.t. KU-32 and 10 mg/kg morphine s.c. after development of
tolerance; KU-32 reverses morphine tolerance. Two independent technical replicates each.
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treatment and anti-nociception was evaluated. Mice which received KU-32 demonstrated
an antinociceptive profile similar to that of a pre-tolerant mouse, suggesting that
established tolerance can be reversed by spinal HSP90 inhibition (Fig. 5C).
We then aimed to assess additional morphine side effect profiles to confirm a
lack of side effect differences with spinal KU-32 treatment. To evaluate morphine
induced constipation, we collected fecal matter over a 6 hour time course after morphine
treatment. To control for weight differences between male and female mice, fecal output
after morphine treatment was normalized to saline treated mice. Mice which received
intrathecal KU-32 demonstrated no significant difference in constipation at any morphine
dose (Fig 6A-C). This lack of difference was further demonstrated in the resulting dose
response curve (Fig. 6D). Morphine reward was evaluated using conditioned place
preference at varying doses of morphine. Both vehicle and KU-32 treated mice
demonstrated rewarding effects at 10mg/kg morphine which dose dependently reduced
at 5.6 and 3.2 mg/kg morphine (Fig. 7A-C). The resulting dose response curve
demonstrates no difference between vehicle and KU-32 groups (Fig. 7D).

DISCUSSION
HSP90 plays a critical role as a regulator of downstream MOR signal
transduction within the brain and spinal cord [104] (Chapter 4). This regulatory role has
substantial impacts on morphine pain relief. In the brain, HSP90 is necessary for MOR
agonist induced ERK phosphorylation to allow for morphine anti-nociception. In the
spinal cord, HSP90 acts as a brake on ERK phosphorylation leading to a reduction of
morphine anti-nociception. Therefore, the inhibition of HSP90 prevents morphine antinociception in the brain and enhances morphine anti-nociception in the spinal cord.
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Figure 6

Figure 6 – Intrathecal KU-32 has no significant impact on morphine induced constipation.
Male and female CD-1 mice were injected as indicated with KU-32 (0.01 nmol) or Vehicle
control by the i.t. route, followed by 24 hr recovery and then behavioral testing with morphine
injections s.c.. Data reported as the mean ± SEM, with the sample size in mice/group noted on
each graph. *, ***, **** = p < 0.05, 0.001, 0.0001 vs. same time point Vehicle group by 2 Way
ANOVA with Sidak’s post hoc test. A-C) Fecal matter was collected and weighed with i.t. KU32 and 1, 3.2, and 10 mg/kg morphine s.c. and normalized to saline controls; No significant
difference between groups. Two or three independent technical replicates each. D) Dose response
curves demonstrate no significant difference between groups. A50 values: Vehicle = 0.67 mg/kg,
KU-32 = 0.97 mg/kg.
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Figure 7

Figure 7 – Intrathecal KU-32 has no significant impact on morphine induced reward. Male
and female CD-1 mice were injected as indicated with KU-32 (0.01 nmol) or Vehicle control
daily by the i.t. route during CPP training to 3.2, 5.6, and 10mg/kg s.c. morphine, followed by
one final day of CPP testing. Data reported as the mean ± SEM, with the sample size in
mice/group noted on each graph. *, ***, **** = p < 0.05, 0.001, 0.0001 vs. same time point
Vehicle group by 2 Way ANOVA with Tukey’s post hoc test. A-C) CPP testing yielded no
significant difference between groups in percent time spent in morphine paired chamber at any
dose. A significant preference over baseline was only detected at 10 mg/kg morphine. Two
independent technical replicates each. D) Dose response curves demonstrate no significant
difference between groups. A50 values: Vehicle = 5.1 mg/kg, KU-32 = 5.3 mg/kg.
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These opposing effects could be linked to differences in isoforms, chaperones, and other
cellular contexts within the two regions of the CNS. Previous evidence for involvement of
ERK pathways in pain have suggested this action through primarily transcriptional and
post-translational regulation [189-191]. We have previously demonstrated that
downstream ERK phosphorylation within pre and/or post-synaptic terminals induced by
MOR activation paired with HSP90 inhibition within the spinal cord requires RSK
activation and rapid translation to elicit enhanced anti-nociception (Chapter 4). The
specificity of ERK activation through the combination of a MOR agonist with an HSP90
inhibitor within the spinal cord may allow for a subsequently specific behavioral output
which may be capitalized on to improve the therapeutic index of opioids such as
morphine.
We have previously demonstrated that the N-terminal HSP90 inhibitor 17-AAG
elicits an enhanced morphine anti-nociceptive profile when delivered intrathecally in
mice at a 0.5 nmol dose (Chapter 4). Novobiocin derived C-terminal HSP90 inhibitors
such as KU-32 have shown promise in the treatment of bacterial infections, diabetic
neuropathy, and chemotherapy induced cognitive impairment [192-194]. We show here
that intrathecal administration of KU-32 achieves a comparable enhancement of
morphine induced anti-nociception at a significantly lower dose (0.01nmol) when
compared to 17-AAG.
In order to fully characterize the effects of i.t. KU-32 on morphine induced antinociception, we utilized two acute pain models and one chronic pain model with varying
doses of morphine. In the thermal tail flick and post-operative paw incision pain models
we observed a dose dependent enhancement of morphine anti-nociception and a
subsequent leftward shift in morphine potency with i.t. KU-32. This effect was also
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present when tested in the HIV neuropathic chronic pain model, suggesting a wide
variety of pain states which i.t. KU-32 might be beneficially paired with opioid treatment.
The enhanced potency of morphine induced anti-nociception with i.t. KU-32 could
drive a morphine dose reduction strategy if paired with a lack of enhanced morphine side
effects. Both the CNS localization and molecular mechanism of opioid anti-nociceptive
tolerance are still under extensive investigation [195-197]. Therefore, it is conceivable
that i.t. KU-32 could mitigate or exacerbate morphine anti-nociceptive tolerance. We
found that i.t. KU-32 administration reduced the development of tolerance and could
recover anti-nociception in mice which have already developed tolerance. This may not
necessarily be a direct reversal of tolerance itself, but rather an enhancement of spinal
morphine induced anti-nociception despite the presence of CNS wide morphine
tolerance detectable by the thermal tail flick model. Although spinal cord ERK signaling
has been implicated in the development of morphine tolerance, these signaling events
has thus far been primarily localized to microglia and astrocytes [176, 198, 199].
The localization and mechanisms of opioid induced constipation and reward are
better understood in comparison to tolerance. Constipation is believed to be primarily
localized to the enteric nervous system, while reward is believed to be localized to the
mesolimbic dopamine pathway including the VTA and NAc [57, 200-203]. Therefore, i.t.
injections of KU-32 are unlikely to impact these morphine induced side effects. Indeed,
upon assessing these side effects with i.t. KU-32 we observe no significant difference
compared to vehicle treated animals.
This study demonstrates an improved therapeutic index for morphine paired with
intrathecal KU-32 administration. KU-32 treated mice display a dose dependent
enhanced morphine induced anti-nociception in both acute and chronic pain models
while improving anti-nociceptive tolerance development, without impacting reward or
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constipation. Additionally, pre-developed tolerance was reversed in mice given i.t. KU32. Overall spinal inhibition of HSP90 with compounds such as KU-32 may provide an
alternative strategy for improving chronic morphine treatment in humans as a dose
reduction strategy.
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CHAPTER 6: NON-PHARMACOLOGICAL IMPROVEMENT OF THE THERAPUTIC
INDEX OF MORPHINE: INTERMITTENT FASTING

INTRODUCTION
The opioid crisis has impacted the United States significantly, especially within the
last decade, with roughly one hundred individuals dying each day due to opioid related
overdoses [204]. This problem stems from many sources, including the abuse potential of
opioids, the high prevalence of chronic pain within the United States, and the
overprescribing of opioid analgesics within the clinic [182, 205]. Much of the effort to
address this crisis revolves around the design and synthesis of novel compounds with
lower abuse potential to replace current clinical opioids [206-208]. Some of these
compounds are opioids which are designed to lack negative side effects, while others are
non-opioid alternatives. The major issue with this approach is the long and typically
unsuccessful process of clinical trials, with most compounds lacking efficacy and/or
retaining the side effect profile of typical opioids. In the short-term these approaches do
not address the immediate crisis of chronic pain patients within the clinic who must rely on
opioid analgesics. Rather than forsake the current chronic pain patient population, it is
prudent to develop alternative strategies for both chronic pain and opioid use management
which can be quickly implemented.
Intermittent fasting (IF) or time restricted feeding is a method of food consumption
which has recently grown in popularity as a weight management strategy [124]. There are
many general schemes of IF. Some of the more popular schemes include: monthly fasting
in which the individual goes without food for 3-5 days each month, weekly fasting in which
the individual goes without food for 2 days each week, alternative day fasting in which the
individual goes without food every other day, and daily fasting in which the individual goes
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without food for 16-20 hours each day. The commonality between these schemes is the
consistent and continuous period in which the individual goes without food. The idea
behind eating in such a manner is to mimic our ancestors. There is a general consensus
that human ancestors consumed food in an intermittent manner for hundreds of thousands
of years due to the difficulty of food collection and preservation [209]. It is only within the
last 100-200 years, in which the industrial age has given rise to an abundance of food,
which has allowed for continuous feeding throughout the day [210]. This has occurred
particularly within the United States and Western Europe which suffer the most with
regards to obesity [211, 212]. From an evolutionary perspective it is plausible to
hypothesize that our physiology evolved to operate most efficiently during long periods of
fasts and that deviation from this pattern may explain many of the prevalent food-related
pathologies within modern day society [213, 214]. For example, continuous insulin
exposure due to standard American feeding patterns may result in tissue insulin
resistance, leading to metabolic disease [215-217].
The health benefits of IF have been focused mostly on its positive effects on
obesity and metabolic disorders, such as type 2 diabetes [123, 218-220]. These health
benefits have also been extended to improvements in general homeostatic function and
cognitive performance [221-224]. There is also evidence to support potential benefits in
many pathological conditions including cardiovascular disease, neurological disorders,
immunological disorders, and even cancer [118, 225-229]. Despite this literature, IF has
not been tested as a strategy to improve opioid therapy.
It has previously been shown that endogenous opioid systems become active in
the context of food consumption. The classic example being endogenous opioid release
within the mesolimbic dopamine system to allow for food reward [230-232]. There are also
studies which implicate the effects of certain “western” diets, which involve continuous
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consumption of high fat content, on glutamatergic and opioid signaling [113-115]. In
addition to these studies, new research has also found that acute (not intermittent) fasting
alters mu opioid receptor (MOR) binding, signaling, and mRNA synthesis [233-235].
However, only one study has directly studied the impact of IF on opioid function. A 16hour daily IF protocol resulted in a circadian shift in morphine anti-nociception via hot plate
paw withdrawal in mice [125]. No other studies have addressed this question or
investigated how IF might impact opioid pain therapy and side effects, although this
approach has been suggested in the literature [127]. Considering the many interactions of
food consumption with opioid systems and the general benefits shown for IF diets, we are
interested in how IF might impact all aspects of opioid pharmacology. We are particularly
interested in how IF might affect morphine analgesia, side effect profiles, and potential
molecular mechanisms for these effects.
We thus established an 18/6 hour IF protocol by which male and female CD-1 mice
underwent 18 hour fasting periods daily for one week while maintaining their body weight.
After one week of this eating pattern, mice were then either given morphine acutely or
chronically, and behavioral pain and side effect assays were performed. Acute morphine
anti-nociception was strongly enhanced in both tail flick and post-operative paw incision
pain models. Opioid induced constipation (OIC), the development of tolerance, and reward
measured by conditioned place preference (CPP) were all reduced or completely blocked
in IF mice. MOR function was measured by a

35

S-GTPγS coupling assay, which

demonstrated increased MOR efficacy in spinal cord and no development of tolerance in
the periaqueductal grey (PAG) brain region in IF mice. Western blots on spinal cord and
PAG showed no significant differences in MOR expression, suggesting the observed
functional benefits are independent of MOR expression. Overall this study demonstrates
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a highly novel and strong benefit for IF in opioid therapy, the results of which could be
quickly translated into clinical studies.
METHODS AND MATERIALS
Materials
Morphine sulfate pentahydrate was obtained from the NIDA Drug Supply Program.
DAMGO (#11711) was obtained from Fisher Scientific (Hampton, NH). Morphine was
prepared fresh prior to each experiment in USP saline or USP water (for i.c.v. and i.t.
experiments). DAMGO was prepared as a 10 mM stock solution in water and stored at 20°C until use (single use aliquots). Saline or water vehicle controls were used in the
experiments as described.

Animals
Male and female CD-1 mice were randomized to treatment group in age-matched
controlled cohorts from 5–8 weeks of age 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. [104, 148]).
Mice were recovered for a minimum of 5 days after shipment before being used in
experiments. Mice were housed 5 mice per cage and kept in an AAALAC-accredited
vivarium at the University of Arizona under temperature control and 12-hr light/dark cycles.
Control mice were provided with standard lab chow and water available ad libitum. IF mice
were provided with 5 grams of food per mouse (25 grams total per cage) from 10AM to
4PM (6 hours). Any leftover food was removed at the end of this period and repeated the
next day for 1-2 weeks. Mouse body mass was monitored to be sure body mass was
maintained over the duration of the experiment. Acute 24 hour fasted mice had their food
removed at 10AM with the following experiments occurring the next day at 10AM. Animals
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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 standards of the NIH Guide for the Care and Use of
Laboratory Animals.

Behavioral experiments
Prior to any behavioral experiment or testing, the animals were brought to the
testing room in their home cages for at least 1 hr for acclimation. Testing always occurred
within the same approximate time of day between experiments, and environmental factors
(noise, personnel, and scents) were minimized. All testing apparatus (grid boxes, etc.)
were cleaned between uses. The experimenter was blinded to treatment group by coding
the identity of the treatment cages until after all data was collected.

Post-surgical 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. 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. The next day, the mechanical threshold was again determined as described
above. Mice were then injected with 3.2 mg/kg morphine s.c., and mechanical thresholds
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were determined over a 3-hour time course. No animals were excluded from these studies.
This method is also reported in our previous work [104, 236].

Tail-flick assay
Tail-flick baselines were determined in a 52°C warm water tail-flick assay with a
10 sec cutoff time. The mice were then injected s.c. with 3.2mg/kg of morphine, i.v. with
0.1 mg/kg morphine, i.t. with 0.1nmol morphine, or i.c.v with 0.5 nmol morphine in saline.
The procedures for i.c.v. and i.t. injection are described in our previous work [104]. Tailflick latencies were determined over a 2-hour time course. For tolerance studies, baseline
tail flick latencies were taken, and mice were then injected with 10mg/kg s.c. morphine
with one tail flick latency measured at 30 minutes post morphine. This process was then
repeated for 7 days. No animals were excluded from these studies.

Opioid-induced constipation
IF mice were allowed food 2 hours prior to the OIC experiment. Morphine (10
mg/kg, s.c.) was injected 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
data above, which had a wire mesh floor 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 then normalized to saline groups and represented as a percentage at each
timepoint. AUC values from these normalized values were also quantified for a further
comparison using GraphPad Prism 8.2.

Conditioned place preference
CPP training, baseline runs, and post-training runs were all performed in Spatial
Place Preference LE 896/898 rigs. Rigs were designed to consist of two chambers with
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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 a smooth floor. Chamber floors connected to a pressure sensor which
transferred ongoing data to a computer running PPC WIN 2.0 software. Prior to preference
training, unconditioned baselines were taken on day 0. Mice were placed in CPP
chambers and allowed to roam freely for 15 minutes at ~10AM. Chambers were cleaned
thoroughly with VersaClean and allowed to dry between mice. On day 1 of training mice
were injected with 10mg/kg s.c. morphine at ~10AM 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. At ~4PM mice were then given a second injection of saline which
was paired to the opposite chamber. This training process was repeated for 4 days total
with morning and afternoon pairings alternating each day. On day 5 mice were placed in
CPP chambers and allowed to roam freely for 15 minutes at ~10AM. Raw data in the form
of seconds and percentage spent in each chamber was exported from PPC WIN 2.0 as
an Excel file and transferred to Prism 8.2 for further analysis.

Western blotting and analysis
Mouse spinal cord, PAG, and striatum protein lysates were prepared as previously
reported [104] and quantified with a BCA protein quantitation assay using the
manufacturer’s protocol (Bio-Rad, Hercules, CA). The protein was run on precast Bolt gels
(ThermoFisher, Waltham, MA) following the manufacturer’s instructions. The gels were
transferred to nitrocellulose membrane (Bio-Rad) using a wet transfer system (30 V,
minimum of 1 h on ice). The blots were blocked with 5% nonfat dry milk in TBS and
incubated with primary antibody in 5% BSA in TBS + 0.1% Tween-20(TBST) overnight
rocking at 4°C. The blots were then washed three times for 5 min in TBST, incubated with
secondary antibody (see below) in 5% milk in TBST for 1 hr of rocking at room

91

temperature, washed again, and imaged with a LiCor Fc infrared imaging system (LiCor,
Lincoln, NE). The blots were then stripped with 25 mM glycine-HCl and 1% SDS, pH 2.0,
for 30–60 min of rocking at room temperature prior to being washed and re-exposed to
primary antibody. The resulting image bands were quantified using Scion Image (based
on NIH Image). All images were quantified in the linear signal range. The MOR signal was
normalized to GAPDH signal for spinal cord and PAG tissues, and β-actin for striatal
tissue, with both measured from the same blot as the primary target. The normalized
intensities were further normalized to a vehicle control present on the same blot.

Antibodies
The antibodies used were: GAPDH (ThermoFisher #MA5-15738, Lot PI209504,
mouse, 1:1000), β-actin (Cell Signaling #3700S, Lot 17, mouse, 1:1000), MOR (Abcam
#ab134054, Lot GR180137-4, rabbit, 1:1000), secondary GαM680 (LiCor #926-68020, Lot
C50721-02, goat, 1:10,000–1:20,000), and secondary GαR800 (LiCor #926-32211, Lot
C50602–05, goat, 1:10,000–1:20,000).

S-GTPγS coupling
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S-GTPγS (#NEG030H250UC) was obtained from PerkinElmer (Waltham, MA).
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Guanosine diphosphate (GDP) was obtained from Sigma Aldrich (St. Louis, MO), stored
at -20°C under desiccation, made fresh for each experiment, and discarded after 60 days.
Standard chemicals and buffers were purchased from Fisher Scientific with a minimum
purity of 95%. Our protocol for

S-GTPγS coupling is also reported in [237-240]. Mouse
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tissues were dounce homogenized in homogenization buffer containing: 20 mM HEPES
pH 7.0, 100 mM NaCl, 2 mM MgCl2, 1 mM EDTA, 1 mM DTT, and centrifuged at 20,000g
for 20 minutes at 4°C. The resulting pellet was resuspended in assay buffer containing: 20
mM HEPES pH 7.0, 150 mM NaCl, 2 mM MgCl2,100 μM GDP. Concentration curves of
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DAMGO or vehicle were combined with 15 μg of membrane protein and 25 pM 35S-GTPγS
(PerkinElmer) at a 200 μL volume using assay buffer. The reactions were incubated at RT
for 2 hours. Reactions were terminated by rapid filtration through 96 well GF/B filter plates
(PerkinElmer) using a 96 well format Brandel (Gaithersburg, MD) cell harvester. The
plates were dried, 40 μL of Microscint PS (PerkinElmer) was added, and the data was
collected using a 96 well format 6 detector MicroBeta2 scintillation counter (PerkinElmer).
The resulting data was normalized to the stimulation caused by AL/Saline groups (100%)
and vehicle (0%). The data was then fit with a 3 variable agonist curve, providing the
potency (EC50) and efficacy (EMAX), using Prism 8.2 (GraphPad). The resulting data from
N = 3 independent experiments performed at least in duplicate was reported as the mean
with 95% confidence intervals (CI).

Statistical analysis
All data was reported as the mean ± SEM or 95% CI and normalized where
appropriate as described above. The behavioral data were reported raw without maximum
possible effect (MPE) or other normalization. Biological and technical replicates are
described in the figure legends. Statistical comparisons were performed by Repeated
Measures 2 Way ANOVA with Sidak’s (paw incision, tail flick, weight, constipation) or
Tukey’s (CPP, Western) post hoc tests. Constipation AUC was compared by an Unpaired
2-Tailed t Test. In all cases, significance was defined as p < 0.05. For the
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S-GTPγS

experiments, potency and efficacy values were obtained from fitted curves from N = 3
animals performed in duplicate, reported as the mean with 95% CIs. Potency and efficacy
values were considered significantly different if their 95% CIs did not overlap. All graphing
and statistical analyses were performed using GraphPad Prism 8.2 (San Diego, CA).
Approximately equal numbers of male and female CD-1 mice were used for each
experiment. These were compared by 2 Way ANOVA with sex as a variable; no
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differences were observed (p > 0.05) between male and female mice, so males and
females were combined together and reported as one group in each experiment.

RESULTS
Daily intermittent fasting enhances morphine anti-nociception
Based on the human IF literature to model feasible translation, we chose a daily
IF diet with an 18-hour fasting window and a 6-hour feeding window (10 AM – 4 PM, light
cycle). Mice were housed in groups of 5 and provided with 5 grams of food per mouse
during each feed period for 1 week. Ad libitum (AL) fed controls were provided free access
to food 24 hours a day. The weight of each mouse was monitored on a daily basis before
and after the feeding period. AL and IF mice were first subjected to the post-operative paw
incision pain assay after 7 days of IF; mechanical thresholds were evaluated before and
after paw incision surgeries, which demonstrated no significant difference between AL and
IF groups (Figure 1A-B). Upon morphine treatment (3.2 mg/kg, s.c.), IF mice displayed
an enhanced duration anti-nociception vs. AL controls; this was apparent both during the
fasted state at 10 AM (Figure 1A, area under the curve [AUC] increase of 66.9%) and the
fed state at 4 PM (Figure 1B, AUC increase of 80.9%). This experiment suggests that
acute feeding status has no impact on anti-nociception, and that enhanced antinociception is due to the IF diet itself.
To investigate an alternative pain type, we performed the thermal tail flick pain
model and assessed thermal latencies before and after morphine treatment (3.2 mg/kg,
s.c.). IF baselines did not differ from that of their AL counterparts, but IF mice
demonstrated a significantly enhanced efficacy of morphine induced anti-nociception,
similar to that of the paw incision model (Figure 1C, AUC increase of 109%). This finding
suggests that IF enhances anti-nociception over multiple pain models and modalities

94

Figure 1

Figure 1 – Daily intermittent fasting enhances morphine anti-nociception. Male and female
CD-1 mice were treated with an 18/6 hour intermittent fasting (IF) protocol for 7 days, along with
ad libitum (AL)-fed controls. Data reported as the mean ± SEM with the sample size of mice/group
noted in each graph. Each experiment had two independent technical replicates. *, **, ***, **** =
p < 0.05, 0.01, 0.001, 0.0001 vs. same time point AL group by Repeated Measures 2 Way ANOVA
with Sidak’s post hoc test. A) Paw incision surgery performed on day 7 at 10 AM in the fasted
state, with a 24 hour recovery and continued IF protocol. Pre- and post-surgery baselines were
measured, and were not different. The mice were then injected at 10 AM on day 8 with 3.2 mg/kg,
s.c. morphine with a 3 hour time course of mechanical allodynia measurement. IF enhanced
morphine anti-nociception with an AUC increase of 66.9%. B) Paw incision performed as in A,
except at 4 PM in the fed state. IF enhanced morphine anti-nociception with an AUC increase of
80.9%. C) Tail flick baselines were performed on day 7, which were not different between IF and
AL mice. The mice were injected with 3.2 mg/kg, s.c. morphine and a 2 hour tail flick time course
performed. IF enhanced morphine anti-nociception with an AUC increase of 109.0%. D) Naïve

95

mice were treated with an acute 24 hour fast, or AL controls. The tail flick assay was performed
using 3.2 mg/kg, s.c. morphine. Baselines and morphine anti-nociception was not impacted by the
acute fast (p > 0.05). E) Mouse body weights were recorded daily at 10 AM and 4 PM during the
IF protocol (pre- and post-feeding). At 10 AM the IF groups had 2-4 g less body mass, however,
body weights were the same as AL controls at the 4 PM fed period each day (p > 0.05). This
suggests that the IF mice do not lose body mass during the protocol, and that the pre-feeding dip is
due to the lack of bulk food mass in their GI tract after the 18 hour fasting period.
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(naïve vs. post-surgical; thermal vs. mechanical). We also tested whether an acute fast
for 24 hours could mimic these effects, or whether a sustained IF diet was necessary. We
found that a 24 hour fast had no impact on baseline or morphine-induced responses in
the tail flick assay, suggesting that a sustained IF diet is needed (Figure 1D). Lastly, we
controlled for changes in weight which could impact opioid response. AL fed mice
demonstrated a steady increase in body weight over the course of 7 days. Although IF
mice demonstrated weight fluctuations of roughly 2-4 grams before and after eating, they
also displayed a similar steady increase in body weight which was equivalent to that of
the AL group at the end of each daily feed period (Figure 1E). This finding suggests that
weight loss is not responsible for the enhanced morphine anti-nociception.

Daily intermittent fasting blocks morphine-induced reward
Opioid induced reward is a major contributing factor towards opioid addiction and
dependence [42, 203]. IF has been shown to enhance brain plasticity, which might impact
reward circuits and/or reward learning [127]. We thus utilized the well-established CPP
assay to evaluate the effects of daily IF on morphine reward. AL mice demonstrated a
significant preference for the morphine-paired (10 mg/kg, s.c.) chamber, which was absent
in IF mice; neither group showed differences in baseline preference (Figure 2A). Food
consumption is well-known to activate reward circuits, which might impact morphine
reward; we thus measured morphine preference during fasted (10 AM) and fed (4 PM)
states within IF mice. Both fasted and fed IF mice had no morphine preference, suggesting
that blockade of morphine reward depends on sustained IF rather than acute feeding
status (Figure 2B). The effects on morphine preference/reward were also consistent
across the populations of each group, rather than being driven by outliers or extremes
(Figure 2C). These observations thus suggest that IF mitigates or blocks morphine
reward, which could be a unique translational tool to prevent pain patients from
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Figure 2

Figure 2 – Daily intermittent fasting blocks morphine-induced reward. Male and female CD1 mice were treated with the IF or AL control protocol for 7 days, with CPP conditioning beginning
on day 7 (see Methods for CPP protocol). All mice received 10 mg/kg s.c. morphine as the
conditioning stimulus, with saline as the counter-balanced unconditioned stimulus. Data reported
as the mean ± SEM of the % time spent in the paired (morphine) chamber. Sample sizes of
mice/group noted in the graphs. * = p < 0.05 vs. indicated group by Repeated Measures 2 Way
ANOVA with Tukey’s post hoc test. Experiments performed in 2 independent technical replicates.
A) Combined data from all mice. Baseline preference in either group was not different from the
50% mark. Morphine caused a significant preference in the AL group, which was not observed in
the IF group. B) The IF data from A was split into 10 AM Fasted and 4 PM Fed groups (N = 8/each).
Acute feeding status had no impact on morphine preference, with neither IF group showing a
significant difference from baseline or each other (p > 0.05). C) The individual responses for each
animal from each group are shown, baseline and post-conditioning. The population results suggest
that the responses are consistent across each population, and are not being driven by outlie

98

transitioning to addiction during opioid treatment.
Daily intermittent fasting reduces morphine-induced tolerance and constipation
Opioid tolerance contributes to dose escalation, dependence, and addiction, while
opioid-induced constipation has a strong negative impact on patient quality of life [241,
242]. We therefore investigated the effects of IF on these equally important aspects of
morphine pharmacology. We induced morphine anti-nociceptive tolerance with daily
10mg/kg s.c. morphine injections followed by a thermal tail flick latency measurement 30
minutes after the injection. We observed a steady decline in thermal latencies in AL mice
over a 7-day period, resulting in 94.6% tolerance; this tolerance was strongly reduced to
43.6% in IF mice (Figure 3A). We observed no differences in saline injected controls.
To assess IF’s effects on constipation, we collected fecal matter produced from
both AL and IF mice treated with either morphine or saline over a 6-hour time course. IF
mice injected with saline produced more fecal matter over the 6 hour time course when
compared to AL mice (Figure S1). To control for this difference, fecal production collected
from mice injected with morphine was normalized to that of their saline counterparts. AL
mice demonstrated a significant constipatory reduction in fecal output with morphine
treatment which was significantly reduced by the IF diet (Figure 3B-C). Together these
experiments suggest that IF enhances the therapeutic index of morphine, improving antinociception while reducing/blocking reward, tolerance, and constipation.

Altered pharmacokinetics do not explain enhancement of anti-nociception by IF
The pharmacokinetic profile of morphine has previously been shown to be altered
in leptin deficient mice [243]. It is therefore possible that the altered pattern of leptin
release in response to food intake with an IF diet could also cause pharmacokinetic
differences which might account for the enhanced morphine induced anti-nociception
observed. We thus injected equi-efficacious doses of morphine into AL and IF mice by
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Figure 3

Figure 3 – Daily intermittent fasting reduces opioid tolerance and constipation. Male and
female CD-1 mice were subjected to the 7 day IF protocol or AL control, with testing beginning
on day 7. Data reported as the mean ± SEM, with sample sizes of mice/group noted in the graphs.
2-4 independent technical replicates performed for each experiment. *, **, ***, **** = p < 0.05,
0.01, 0.001, 0.0001 vs. same time point AL group by Repeated Measures 2 Way ANOVA with
Sidak’s post hoc test. A) Beginning on day 7, mice injected daily with 10 mg/kg morphine s.c. or
saline control, with the IF or AL control protocol continuing with injections out to day 14. Tail
flick latency measured 30 minutes after each daily injection and reported here. By day 7 (day 14 of
total protocol), AL controls showed 94.6% tolerance, while IF mice showed 43.6% tolerance. B)
On day 7, mice were injected with 10 mg/kg morphine s.c. or saline control with fecal mass in
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grams measured over a 6 hour time course in a cumulative plot. The morphine treatment groups
were normalized to % of saline control at each time point. AUC values were also reported for each
group; **** = p < 0.0001 by Unpaired 2-Tailed t Test. C) The fecal count for B reported; * = p <
0.05 by Unpaired 2-Tailed t Test.
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Figure 4

Figure 4 – Altered pharmacokinetics do not explain benefits of intermittent fasting. Male and
female CD-1 mice treated with 7 day IF protocol or AL control. On day 7, mice injected with equiefficacious doses of morphine as noted below, with a tail flick time course. Data reported as the
mean ± SEM with the sample sizes noted in the graphs. Two independent technical replicates were
performed for each experiment. *, **, ***, **** = p < 0.05, 0.01, 0.001, 0.0001 vs. same time point
AL group by Repeated Measures 2 Way ANOVA with Sidak’s post hoc test. A) 0.1 mg/kg
morphine injected by the i.v. route. B) 0.5 nmol morphine injected by the i.c.v. route. C) 0.1 nmol
morphine injected by the i.t. route. All 3 routes show equivalent enhancement of anti-nociception
by IF, suggesting that IF does not alter morphine pharmacokinetics.
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three different routes, intravenous (i.v., Figure 4A), intracerebroventricular (i.c.v., Figure
4B), and intrathecal (i.t., Figure 4C). Intravenous injection circumvents absorption into the
bloodstream necessary in our previous s.c. injections, while i.c.v. and i.t. injection are
direct into the CNS, bypassing distribution through the blood-brain-barrier. In all 3 cases,
we observed an equivalent enhancement in morphine anti-nociception, very similar to the
s.c. results in Figure 1. These experiments together suggest that absorption of morphine
into the bloodstream and distribution of morphine into the CNS are not the primary
contributing factors to the observed enhanced morphine induced anti-nociception in IF
mice.

Daily intermittent fasting enhances receptor efficacy and blocks receptor tolerance in
spinal cord and PAG
The majority of morphine’s effects are elicited through the MOR, which is located
in specific regions of the CNS including the PAG, rostroventral medulla, striatum, and
spinal cord [244]. To evaluate the molecular function of MOR in these locations in IF mice,
we harvested PAG, whole brain stem, whole striatum, and whole spinal cord tissue from
AL and IF mice who underwent 1 additional week of their respective diet paired with daily
injections of 10mg/kg morphine or saline s.c. e then performed
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S-GTPyS coupling

assays using DAMGO as a potent, selective MOR agonist. Use of the selective agonist
DAMGO insures that resultant activity changes are specific to the MOR. IF mice treated
with saline or morphine demonstrated an enhanced efficacy when compared to their AL
counterparts specifically in spinal cord (Figure 5A, Table 1). Morphine treated AL PAG
tissue samples demonstrated a reduction of efficacy (i.e. morphine tolerance) compared
to their saline counterparts, which was blocked by IF treatment (Figure 5B, Table 1). MOR
function in striatum was largely unchanged in any group, although there was significant
variability within the IF/Morphine group (Figure 5C). Lastly, brain stem samples
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Figure 5

Figure 5 – Daily intermittent fasting enhances MOR efficacy and reduces tolerance in spinal
cord and PAG. Male and female CD-1 mice were treated with IF or AL control for 7 days, with a
further 7 days of daily morphine or saline injection with continued IF/AL protocol as in Figure 3A
(14 days total). Spinal cord or brain regions were dissected and frozen, and used to perform
DAMGO concentration-response curves using

S-GTPγS coupling (see Methods). Data
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normalized to the max stimulation of the AL/Saline group (100%) or Vehicle control (0%) and
reported as the mean ± SEM of N=3 animals/group. 3 independent technical replicates performed
for each experiment. Data fit using a 3 variable non-linear regression curve. A) Spinal cord. Both
IF/Saline and IF/Morphine groups had increased efficacy (see Table 1). B) PAG. Morphine
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treatment caused a loss of efficacy (tolerance) in the AL/Morphine group; this was not observed in
the IF/Morphine group (see Table 1). C) Striatum. No differences between groups, although the
IF/Morphine curve was more variable than the others. D) Brain stem. No differences between
groups.

105

Table 1

Table 1 – Daily intermittent fasting enhances MOR efficacy and reduces tolerance in spinal
cord and PAG.
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demonstrated no significant difference between AL and IF groups (Figure 5D). Although
we did observe significant differences in efficacy as described above, there were no
significant differences in potency in any tissue or group (Table 1). These observed
differences in MOR function suggest a molecular mechanism linking IF with enhanced
anti-nociception (spinal cord) and reduced anti-nociceptive tolerance (PAG).
Daily intermittent fasting does not alter MOR protein expression in spinal cord and PAG
We performed Western blot analysis to evaluate the role of MOR protein
expression in the previously observed alterations in MOR function. Spinal cord and PAG
demonstrated no observable difference in MOR expression in any treatment group
(Figure 6A-B). Striatal samples demonstrated no significant differences in AL/Saline vs
IF/Saline mice; interestingly, striatal samples taken from IF/Morphine mice demonstrated
a significant reduction in MOR expression (Figure 6C). These results suggest that the
enhanced efficacy and reduced tolerance observed in spinal cord and PAG are not due to
changes in protein expression but are due to unit differences in receptor function. Our
striatal results are more difficult to interpret; while no difference was observed in GTPγS
function in this tissue, reduced receptor expression could have contributed to the high
variability seen in this group in GTPγS. This reduction may also have contributed to the
blocked morphine reward seen with IF treatment, as the striatum is a key region in the
reward circuitry.

DISCUSSION
Despite the modern awareness of the opioid epidemic, opioid analgesics are still
commonly prescribed for the treatment of acute and chronic pain. The majority of nonopioid pain medications simply lack the efficacy required for adequate pain relief in
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Figure 6

Figure 6 – Daily intermittent fasting does not change MOR protein expression in spinal cord
and PAG. Male and female CD-1 mice treated with IF/AL and Morphine/Saline as in Figures 3A,
5. CNS regions analyzed for MOR protein expression by Western blot. MOR intensity normalized
to GAPDH or β-actin intensity for each sample, and further normalized to the AL/Saline group,
and reported as the mean ± SEM, with N = 12 mice/group. 4 independent technical replicates
performed for the experiment. * = p < 0.05 vs. AL/Saline group; # = p < 0.05 vs. IF/Saline group;
both by 2 Way ANOVA with Tukey’s post hoc test. Representative blots for each group shown
below each graph. A) Spinal cord – no MOR expression differences (p > 0.05). B) PAG – no MOR
expression differences (p > 0.05). C) Striatum – MOR expression significantly decreased in
IF/Morphine group.
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moderate to severe pain conditions [245]. Today, roughly 19 to 43% of the United States
adult population experiences chronic pain for which opioids cannot be prescribed due to
insufficient efficacy and/or high side effects (i.e. poor therapeutic index) [4]. For the first
time we demonstrate a non-pharmacological method of daily intermittent fasting (IF) which
improved the therapeutic index of systemic morphine in mice. IF mice displayed an
enhanced anti-nociceptive response in two different pain models, along with blocked
reward and reduced tolerance and constipation. This finding suggests that IF could be
used as an adjunct to opioid therapy as part of a dose reduction strategy. These findings
together suggest IF may make opioid analgesic therapies safer and more effective for
chronic pain patients, and may be useful in preventing the transition to addiction in chronic
treatment patients. These findings are also easily translatable, as IF is well-established in
the clinical literature, with relatively high compliance, low costs, and essentially no side
effects.
Our findings also strongly distinguish IF from acute fasting and acute caloric
restriction. The literature suggests that acute fasting and restriction causes a stress
response in animals, deleteriously impacting opioid function and enhancing opioid reward,
the opposite of what we observe [234, 246]. Our control experiments further support that
IF is different from acute fasting and feeding states, as a 24 hour fast and daily fasting/fed
states had no impact on opioid anti-nociception and reward (Figures 1-2). The literature
and our findings thus suggest that specifically altering the timing of feeding over time is
what induces long-lasting beneficial effects on opioid management of pain therapy, rather
than caloric restriction, acute food-induced changes, or weight loss, which was also not
impacted by IF in our study (Figure 1E).
This then leaves the question of what mechanisms link IF with beneficial changes
to the opioid system. Our results suggest that morphine pharmacokinetics are not altered
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by IF (Figure 4), leaving pharmacodynamics as the likely explanation. Supporting this
finding, we found increased MOR efficacy in the spinal cord and blocked MOR tolerance
in the PAG using

S-GTPγS coupling (Figure 5, Table 1). The enhanced spinal cord
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efficacy may be responsible for the enhanced behavioral efficacy seen in paw incision and
tail flick (Figure 1), while the blocked PAG tolerance may relate to the decreased
behavioral tolerance observed (Figure 3A). Supporting these hypotheses, other groups
have found that altering PAG signaling (e.g. ERK MAPK, microglial activation) can block
opioid tolerance [247, 248], while diabetes was shown to reduce opioid receptor coupling
and thus opioid efficacy in the spinal cord [249]. Our results further suggest that unit
receptor activity is altered in these tissues, since MOR protein expression is not altered in
spinal cord and PAG (Figure 6A-B). Since we use a membrane preparation for our
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S-

GTPγS studies (see Methods) which strips away all soluble components, such as kinases,
cytoskeletal elements, and similar, the change in receptor activity is likely due to
alterations in the receptor itself. One likely candidate would be a persistent change in
receptor phosphorylation by G Protein Receptor Kinases (GRK), which cause acute
desensitization and internalization of the opioid receptors [133]. Future work should
investigate these potential mechanisms.
Potential mechanisms for the blockade of opioid reward by IF are less certain. We
did observe a decrease in MOR expression in the striatum when IF was combined with
chronic morphine treatment (Figure 6C). This is the inverse of what was observed with
acute food restriction, where striatal MOR signaling and opioid reward were both
increased, suggesting this could be the mechanism for blocked reward with IF [246].
However, care should be taken in interpreting this data. Our

S-GTPγS coupling results

35

showed no differences between groups in the striatum, albeit the IF/Morphine group was
more variable than the rest (Figure 5C, Table 1). This mechanism will thus require more
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investigation. Similarly, our results with IF and constipation have no obvious mechanistic
hypothesis. However, since we did observe increased fecal production in IF/Saline mice
(Figure S1), IF may act to generally promote GI motility, thus counteracting the
constipatory effect of morphine. Considering the large clinical burden of opioid-induced
constipation [242], this mechanism merits more clinical and basic science investigation.
Although our observations have resulted in mechanistic hypotheses at the MOR
functional level, we still do not know what links IF with these receptor changes. Since we
are the first study to investigate the impact of IF on opioid therapy, there are also few clues
from the literature. However, an earlier study did show that glucocorticoids produced from
the adrenal gland were necessary for IF to alter the entrainment of circadian MOR
expression [125]. Another review of the IF literature has suggested that glucocorticoids
could elicit changes in Brain Derived Neurotrophic Factor (BDNF) in the brain [127]; BDNF
has been strongly linked to the regulation of opioid anti-nociception and side effects such
as tolerance [247, 250]. An IF/glucocorticoid/BDNF axis could thus regulate the impact of
IF on the opioid system. This and related mechanistic hypotheses must be pursued to
improve our understanding of the beneficial impact of IF on opioid function and therapy
and maximize our chances of successfully translating this technique to the clinic to
improve opioid therapy for pain patients.
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CHAPTER 7: GENERAL DISCUSSION AND CONCLUSIONS

Chronic pain and opioid abuse continue to plague the United States in massive
proportions [1, 2, 49]. Despite this, opioids remain the most efficacious clinical analgesic
in the majority of cases, regardless of their diminishing returns over continuous
administration [50]. If side effect profiles for opioids can be improved, there may be a
case to redeem the use of these compounds in chronic pain, as well as reduce
addiction, abuse, and overdose rates. We identified a pharmacological and a nonpharmacological approach to the improvement of the therapeutic index of systemic
morphine. By pharmacologically inhibiting HSP90 within the spinal cord, there is a
specific increase to the potency of morphine. At the same time, the potency of morphine
to produce reward and constipation is not changed, while anti-nociceptive tolerance is
reduced. Shifting the analgesic potency to the left allows for a further separation from
side effect dose ranges, thus permitting a dose-reduction strategy and improving the
therapeutic index. Along with the translational impacts of this finding, there is also a
contribution to our current understanding of downstream MOR signaling events, which
may lead to additional drug discovery candidates.
With the aims of utilizing a physiological approach to opioid modulation, we
demonstrated that one week of daily 18-hour fasts in mice augments the therapeutic
potential of systemic morphine. IF mice demonstrate enhanced morphine induced antinociception and reduced reward, tolerance, and constipation. These surprising results
could have tremendous translational implications for individuals seeking continuous and
safer opioid medications at virtually no cost to the patient or healthcare provider. There
are also a wide range of potential protein candidates which may explain the mechanism
of this phenomenon and could serve as new drug discovery targets.
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SPINAL CORD HSP90

Initially, we hypothesized that the inhibition of HSP90 with 17-AAG in the spinal
cord would produce a similar reduction in morphine induced anti-nociception to that of
HSP90 inhibition in the brain. To our surprise, we observed an enhancement of
morphine induced anti-nociception when spinal cord HSP90 was inhibited. Typically,
HSP90 inhibition via 17-AAG administration can be verified through an upregulation of
HSP70, which is what we observed in the brain [104]. In the spinal cord, we observe no
increase in HSP70. Therefore, we utilized an alternative site inhibitor, KU-32, which
verified our behavioral effects. Another contrast between the brain and spinal cord is the
effect rendered using the tail flick assay. Brain HSP90 inhibition yields no observable
effects in this pain model, while spinal cord HSP90 inhibition demonstrates enhanced
anti-nociception equivalent to the results of the post-operative pain model. Therefore,
brain HSP90 appears to be pain type specific while spinal cord HSP90 affects different
pain types more generally to a degree. This observation will require additional
investigation, but several factors may be involved, including: the cell types which are
affected, the difference in molecular actions of HSP90 within these two areas, and/or the
location of HSP90 inhibition within the circuitry.
These differences between brain and spinal cord HSP90 inhibition resulted in a
follow up question. What does systemic HSP90 inhibition and/or whole CNS HSP90
inhibition yield with respect to morphine anti-nociception? We therefore performed both
systemic administration of 17-AAG and brain/spinal cord co-administration to address
this question. Both systemic HSP90 inhibition and co-administration yield no significant
differences in morphine anti-nociception within the tail flick model, but both reduce
morphine anti-nociception in the post-operative paw incision pain model. We conclude
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here that the actions of HSP90 within the brain override that of the spinal cord when both
are inhibited. There are again several possibilities which might account for this
observation. One explanation might be that the prevention of MOR-activated descending
modulatory circuits within the brain allows for the activation of “on” cells which activate
nociceptive circuits and override spinal cord mediated MOR activation. Another
explanation might include HSP90’s role in pain processes within other areas of the brain.
It is possible that the inhibition of HSP90 may have pro-nociceptive roles in areas such
as the insula which again override HSP90 mechanisms within the spinal cord. These
possible mechanisms will require further investigation for a more cohesive
understanding.
Our initial behavioral data involving the inhibition of spinal cord HSP90 and
increased morphine induced anti-nociception also prompted multiple mechanistic
questions. What molecular function is HSP90 serving in the spinal cord which might
account for these effects? In what cellular type is HSP90 inhibition yielding these
molecular events? HSP90 has been shown to alter ERK phosphorylation levels, and we
have previously demonstrated the necessity for HSP90 induced ERK phosphorylation to
morphine anti-nociception in the brain [104, 251, 252]. Therefore, ERK may also play a
role in within downstream MOR signaling within the spinal cord. We utilized both western
blots and immunohistochemistry to assess ERK phosphorylation in mouse spinal cord.
Interestingly, DAMGO on its own does not induce ERK phosphorylation in the spinal
cord. DAMGO is known to produce ERK phosphorylation in a variety of cells in-vitro
through downstream MOR signaling but specific spinal cord tissue DAMGO induced
ERK phosphorylation has never been reported in the literature [173, 253-255]. 17-AAG
treatment alone induces an increase in ERK phosphorylation which has been previously
reported in cells [256]. More interesting is the even further increase in ERK
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phosphorylation upon the co-administration of 17-AAG and DAMGO. We found that
enhanced morphine induced anti-nociception through HSP90 inhibition could be rapidly
reversed with the use of an ERK inhibitor, U0126, in either the tail flick or paw incision
pain models. This ERK phosphorylation was further found to be localized to dendritic
and/or axonal projections and not neuronal cell bodies within the dorsal horn of the
spinal cord. With these findings, we propose that pre- and post-synaptic MOR induced
ERK phosphorylation within the spinal cord enhances systemic MOR induced antinociception and that under naïve conditions HSP90 blocks this ERK phosphorylation
from occurring. Many might find this proposition questionable due to previous studies
suggesting a pro-nociceptive role for ERK phosphorylation [257, 258]. The majority of
these studies suggest ERK’s pro-nociceptive role is induced primarily through
subsequent transcription [189]. Our immunohistochemical staining of phosphorylated
ERK demonstrates that phosphorylated ERK, induced by HSP90 inhibition paired with
MOR activation, is localized to dendritic and/or axonal projections and does not
translocate to the nucleus within the cell body. Based on this observation, we believe the
contrasting pro-nociceptive effect of ERK and MOR induced anti-nociceptive effects of
ERK through HSP90 inhibition are context dependent and occur through different
mechanisms.
These findings regarding ERK phosphorylation again prompt additional
questions. How is HSP90 preventing ERK phosphorylation under naïve conditions?
What is the substrate of ERK which is leading to enhanced morphine induced antinociception? The dendritic/axonal localization of our previous immunohistochemical
staining of phosphorylated ERK within spinal cord samples provides a clue to the second
question. Under this localization, ERK is likely to be affecting pre- and/or post-synaptic
mechanisms of action potentials. In the case of MOR activation, this process can occur
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through the activation of pre/post-synaptic GIRK channels and the inhibition of presynaptic N-type VG Ca++ channels. ERK may impact these processes either directly or
indirectly, though previous studies suggest that proteins other than ERK are the primary
regulators of these channels [71, 78, 259, 260]. Therefore, we directed our attention
toward a function of ERK which is not through the process of transcription and not
necessarily a direct mediator of GIRK channels or N-type VG Ca++ channels. This is still
a large pool of possibilities, though ERK is known to activate both translation and posttranslational modifications [189, 261]. ERK induced post-translational modification could
impact GIRK channels and/or pre-synaptic N-type VG Ca++ channels directly but is also
implicated in pro-nociception [189]. Therefore, we focused our attention on ERK induced
translation which could produce any number of proteins which might impact the function
of the two above mentioned channels including the channels themselves.
We began by asking the question, “is translation required for the enhanced
morphine induced anti-nociception by spinally inhibited HSP90?”. To address this, we
utilized a translational inhibitor which has been previously used in-vivo: cycloheximide
[262, 263]. We administered cycloheximide intrathecally at a similar time course to that
of our previous experiment with ERK inhibition. We observed a similar effect to the
previous experiment in which the inhibition of translation rapidly reversed enhanced
morphine induced anti-nociception via HSP90 inhibition. Though not significant, there
does appear to be a bi-phasic response within our 17-AAG/cycloheximide/morphine tail
flick latency profile which may be a product of cycloheximide pharmacodynamics and/or
kinetics. This experiment only tells us that rapid translation is necessary for the effects of
HSP90 on morphine induced anti-nociception, it does not tell us if it occurs as a result of
ERK activation or vice versa. Therefore, we used western blots to evaluate ERK
phosphorylation in spinal cords after the treatment of 17-AAG, DAMGO, and
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cycloheximide. We observed no significant difference between cycloheximide and noncycloheximide treated samples, and concluded that this translation event must occur
post-ERK phosphorylation.
The requirement of rapid translation again leads to several new questions. How
is ERK inducing translation? What is being translated to allow for enhanced morphine
induced anti-nociception within the spinal cord? We utilized proteomics to identify key
candidates which are upregulated after 17-AAG treatment within the spinal cord. Several
candidates came to our attention based on the literature, but one in particular was an
upregulation of RSK2. RSK2 is known to be involved in ERK induced translational
activation, though increased RSK2 expression does not equate to activation or necessity
[264, 265]. We also found that RSK1 and/or RSK2 activation is necessary for the
enhanced morphine induced anti-nociception through HSP90 inhibition similar to that of
ERK and translation using the a RSK1/2 selective irreversible inhibitor, Fmk. We then
used western blot analysis to evaluate both RSK1 and RSK2 phosphorylation in mouse
spinal cord after 17-AAG and DAMGO treatment. Both demonstrate a similar
phosphorylation pattern to ERK phosphorylation. Again, we do not know where RSK
phosphorylation occurs within this signaling pathway, but it is a known substrate of ERK
leading to translational activation. Additional investigation will be necessary to confirm
RSKs location within this molecular pathway.
We are steadily uncovering this novel downstream MOR signaling pathway within
the spinal cord, but much more work must be done for a complete understanding. Many
additional aspects will need to be addressed. The direct substrate of HSP90 blocking
ERK activation is not known. We believe that this may be a phosphatase which is
activated by HSP90 presumably in conjunction with other specific co-chaperones.
HSP90 is known to directly activate phosphatases such as protein phosphatase 5 (PP5)
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[266]. Therefore, phosphatases such as PP5 may be possible candidates for the
inactivation of ERK in naïve spinal cord. There is also the matter of which protein
upregulated by this ERK induced translational event contributes to morphine antinociception. This protein could fall under several categories. It could be a kinase such as
PKA, PKC, and cyclin-dependent kinase 5. These kinases would allow for
phosphorylation of the GIRK and/or N-type VG Ca++ channels and subsequent
activation/inactivation respectively. An upregulated phosphatase could inhibit certain
kinases to again allow for the respective modulation of these ion channels. It could also
be a disruption in synaptic transmission machinery modulated by an upregulation of
kinases, phosphatases, and/or synaptic proteins. Further proteomics and/or phosphoproteomics with 17-AAG/DAMGO treated spinal cords would be a good starting place to
begin this investigation. Identifying specific HSP90 isoforms and co-chaperones may
also differ from that of the brain and allow for further clues into HSP90 function within the
spinal cord. If this is the case, specific inhibitors may be useful systemically in
conjunction with systemic opioids to mimic the spinal inhibition phenotype and permit an
opioid dose-reduction strategy. Furthering these studies may elucidate novel drug
discovery targets, and are therefore of high impact for future pain medicine.
KU-32 is a novel C-terminal inhibitor which has shown promise in the treatment
of diabetic neuropathy and chemotherapy induced cognitive impairment [192, 193]. We
aimed to demonstrate the translational value of this drug, as an opioid modulator within
the spinal cord, capable of improving the therapeutic index of clinical opioids such as
morphine. We observed established systemic morphine dose response curves using tail
flick, paw incision, and HIV neuropathic pain models. Tail flick is a simple assay which
gives us a sense of how the drug impacts thermal nociception. Paw incision is relatively
more complex, with mechanical and chemical inflammatory aspects of pain. The HIV

118

neuropathic pain model allows for the evaluation of clinical application of KU-32 paired
with opioid treatment in a more complex chronic pain state. In all three pain states we
observed a dose dependent increase in morphine anti-nociception paired with intrathecal
KU-32 administration. This is recognized by a clear leftward shift in potency and
respective ED50 values. Tail flick and paw incision pain models are more straightforward to interpret and matches what we might hypothesize based on our previous
behavioral and molecular studies. Interpreting the HIV neuropathic pain model is
somewhat more convoluted. The pain model itself incorporates aspects of inflammatory
pain and neuropathy [267]. Opioids are historically a poor option in the treatment of this
pain type which also must be kept in mind moving forward [268]. Due to the homeostatic
maintenance functions of HSP90, one might hypothesize HSP90 inhibition to promote
neuropathy over the long term. Therefore, this aspect would be critical to further studies
with KU-32 administration in these neuropathic pain models. Despite this, there remains
an enhancement in morphine anti-nociception with spinal cord HSP90 inhibition within
this pain model. I hypothesize that acute KU-32 inhibits HSP90 to promote MOR induced
ERK phosphorylation, RSK phosphorylation and translation of critical proteins in
surviving nociceptors to negate signal transmission stimulated by chemical inflammatory
stimuli within the spinal cord. Additional research will be required to illuminate this
further.
The enhanced morphine induced anti-nociception via intrathecal KU-32
administration only improves the therapeutic index of morphine if the side effect profiles
are not subsequently enhanced. The administration of KU-32 was localized to the spinal
cord, therefore we hypothesized that it would have no impact on side effects such as
reward and constipation which are known to be localized to the mesolimbic system and
enteric nervous system respectively [57, 269]. Upon evaluation of these side effects we
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indeed observed no effect of intrathecal KU-32. The localization of tolerance on the other
hand is less well known. One could hypothesize that MOR tolerance occurs equally at all
regions which express MOR, but this is not the case [197]. For instance, endocytosis is
thought to be a significant component of MOR tolerance and studies have demonstrated
that morphine fails to induce MOR endocytosis within the spinal cord but does so
efficiently within medium spiny striatal neurons [84]. MOR desensitization and
resensitization are also thought to be significant components of MOR tolerance, and
studies have demonstrated these this process occurs differently between different
tissues [84]. Since morphine does not produce endocytosis within the spinal cord, it may
be that enhancing morphine induced anti-nociception with KU-32 within this region does
not increase tolerance. Upon evaluation, using continuous administration of morphine
paired with tail flick latency acquisitions, we found that tolerance development still
occurred in the presence of intrathecal KU-32, though potentially at a slightly slower rate
at the highest morphine dose. Despite this, the efficacy of morphine is boosted in KU-32
treated animals and therefore the real-world application would appear as reduced
tolerance. The finding that tolerance development is not largely impacted within our
study suggests that spinal cord morphine induced anti-nociception may have a minimal
role within global morphine analgesic tolerance. Therefore, it might be that the spinal
cord mediated enhancement of morphine induced anti-nociception via KU-32
compensates for lost anti-nociception in an already developed model of tolerance. After
establishing morphine tolerance in mice, we observed that intrathecal KU-32
administration recovered morphine anti-nociceptive to naïve levels. This finding could
also suggest that morphine tolerance was somehow reversed but additional investigation
would be required to address these interpretations. This could be achieved through
location specific tolerance development via i.t., i.c.v. and/or brain microinjections of
morphine, and subsequent evaluation of i.t. KU-32 on systemic morphine.
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These pre-clinical studies provide evidence for the use of intrathecal
administration of HSP90 inhibitors such as KU-32 in conjunction with morphine
treatment as a dose reduction strategy, though there are some issues. Spinal injections
of any kind are generally inconvenient for any human patient and therefore a systemic
drug would be more desirable. We have already demonstrated that systemic 17-AAG
blocks morphine anti-nociception similar to that of i.c.v. injections. We have also
demonstrated the specific isoform HSP90α is responsible for these actions in the brain.
If the results we have observed in the spinal cord are driven by an alternative HSP90
isoform, there is a case for the use of a systemic inhibitor. The results from the brain are
also dependent on co-chaperones p23 and CDC37, and therefore if this differs in the
spinal cord there may be a case for a selective co-chaperone systemic inhibitor to
enhance morphine anti-nociception as well. Side effects with these systemic inhibitors
would also be much more likely that spinal cord isolated inhibition and would have to be
investigated. In particular, respiratory depression should be addressed, as it is the
primary cause of death with opioid overdose. We know that HSP90 inhibition allows for
enhanced morphine anti-nociception after a 24-hour duration, but we do not know the
duration of this effect or if the enhancement can be achieved at an earlier timepoint. This
follow up study would be crucial for the treatment of chronic pain in human patients, in
terms of one long-lasting treatment vs many short-term treatments. Finally, we have only
tested the effects of spinal HSP90 inhibition on morphine pharmacology. It is known that
all opioid agonists are not created equal and have varying signaling, kinetic, and side
effect profiles. It will be crucial to evaluate additional commonly prescribed opioids with
spinal HSP90 inhibition as well.
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INTERMITTENT FASTING
Intermittent fasting has been demonstrated to result in many positive
physiological consequences such as increased insulin sensitivity and also to mitigate
several negative physiological processes such as excess inflammation [209, 270].
These findings together have resulted in efforts to utilize intermittent fasting to improve
and/or mitigate various pathologies [118]. Diet is known to impact the
pharmacodynamics and pharmacokinetics of several drugs [271-273]. Since there are
vast changes to physiology during intermittent fasting diets, IF is almost certain to impact
the pharmacology of certain drugs as well. Based on previous literature, one class of
drugs which is altered by intermittent fasting is opioids. Food reward is known to activate
endogenous opioid release within the mesolimbic dopamine system which fasting
directly alters [230]. Acute fasting has demonstrated alterations to MOR mRNA
expression and binding [233, 235]. IF has been shown to promote anti-nociception
through the endogenous kappa opioid system, while morphine has been shown to have
circadian dependent increases to anti-nociception [125, 126]. We therefore hypothesized
that 1 week of 18 hour daily intermittent fasting in mice would yield an enhancement to
morphine induced anti-nociception and allow for a non-pharmacological morphine dose
reduction strategy.
Caloric restriction is also known to impact opioid and reward systems [274, 275].
To differentiate between IF and caloric restriction, we aimed to achieve a time restriction
diet without a loss of body weight in mice. Weights of IF mice fluctuate before and after
the respective fasting period proportionally to the average food intake of an adult mouse.
Weights after the feeding periods were equal to that of ad libitum (AL) fed controls and
the IF mice even gained weight at an equivalent rate to that of AL mice in both males
and females. It has been previously demonstrated that 2 weeks of daily 16 hour fasts in
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mice enhances morphine induced anti-nociception via the hot plate pain assay [125]. We
therefore aimed to achieve similar results with 1 week of daily 18 hour fasts in mice via
the post-operative paw incision pain model and the thermal tail flick model. Unlike AL
mice which are constitutively fed, IF mice have a fed state and a fasted state. To control
for this paw incision experiments were performed both at the end of the fasted state and
the fed state. Both states demonstrated an enhanced duration of morphine induced antinociception. In the tail flick model, we also observed an enhanced peak effect of
morphine and though not significant a slight prolongation as well. It is possible that we
have reached the stimulus threshold with the paw incision model and therefore
additional testing may reveal enhanced efficacy in this model as well. We performed a
24 hour fast in mice to see if similar morphine antinociceptive enhancements could be
achieved with an acute fast. These mice demonstrated no significant difference to nonfasted controls. Acute fasting within the literature commonly results in contrary results to
that of intermittent fasting [276, 277]. This is likely due to the longer-term changes
achieved with continuous intermittent fasting. These longer-term compensatory changes
are likely not present in acute fasting and thus acute fasting is more similar to an acute
stressful stimulus.
The prolonged and enhanced morphine induced anti-nociception with IF mice
could be attributed to changes in pharmacokinetics and/or dynamics. Alternative routes
of administration, i.v., i.c.v., and i.t., still resulted in an enhanced anti-nociceptive profile
in IF mice and suggests that absorption and/or distribution are not driving the elevated
potency and may be primarily due to differences in pharmacodynamics. With this said,
the prolonged anti-nociceptive effect is absent in these animals which could be due to
several factors. Differences in absorption and/or distribution due to IF may be the cause
of the prolonged morphine induced anti-nociception but not the elevated potency. A full
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pharmacokinetic profile would need to be obtained to directly address this observation. If
this were the case, there are many possible factors which could lead to this effect.
Morphine and/or its metabolites are a substrate for several transporters such as Pglycoprotein, OCT1, OATP1B1 and MRP2 and 3 [278, 279]. Differences in the
expression of these transporters in IF would be likely candidates impacting morphine
absorption and distribution into the CNS and the subsequent prolongation of morphine
induced anti-nociception. Selective blockers and or CRISPR knockout mice could be
utilized to investigate this possibility.
To begin to address differences in morphine pharmacodynamics with IF, we
aimed to look at MOR functionality and expression in various CNS regions. In the spinal
cord, MOR efficacy was enhanced in IF mice measured via the GTPyS assay without
altering MOR expression measured via western blot. These two experiments together
suggest that functionality must be enhanced through the membrane components of
MOR signaling and not downstream signaling (since the GTPγS assay removes all
soluble components). Two potential candidates are the phosphorylation of MOR and
membrane cholesterol content. MOR phosphorylation directly impacts MOR
internalization and reinsertion into the cell membrane, and cholesterol levels, which are
shown to be altered in IF, can also impact the function of MOR [270, 280, 281]. IF did
not alter MOR functionality within whole brain stem or PAG tissue samples, which
informs the range of potential mechanisms. Additionally, PAG samples demonstrated no
significant difference in MOR expression. IF has been previously demonstrated to
increase MOR binding in mouse brain stem, though we did not look at expression within
this region [125]. Although many regions in the brain stem express MOR, MOR
functionality and/or expression may be differentially impacted by IF in different regions of
the brain stem [282]. Therefore, these assays would have more relevance by looking
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directly at areas such as the RVM which is involved in descending modulation of pain
[27].
If IF enhances morphine induced anti-nociception, we might also expect it to
enhance other aspects of morphine pharmacology as well. We began to address this by
looking at morphine induced reward via conditioned place preference, constipation
through fecal accumulation, and tolerance via tail flick. All of the assays indicated a
general reduction in morphine side effects. There was no reward induction by morphine
in IF mice, which was independent of fasted/fed state. Although we did not asses MOR
function/expression within the VTA or NAc specifically, we did asses function/expression
in whole striatal samples which demonstrated no significant difference with IF in function,
though expression was significantly reduced in IF/morphine treated samples alone.
Additionally, microdialysis studies will need to be performed to assess the direct effect of
IF on morphine induced dopamine release. The reduction in morphine reward was
surprising due to the increased anti-nociception, but other diets have also demonstrated
to have impacts on opioid reward signaling within the mesolimbic pathway, altering
reward function [113, 115]. Binge over-eating disorders can produce enhanced DAMGO
induced reward and general sensitivity to reward [283]. It may be that the average
constitutively fed individuals in Western culture may also experience some degree of
opioid reward sensitivity. Within our IF model there is a daily 18-hour period in which this
reward pathway cannot be activated. Therefore, IF may allow for a resetting of opioid
machinery within the mesolimbic system and allow for a subsequently lessened degree
of sensitivity to opioid reward. One possible mechanism for this may be related to ghrelin
activity in the brain. Recent studies have demonstrated release and activity of ghrelin
within non-hypothalamic regions of the CNS [284-286]. Additionally, ghrelin activation of
GHS-R1α in the brain has been shown to produce endogenous opioid release, while
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ghrelin antagonists blunt opioid induced reward [286-288]. Due to the elevated ghrelin
levels during the prolonged fasting periods, it is possible that ghrelin is desensitizing
opioid reward pathways and causing subsequent lack of morphine induced reward. This
theory could be addressed with a similar CPP experiment in IF mice lacking the ghrelin
or GHS-1Rα gene. Unfortunately, there are many other possibilities which may be of
consequence with this phenomena, therefore larger genetic and proteomic studies may
also be required to identify potential mechanisms.
The development of analgesic tolerance was reduced with a peak reduction of
only 43.6% after 7 days in IF mice compared to 94.6% in AL mice. To identify potential
mechanisms for this change in MOR tolerance, we measured MOR functionality and
expression via GTPyS and Western blot respectively in IF mouse tissue after chronic
morphine treatment. No differences in receptor tolerance were found in the brain stem,
spinal cord, or striatum, but in the PAG, AL animals demonstrated an expressionindependent significant reduction in MOR efficacy with chronic morphine treatment that
was absent in IF mice. In other words, the MOR in PAG demonstrated apparent
tolerance, which was blocked by IF treatment. MOR tolerance within the PAG has been
demonstrated elsewhere [289, 290]. Although our functional data within the PAG
matches our behavioral tolerance data, the spinal cord and brain stem functional data do
not. With regards to the brain stem, it may be that evaluation of more specific regions
such as the RVM may be necessary to detect any differences. Additionally, MOR
desensitization and tolerance have been demonstrated to occur at varying rates if at all
in different MOR expressing regions [80]. An absence of MOR tolerance in the spinal
cord could be explained by this and/or it could also be due to changes in intracellular
signaling, which could be assessed by probing for the activation of different MOR
downstream molecules via western blot and/or IHC.
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IF mice produced more fecal matter overall due to a larger recent food
consumption and therefore, we normalized morphine treated mice to saline treated mice
for both AL and IF groups. Although IF mice demonstrated equivalent early constipation
to AL mice, they were able to recover significantly quicker with a 1.5-fold increased final
output at the endo of the 6-hour time course compared to AL mice. This suggests that IF
reduces morphine-induced constipation, which could be a potential treatment for this
debilitating side effect. At this point in the study, we have not investigated any potential
mechanisms for this behavioral effect. The likely site of action of this event is in the
enteric nervous system. In general, opioids are known to suppress gastrointestinal
motility by the suppression of neurotransmitter release from enteric musculomotor
neurons [291]. MOR activation on excitatory musculomotor neurons prevents the release
of acetylcholine (Ach) and/or substance P, preventing contraction of necessary smooth
muscle [292-294]. MOR activation on inhibitory musculomotor neurons prevents
vasoactive intestinal peptide (VIP) and/or nitric oxide (NO) release which allow for the
relaxation of necessary smooth muscle [295, 296]. Together, these mechanisms
interrupt peristaltic propulsion which results in constipation. Since MOR was not initially
affected, I would hypothesize no immediate changes in MOR expression or function
within enteric nervous system tissue samples, which could be evaluated via Western blot
and GTPyS assays. Since constipation lasts for a shorter duration, I hypothesize that
MOR internalization and desensitization occur at a quicker rate in IF animals. This could
be measured via β-Arr recruitment assays in enteric nervous system tissue samples and
internalization assays in enteric neuronal primary cell cultures from GFP-MOR labelled
mice. Again, identifying the physiological source of these molecular changes may
require an initial large scale proteomic and/or genetic analysis.
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Since IF generates large scale physiological changes, it will be difficult to identify
the mechanistic origins of the modifications of MOR functionality within various tissues.
IF impacts regulatory release of several hormones including growth hormone, thyroid
hormone, and orexin [297-299]. Therefore, it is likely one or more of these hormones are
a catalyst for any eventual molecular changes in MOR function. These effects could be
due to changes in cellular metabolism which can alter signaling, transcription, and
enzymatic activity [300-302]. Nuclear hormone receptor activation can directly lead to
the activation or inhibition of many transcription factors, ultimately impacting any cellular
function [303]. Finally, activation of hormone receptors can also alter cellular signaling
directly which may magnify or lessen MOR related effects [304, 305]. Moving forward,
plasma levels of hormones and other messengers should be evaluated to identify
possible candidates for further studies. Various other hormones and mimetics have also
been already identified in the modulation of opioid induced effects [306, 307]. New drug
discovery efforts may also be based on these IF studies in the future based on identified
molecular mechanisms.
Finally, with few exceptions such as children, pregnant women, and type I
diabetics, IF can be accomplished with relative ease and virtually no side effects.
Additionally, IF can be achieved at virtually no cost within clinical trials. Therefore, small
clinical trials can be quickly implemented with the aim of improving the therapeutic index
of clinical opioids. Along with these studies, various clinical opioids are known to have
different pharmacokinetic and dynamic profiles, which should be assessed in humans
within these studies. The duration and onset of IF should also be explored to achieve
desired effects. Finally, routes of administration may also impact the desired effects of IF
on opioid pharmacology which should also be assessed. The preclinical investigation
initiated here in mice paired with the future studies and the beginning of clinical trials in
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humans, may suggest IF as a valid option for improving opioid pharmacology and
possibly allow for future drug discovery efforts.

CLOSING STATEMENTS
We have identified two possible methods to potentially improve the therapeutic
index of opioids. The first study implicates spinal cord HSP90 as a downstream MOR
signaling modulator, which upon inhibition, allows for enhanced morphine induced antinociception with reduced or maintained side effects. Further molecular studies are in
progress to identify more selective drug discovery targets which may have more clinical
relevance in the future. Along with these studies, many selective HSP90 and other cochaperone inhibitors are also under investigation to selectively enhance opioid antinociception and allow for a dose reduction strategy in patients. The second study
demonstrates a non-pharmacological option of IF for improving opioid anti-nociception
while simultaneously mitigating several side effects. Although there is a wide range of
impacts to physiology via IF that allows for a diverse impact on MOR pharmacology,
these wide ranged impacts may cause difficulties in the investigation and identification of
the underlying molecular mechanisms. Therefore, along with preclinical studies, human
clinical trials would provide more relevant findings with respect to the use of IF as a
conjunctive therapy in opioid analgesic treatment.
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