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Abstract

ANTINOCICEPTIVE EFFECTS OF MONOAMINE REUPTAKE INHIBITORS IN ASSAYS OF

PAIN-STIMULATED AND PAIN-DEPRESSED BEHAVIOR

By Marisa B. Rosenberg

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science at
Virginia Commonwealth University.

Virginia Commonwealth University, 2012

Adpvisor: Sidney Stevens Negus, Ph.D.
Professor, Department of Pharmacology/Toxicology

Noxious stimuli can produce pain-related stimulation of some behaviors (e.g. withdrawal
responses) and depression of other behaviors (e.g. feeding, locomotion, responding maintained by many
types of positive reinforcement). Monoamine reuptake inhibitors are used clinically to treat depression
and to manage some types of pain. This study examined the antinociceptive properties of a variety of
monoamine reuptake inhibitors selective for SERT, NET and DAT in complementary assays of acute
pain-stimulated and pain-depressed behaviors. Intraperitoneal injection of dilute lactic acid (1.8% in a
volume of 1ml/kg) was used as a noxious stimulus to stimulate a stretching response and to depress
intracranial self-stimulation (ICSS) of the median forebrain bundle. All eight monoamine reuptake
inhibitors produced an antinociception-like blockade of acid-stimulated stretching, but only compounds
with prominent DA reuptake inhibition (SDRIs RTI-113 and bupropion and the TRI RTI-112) were able
to block acid-depressed ICSS, although these effects were produced only at doses that also produced an
abuse-related facilitation of control ICSS. Selective or mixed-action inhibitors of 5-HT and NE failed to
block acid-induced depression of ICSS. In a separate group of rats, citalopram was also tested using a
repeated dosing regimen (10 mg/kg x 3 doses) shown previously to produce antidepressant effects in a

forced-swim test in rats. As with acute administration, repeated citalopram decreased acid-stimulated
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stretching but failed to block acid-induced depression of ICSS. Taken together, these results suggest that
SSRIs, SNRIs and S+NRIs produce relatively non-selective depression of all behavior rather than a
selective blockade of sensory sensitivity to noxious stimuli. Conversely, dopamine reuptake may be able
to block sensory detection of noxious stimuli. Additionally, these results suggest that assays of pain-

depressed behavior can provide new insights on analgesia-related effects of monoamine reuptake

inhibitors.
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Introduction

Currently, more than 1.5 billion people worldwide suffer from chronic pain of varying degrees
(Global Industry Analysts, Inc., 2011), and it is estimated that approximately one-third of Americans will
suffer from chronic pain during their lifetime (Harstall et al., 2003). Pain is expensive to treat. The
National Institutes of Health has reported that the annual direct costs associated with chronic pain in the
United States are over $100 billion, while the indirect costs of pain (absenteeism, unemployment, and lost
workplace productivity) are estimated to be $60 billion. For many, persistent pain symptoms are also
associated with depression. Studies have reported that the risk of depression increases as a function of
worsening pain symptoms and severity (Dworkin et al., 1991, Magni et al., 1993). The combination of
pain and depression is associated with poorer quality of life and decreased work function. Research has
demonstrated that pain and depression share similar neurochemical etiologies, biological pathways and
neurotransmitters, and may respond to similar treatments. Several animal and human studies have
concluded that monoamine reuptake inhibitors offer a new and promising class of drugs for the treatment
of pain and depressed behaviors. These drugs have the net effect of increasing the neurotransmission of
serotonin, norepinephrine and dopamine, which are critical for modulating pain transmission. The
research associated with this thesis is concerned with preclinical studies to examine effects of monoamine

reuptake inhibitors in assays of pain-related behavioral depression.

Definition and Neurobiology of Pain

Pain is defined as an unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage (IASP, 2011). This definition implies that
pain is a subjective experience, involving more than just physical injury. As such, pain is commonly
evaluated clinically in humans by verbal reports. However, pain in humans is also associated with
nonverbal changes in behavior, and verbal reports are obviously not suitable for assessment of
experimental or clinical pain in animals. In order to evaluate pain and analgesia pre-clinically, researchers

rely on two general categories of non-verbal behavioral manifestations of pain: (1) pain-stimulated
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behaviors and (2) pain-depressed behaviors (Negus et al., 2006; Stevenson et al., 2006). Pain-stimulated
behaviors are behaviors that increase in rate, frequency, or intensity in response to the delivery of a
painful stimulus (e.g. withdrawal reflexes). In contrast, pain-depressed behaviors are behaviors that
decrease in rate, frequency, or intensity in response to a noxious stimulus (e.g. pain-depressed feeding or
locomotion). Using these endpoints, pain as well as analgesia can be inferred from behavior in animals.

Pain-related changes in behavior result from a series of signaling events occurring within the
peripheral and central nervous systems (Argoff et al., 2011) (Figure 1). Peripheral terminals of
nociceptors detect the presence of a noxious stimulus. These nociceptors act as transducers, which convert
chemical, mechanical or thermal energy at the site of the stimulus into electrical activity, which is then
conducted to the dorsal horn of the spinal cord in the central nervous system. Here, the pain signal is
transmitted from the primary afferent to secondary nociceptive neurons in the dorsal horn. Axons of the
secondary nociceptive neuron ascend in the anterolateral white matter of the spinal cord and terminate in
the thalamus. From there a tertiary nociceptive neuron ascends and terminates in the postcentral gyrus
(primary somatosensory cortex, SI). This primary pain sensory system includes branches that target (a)
other subcortical regions such as the parabrachial nucleus (PBN), which in turn projects to amygdala and
to mesolimbic dopamine neurons in the ventral tegmental area to influence mood and motivation, and (b)
other cortical regions such as second somatosensory cortex (SII), anterior cingulate cortex (ACC) and
insular cortex (IC) (Price et al., 2000). These cortical targets can also influence limbic regions such as
amygdala and nucleus accumbens either directly or via their connections to the prefrontal cortex. Taken
together, this neural network provides a mechanism by which noxious stimuli can influence behavior and
mood.

Pain can be categorized as acute nociceptive pain, inflammatory pain, and neuropathic pain.
Acute nociceptive pain serves a vital and adaptive purpose. It serves to detect, localize and limit tissue
damage. Acute pain evokes motor withdrawal reactions, which are protective responses that discontinue
exposure to the noxious stimulus and terminate the pain. The pain is usually sequestered to the affected

area, short in duration and resolved when the underlying problem is treated. Acute pain can result from
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injury or sudden illness and can affect skin, subcutaneous tissues, bone, muscle, blood vessels, connective
tissue, organs or the linings of the body cavities. Pain associated with surgery, athletic injury and
occasional headache are all examples of acute pain. The sensation of acute pain begins with the detection
of a noxious stimulus by specialized peripheral nociceptors. Most primary afferent nociceptors respond to
a variety of noxious stimuli-extreme hot or cold temperatures, intense pressure (pinching, pinpricks, cuts),
increased tissue acidity, or chemical agents released from cells that are damaged or responding to an
infectious agent (Fields et al., 2007). Information regarding the noxious stimulus is then transmitted to
the central nervous system as described above. Inflammatory pain is a type of pain that involves the
mechanism of sensitization of nociceptive pathways (Figure 2A). Under inflammatory pain conditions,
inflammatory cytokines (e.g. TNFa and IL1§), small molecules (e.g. ATP, bradykinin, prostaglandins)
and growth factors (e.g. NGF and BDNF) infiltrate the area of injury, bind to receptors expressed on
sensory nerves and sensitize nociceptors. Sensitization leads to increased responsiveness of nociceptors to
their normal input, and/or recruitment of responses to normally subthreshold inputs (IASP et al., 2011).
Inflammatory mediators have diverse mechanisms and sites of action, including the activation and
sensitization of nociceptive terminals; the regulation of primary nociceptive phenotype; and, in spinal
cord, the pre-synaptic control of nociceptor transmitter release and the post-synaptic control of neuronal
excitability (Meyer et al., 2006). Clinically, sensitization can be inferred indirectly from phenomena such
as hyperalgesia or allodynia. Hyperalgesia is defined as increased pain from a stimulus that normally
provokes pain, and allodynia is defined as pain due to a stimulus that does not normally provoke pain
(IASP et al., 2011). Pain associated with rheumatoid arthritis, inflammatory bowel disease (IBS), and
pelvic inflammatory disease (PID) are all examples of inflammatory pain states. Neuropathic pain
sometimes resembles inflammatory pain because spontaneous pain and hyperalgesia are present at the site
of injury. However, the underlying pathology is specifically in nerve tissue. Neuropathic pain is initiated
or caused by a pathological lesion or dysfunction in peripheral or central neurons (IASP et al., 2011)

(Figure 2B). After peripheral nerve injury, irregular regeneration may occur, resulting in unusual and
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spontaneous sensitivity to chemical, thermal and mechanical stimuli (peripheral sensitization). As a result
of ongoing spontaneous activity in the periphery, central neurons in the spinal cord (spinothalamic tract
neurons) adjust and rewire, causing a heightened responsiveness to afferent impulses, including normally
innocuous tactile stimuli (central sensitization). Central sensitization commonly leads to allodynia. A
reduction in afferent fiber input decreases the activity of interneurons inhibiting nociceptive neurons and
causes hypoactivity of descending inhibitory pain modulating systems. This type of pain is maladalptive
because it can occur not only at sites far removed from the original injured area but also at degrees of
severity that bear little relationship to the extent of injury. All neuropathic pain is chronic. A wide variety
of pathological processes affecting peripheral nerves, sensory ganglia, spinal roots and CNS structures
can induce neuropathic pain. These include trauma, vascular and metabolic disorders, bacterial and viral
infection, inflammation, autoimmune attack, genetic abnormalities, neurotoxins, etc. (Meyer et al., 2006).
Symptoms of neuropathic pain can range from numbness, paresthesias and tingling to shooting, burning,
sharp, electric shock-like pain sensations. This is in contrast to most nociceptive pain that is commonly
described as aching. Pain associated with multiple sclerosis, spinal cord injury, diabetic neuropathy, HIV-

related neuropathies, and cancer-related pain are all examples of neuropathic pain.

Analgesic Drugs

Any patient who experiences pain that impairs functional status or quality of life is a candidate
for analgesic drug therapy. Today, opioids are some of the strongest analgesics available to treat pain
(Yaksh et al., 2011). Opioid analgesics interact with peripheral and central opioid receptors to produce an
overall decreased perception of pain. For acute nociceptive or inflammatory pain, it is routinely
recommended that opioids be combined with other analgesic agents, such as nonsteroidal anti-
inflammatory drugs (NSAIDs) or acetaminophen in order to minimize the dose requirement of the opioid.
According to the World Health Organization Analgesic Ladder (initially targeted for treatment of cancer
pain), mild opioid treatment is indicated for persisting or increasing pain only after first-line treatment

with non-opioids or anti-inflammatory agents has failed. In the presence of severe pain, stronger opioids
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should be considered for treatment. In general, neuropathic conditions may be less efficaciously managed
by opioids than pain secondary to tissue injury and inflammation (Yaksh et al., 2011). A number of
clinical trials evaluating opioids for the treatment of neuropathic pain conditions have demonstrated that
opioids partially relieve neuropathic pain symptoms (Watson, CPN et al., 1998, Raja SN et al., 2002,
Harati Y et al., 1998, Gimbel JS et al., 2003, Watson CP et al., 2003). These studies also demonstrated
that opioids are effective in treating certain qualities of neuropathic pain such as steady pain, paroxysmal
pain and allodynic pain. In the case of neuropathic pain, other drug classes such as monoamine reuptake
inhibitors may be useful in combination with the opiate, and may act synergistically in some pain states
(Yaksh et al., 2011; see below). Despite their clinical efficacy, opioids carry a balance of benefits and
burdens. Although the adverse side effects of opioids can limit their clinical utility, they are still
prescribed for people in pain. Opioids have the potential to cause respiratory depression, constipation,
dependence, tolerance and cognitive disturbances, so careful monitoring is required.

NSAIDs represent an alternative class of effective analgesics. They are potent inhibitors of
prostaglandin synthesis because they block cyclo-oxygenase (COX) enzymes that are necessary to
produce prostaglandins. NSAIDs have four desirable pharmacological effects: anti-inflammatory,
analgesic, antipyretic and anti-thrombotic. NSAIDs are effective in treating acute inflammation associated
with postoperative pain (McQuay et al., 2007). There is also good evidence for the efficacy of oral
NSAIDs in acute and chronic musculoskeletal pain (Mason 2004, Moore et al., 1998). Most NSAIDs are
appropriate for short-term use in inflammatory arthritic conditions such as rheumatoid arthritis and are
reported to relieve pain of headache, menstrual cramps, and other mild-to-moderate pain syndromes
(Ferrell et al., 2009). They can also be used alone for mild-to-moderate pain or in combination with
opioids for severe pain. They have the advantage of being non-habit forming; however, long-term use of
NSAIDs can cause a number of adverse effects including gastrointestinal bleeding (Singh et al., 1998),
renal failure (Henry et al., 1997), and congestive heart failure (Page et al., 2000). NSAIDs also exhibit a

ceiling effect at which increasing the dose results in no further increase in analgesia.
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Monoamine Reuptake Inhibitors

As a result of the high incidence of pain and the critical need for analgesics without abuse
liability and deleterious side effects, researchers have turned much attention to monoamine reuptake
inhibitors as a treatment option. These compounds offer an attractive alternative to opioids for the
treatment of pain, because they have a lower abuse potential, and more importantly, monoamine reuptake
inhibitors have analgesic effects in chronic neuropathic pain states like fibromyalgia in which NSAID and
opioids are not very effective (Perrot et al., 2008). Monoamine reuptake inhibitors are now considered an
essential component of the therapeutic strategy for the treatment of many types of persistent pain. Further
research is required to understand how and why different types of pain may respond differentially to a
given monoamine reuptake inhibitor.

Monoamine reuptake inhibitors have a unique mechanism of action. Inside neurons,
neurotransmitters like serotonin, norepinephrine and dopamine are synthesized and packaged into large
dense-core vesicles. During an action potential, these vesicles fuse with the inner surface of the
presynaptic terminal at the active zone, and through calcium influx and exocytotic mechanisms,
neurotransmitters are released into the synaptic cleft. Once neurotransmitters enter the synaptic cleft, they
are quickly removed by various mechanisms including diffusion and enzymatic degradation by catechol-
O-methyl transferase (COMT) and monoamine oxidase (MAQO). Monoamines are removed by reuptake
through pre-synaptic membrane-embedded transporter proteins. Transporters rapidly clear
neurotransmitter out of the synapse and back into the presynaptic terminal to terminate neurotransmission
and replenish neurotransmitter stores. Membrane transporters are also the targets for monoamine reuptake
inhibitors. Monoamine reuptake inhibitors bind to transporters and inhibit their activity, forcing increased
levels of extracellular monoamines to accumulate, leading to enhanced monoaminergic neurotransmission
at spinal and supraspinal levels.

There are multiple subtypes of monoamine reuptake inhibitors with different selectivities for the
serotonin (SERT), norepinephrine (NET), and dopamine (DAT) transporters (see Table 1). These

subtypes include selective serotonin reuptake inhibitors (SSRIs), selective norepinephrine reuptake
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inhibitors (SNRIs), selective dopamine reuptake inhibitors (SDRIs), mixed-action norepinephrine-
serotonin reuptake inhibitors (S+NRI) [including the subclass of tricyclic antidepressants (TCAs) named
after their chemical structure], and triple reuptake inhibitors (TRIs), which inhibit all three transporters.

Monoamine reuptake inhibitors have been used for decades to treat depression (Lépez-Muioz et
al 2009, Tran et al., 2003, Baldessarini et al., 2005), and more recently, they have emerged as useful
medications for the treatment of some types of pain (Sawnyok et al., 2001). Monoaminergic projections
largely originate in brainstem and midbrain nuclei, and they project throughout the spinal cord and brain
to integrate with ascending pain signals at the spinal and supraspinal level. Monoaminergic systems play
an important role in modulating the behavioral expression of inflammatory and neuropathic pain (Ren and
Dubnerer 2002) and are targets for pharmacologic management of these conditions. Supraspinal
monoaminergic projections are thought to modulate the motivational-affective dimension of pain (Lima
and Almeida et al., 2002).

Serotonergic Projections (Figure 3A). Serotonergic cell bodies are located along the midline of
the brain stem, in the raphe nuclei. Axons from the serotonergic cell bodies from the Raphe Nuclei in the
pons and midbrain (B5-B9 groups) ascend to the forebrain where they play an important role in regulating
the responsiveness of cortical neurons involved in mood. Descending serotonergic projections originating
in the caudal medulla (B1-B3 groups) travel to the motor and autonomic systems in the spinal cord, while
projections originating in the rostral ventral medulla (B4 groups, RVM) project to the dorsal horn to
modulate nociception.

Noradrenergic Projections (Figure 3B). Noradrenergic cell bodies are located in two columns
(dorsal and ventral) in the medulla. Noradrenergic cell groups located in the locus coeruleus (A6) provide
important ascending projections to the cerebral cortex and cerebellum. The locus coeruleus is known to
play an important role in maintaining responsiveness to unexpected environmental stimuli, a function that
is integral in pain processing. At the level of the pons, noradrenergic neurons (A5/A7 groups) make up
the dorsolateral pontine tegmentum (DLPT), which projects mainly to the brainstem and spinal cord and

modulate autonomic reflexes and pain sensations.
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Dopaminergic Projections (Figure 3C). Ascending dopaminergic projections originate in the
substantia nigra (A9 groups) and ventral tegmental area (A10 groups). Dopaminergic projections from the
substantia nigra to the striatum (nigrostriatal pathway) are thought to be involved in the initiation of
motor responses. The mesocortical pathway connects the ventral tegmentum to the frontal lobes and is
involved in the motivational and emotional response to pain. The mesolimbic pathway extends from the
ventral tegmental area of the midbrain to areas of the limbic system (nucleus accumbens, amygdala and
hippocampus) and is involved in reward and pleasure. All three of these ascending dopaminergic
pathways are involved in the inhibitory function of dopaminergic neurons, with the net effect of
attenuating nociception, mostly its affective component (Gao et al., 2001). In descending pain pathways,
dopamine neurons in the posterior dorsal hypothalamus (A11 groups) project to the spinal cord, and play
an important role in sensory and nociceptive processing and sensory integration (Iversen et al., 2009).

Monoamine reuptake inhibitors have clear clinical applications for the treatment of depression,
and their mechanism of action may also be useful to for the treatment of pain, especially depressant
effects of pain. These mood and pain-altering effects are thought to occur via enhancement of inhibitory
monoaminergic neurotransmission in the brain and spinal cord, areas that are heavily involved in pain

circuitry.

Analgesic Effects of Monoamine Reuptake Inhibitors: Clinical Studies

Several studies have investigated the putative antinociceptive and analgesic effects of monoamine
reuptake inhibitors. Clinical research has shown that monoamine reuptake inhibitors have analgesic
efficacy in treating chronic inflammatory pain, including fibromyalgia (Gendreau et al., 2005, Mease et
al., 2009) and arthritis (Lin et al., 2003), and neuropathic pain, including diabetic peripheral neuropathy
(Rowbotham et al., 2004, Sindrup et al., 2005, Semenchuk et al., 2000) and postherpetic neuralgia
(Kishore-Kumar et al., 1990, Raja et al., 2002). However, there is limited evidence for their clinical
efficacy in treating acute pain states (Wallace et al., 2002, Gordon et al., 1994, Dirksen et al., 1998), and

monoamine reuptake inhibitors are never used to treat acute pain in humans, except for experimental
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research (Mico et al., 2006). The analgesic effects of different categories of monoamine reuptake

inhibitors are described below.

Clinical Chronic Pain Studies with Monoamine Reuptake Inhibitors

Selective serotonin reuptake inhibitors (SSRIs) are a class of monoamine reuptake inhibitors
that specifically inhibit presynaptic reuptake of serotonin, and are associated with few side effects.
Several published reports indicate that SSRIs have analgesic properties (Jung et al., 1997); however, the
effects are generally weak. The analgesic effects of SSRIs in pilot, open label studies for the management
of irritable bowel syndrome symptoms have been mixed (Masand et al., 2002, Masand et al., 2005);
however, anecdotal reports have suggested benefits in irritable bowel syndrome patients with paroxetine
(Kirsch et al., 2000), fluvoxamine (Emmanuel et al., 1997), and mirtazapine (Thomas et al., 2000). One of
the only placebo-controlled studies evaluating an SSRI on visceral perception and irritable bowel
syndrome symptoms in non-depressed patients reported that fluoxetine administration did not change the
thresholds for discomfort/pain during phasic rectal distention in irritable bowel syndrome patients, and
did not affect psychological symptoms evaluated on a self-rated questionnaire (Kuiken et al., 2003).
Therefore, the observed beneficial effects of SSRIs in clinical practice may depend mainly on its
psychotropic action, possibly explaining the lack of effect on symptoms in this selected cohort of patients.
Further studies are needed to clarify the impact of possible concomitant psychiatric disease and possible
differential effects of SSRIs on objective and subjective pain measures. SSRIs have demonstrated partial
analgesic efficacy in neuropathic pain patients (Sindrup et al., 1992, Otto et al., 2008). A clinical study
found that citalopram caused a slight relief of the symptoms of chronic diabetic neuropathy, as measured
by both observer-and self-rating (Sindrup et al., 1992). Collectively, the limited clinical efficacy of SSRIs
in chronic pain states and the reliable analgesic effects demonstrated by dual reuptake inhibitors (see
below) suggests balanced inhibition of both serotonin and norepinephrine reuptake yields the best

analgesic effects in chronic inflammatory or neuropathic pain conditions.
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Currently, little is known about the analgesic effects of selective norepinephrine reuptake
inhibitors (SNRIs) in chronic pain states. A number of case reports suggest that the SNRI reboxetine may
provide relief of chronic back pain and fibromyalgia pain before any significant improvement in actual
mood symptoms (Krell et al., 2005). Further placebo-controlled studies with SNRIs for chronic pain are
warranted. Related issues of comorbidity of depression and heterogeneity among subtypes of chronic pain
must be addressed in these studies as well.

Similarly, little is known about the analgesic effects of selective dopamine reuptake inhibitors
(SDRIs) in chronic pain. Studies have reported that bupropion administration significantly decreased pain
symptoms in patients with chronic low back pain (Semenchuk et al., 2000) peripheral neuropathy (Wolfe
Gl et al., 2004), and migraine headaches (Goodman JF et al., 1997). A recent series of case studies
reported the utility of low-dose dextroamphetamine in the treatment of chronic pelvic pain related to
interstitial cystitis and/or chronic idiopathic urticaria (Check et al., 2007, Check et al., 2006, Check et al.,
2005). Other published reports suggest that SDRIs are not effective analgesics alone, but may be useful as
adjuvant medications to enhance analgesic effects related to opioids and attenuate opioid-induced
sedation and cognitive deficits (Evans WO et al., 1967, Ivy AC et al., 1944, Forrest WH et al., 1977).
Psychostimulants have been widely used in the treatment of medically ill patients with fatigue, including
those with cancer, multiple sclerosis, Parkinson’s disease, opioid-induced sedation, and HIV (Breitbart et
al., 2001, Holmes et al., 1989, Wagner et al., 2000, Bruera et al., 1989, Sarhill et al., 2001). More clinical
trials are needed to assess the analgesic effects of SDRIs alone in chronic pain states.

By far the most potent and efficacious monoamine reuptake inhibitors available for pain
management are the class of serotonin-norepinephrine reuptake inhibitors (S+NRIs). Numerous
clinical studies suggest that dual acting antidepressants with balanced inhibition for both serotonin and
norepinephrine uptake are more effective than those characterized by a selective activity on one
monoamine (Fishbain et al., 2000). It is hypothesized that these drugs are effective in increasing
serotonergic and noradrenergic neurotransmission, which adequately dampens processing of stimuli in

pain pathways, leading to substantial pain relief. S+NRIs, as well as many tricyclic antidepressants
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(TCAs), share a relatively mixed action at SERT and NET. These two drug classes differ primarily in
their selectivity for transporters versus other targets such as acetylcholine or histamine receptors. TCAs
have actions at muscarinic, histaminergic and a-adrenergic receptors (Bomholt et al., 2005), while
S+NRIs lack affinity at these receptors.

S+NRIs such as duloxetine, milnacipran and venlafaxine have demonstrated strong analgesic
efficacy in patients with painful polyneuropathy, fibromyalgia, phantom limb pain and diabetic
neuropathy (Wernicke et al., 2006, Kajdasz et al., 2007, Sindrup et al., 2003, Sayar et al., 2003, Vitton et
al., 2004, Arnold et al., 2005, Spiegel et al., 2010, Rowbotham et al., 2004). In the past decade alone, the
FDA approved duloxetine (Cymbalta) for the treatment of diabetic peripheral neuropathy, fibromyalgia,
osteoarthritis, and chronic lower back pain. In a large 27-week, randomized, double-blind, placebo-
controlled clinical trial, milnacipran (200 mg/day) significantly reduced pain scores and improved
physical functioning in patients with fibromyalgia (Mease et al., 2009). Additional studies have reported
that venlafaxine administration was effective in migraine prophylaxis (Ozyalcin et al., 2005, Nascimento
etal., 1998) and that duloxetine administration significantly decreased reported pain scores, improved
quality of life and improved subjective pain measures in patients with Parkinson’s disease (Djaldetti et al.,
2007). These results are consistent with a growing body of literature that multiple symptoms of chronic
pain conditions, including pain, fatigue, and physical functioning, can be addressed through simultaneous
augmentation of norepinephrine and serotonin function. Overall, S+NRIs demonstrate clear clinical
efficacy in the treatment of neuropathic pain, but lack efficacy for the treatment of acute clinical pain (see
below).

Tricyclic antidepressants (TCAs) non-selectively block the re-uptake of serotonin and/or
norepinephrine and are widely used in the clinical treatment of neuropathic pain (Sindrup and Jensen et
al., 2000). Today, they are considered the “gold standard” antidepressant for the treatment of persistent
neuropathic pain (Bryson et al., 1996, Galer et al., 1995). In low back pain, TCAs have been the most

frequently tested antidepressants, and according to the guidelines of the American Pain Society and
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American College of Physicians, TCAs are clinically effective for pain relief in low back pain (Chou, et
al., 2007). Clinically, TCAs have demonstrated efficacy in the treatment of chronic pain conditions
including postherpetic neuralgia (Bowsher et al., 1997, Hempenstall et al., 2005), diabetic neuropathy
(Max et al., 1987, Gilron et al., 2009), and fibromyalgia (Heymann et al., 2001, Ginsberg et al., 1996).
Results from a randomized, within-patient, cross-over, placebo-controlled trial clearly indicated a better
analgesic effect of clomipramine and nortriptyline over placebo in patients with central pain (Panerai et
al., 1990). The analgesic effects of tricyclic antidepressants are often seen with a faster onset (one to
seven days) and with third/half the dosage used for depression (Lipman et al. 1996). Studies have also
confirmed that the actions of tricyclic antidepressants in neuropathic pain are not related to their
antidepressant effect. Firstly, treatment with tricyclic antidepressants (and in some studies SSRIs) was
shown to significantly reduce painful symptoms associated with diabetic neuropathy, regardless of
whether patients had normal or depressed moods (Max et al., 1987, Sindrup et al., 1990). Secondly,
analgesic effects of antidepressants occur at lower plasma levels than those required for the antidepressant
action (Sindrup et al., 1990). Despite having an effective analgesic profile clinically, TCAs are associated
with undesirable side effects due to their actions at multiple receptors, which limits drug compliance in
chronic pain patients.

Very recently, triple monoamine reuptake inhibitors (TRIs) such as bicifadine were
synthesized to inhibit uptake of serotonin, norepinephrine and dopamine. Elevating supraspinal levels of
dopamine is proposed to activate mesocorticolimbic dopaminergic pathways, which are central to reward,
motivation and the experience of pleasure (Wise et al., 2002). This enhanced dopaminergic
neurotransmission is proposed to address the anhedonia, lack of motivation and lack of attention common
in pain and depression, which are common symptoms that SSRIs and S+NRIs do not address adequately.
For example, early studies with treatment-resistant depressed patients found that when an SSRI was
combined with bupropion, patients had higher and faster rates of remission compared to monotherapy
(Zisook et al., 2006). Little is known about the clinical efficacy of bicifadine and other novel TRIs.

Bicifadine has also undergone several Phase II and III trials for the treatment of chronic low back pain
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(http://clinicaltrials.gov/ct2/show/NCT00295711, http://clinicaltrials.gov/ct2/show/NCT00281645).

Overall, further clinical investigation is warranted to elucidate the therapeutic potential for TRIs in

chronic pain states.

Clinical Acute Pain Studies with Monoamine Reuptake Inhibitors

Monoamine reuptake inhibitors have also been assessed in patients with acute pain; however,
their analgesic effects are generally weak. Only limited clinical data exist to suggest that SSRIs
demonstrate analgesic efficacy in clinical acute pain states. A study in healthy human volunteers
evaluated the effect of a single oral dose of fluvoxamine on subjective measures of pain induced by the
application of transcutaneous electrical stimulation to the sural nerve, and found that fluvoxamine
significantly increased subjective pain thresholds compared to placebo (Coquoz et al., 1993). A caveat to
this study was that fluvoxamine only altered the subjective pain threshold, without any influence on the
objective measure of antinociceptive effect: the spinal R-III reflex pain threshold. Clinical studies have
also demonstrated that fluoxetine (10 mg p.o. daily for 7 days pre-operatively) in combination with the
mu-opiate morphine or the kappa-opiate pentazocine reduced the overall analgesic duration of action of
opioids in acute postoperative dental pain patients (Gordon et al., 1994).

The clinical literature for analgesic effects of SNRIs in acute pain is also limited. A number of
studies in acute postoperative pain patients suggest that when given in combination with opioids, SNRIs
potentiate and prolong the analgesic effects of opioids (Max et al., 1992, Levine et al., 1986, Gordon et
al., 1993). This literature also suggests that SNRI administration only enhances the analgesic effects of
postoperative morphine when it is given in the pre-operative week as opposed to post-operative
administration. There is no clear explanation for these temporal effects; however, it may reflect the
delayed onset for central effects seen with monoamine reuptake inhibitors. The limited available clinical
data regarding reboxetine usefulness in pain syndromes (Krell et al., 2005) indicate that SNRIs are mostly

ineffective in the treatment of acute pain. Further studies are needed to investigate the noradrenergic
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component that contributes to endogenous opioid-mediated analgesia and elucidate the efficacy of these
compounds in subtypes of acute pain.

In general, the clinical literature suggests that SDRIs are more useful in reducing fatigue and
improving symptoms of alertness and energy in postoperative patients, and less useful for blocking
nociceptive pain (Larijani et al., 2004). The most selective SDRIs, including RTI-113, retain exclusive
experimental status and are not available clinically. A less selective SDRI, bupropion, has not been
evaluated clinically for acute pain. However, compounds like methylphenidate and modafinil, which
inhibit DA and NE, have been evaluated, and generally produce weak analgesic effects. One clinical
study demonstrated that modafinil failed to produce significant analgesic effects on experimental acute
pain in normal healthy volunteers (Taneja et al., 2004). This is in contrast to analgesic effects noted in the
literature for other compounds with a similar clinical profile (Cantello et al., 1988). For example,
methylphenidate was shown to potentiate the analgesic effects and decrease the sedative effects of
narcotics for the treatment of cancer pain in a randomized, double-blind, cross-over study (Bruera et al.,
1987). When SDRIs are administered in combination with opioids, they are effective in potentiating the
analgesic effects of opioids, and decreasing opioid-related somnolence and cognitive impairments in
postoperative pain patients (Forrest et al., 1977). There are far fewer data demonstrating that SDRI
administration alone is sufficient to treat acute pain symptoms. An early study reported that amphetamine
(a DA releaser) had a “pain-threshold-raising” effect on experimentally induced pain (Goetzl et al., 1944).
However, a later double-blind study found no analgesic effect of psychostimulants in postoperative pain
patients, besides producing a reduction of sedation up to 30 min after operating (Dodson et al., 1980).
More clinical trials are needed to elucidate whether SDRIs improve actual pain intensity ratings, in
addition to improving sedation and cognitive status.

There are few clinical data to suggest that S+NRI treatment is effective in blocking acute pain in
humans. A recent clinical study found that oral venlafaxine administration increased thresholds for pain
tolerance and pain summation after electrical nerve stimulation, but did not alter pain intensity or

discomfort experienced during the cold pressor test or increase pressure pain thresholds (Enggaard et al.,
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2001). The impact of venlafaxine on temporal pain summation in this experiment may indicate a potential
analgesic effect for clinical neuropathic pain, which is supported by recent clinical studies (Tasmuth et al.,
2002, Rowbotham et al., 2004). One clinical study in postoperative knee replacement surgery patients
found that perioperative administration of duloxetine reduced postoperative morphine requirements
during the first 48 hours after surgery (Ho et al., 2010). The results from this study suggest that duloxetine
and other S+NRIs can be useful adjuvants when used with opioids, non-opioids, and regional analgesic
techniques as part of a multimodal approach in postoperative pain management.

Few studies have investigated the analgesic efficacy of TCAs for acute pain. In a dental pain
study assessing the analgesic efficacy of amitriptyline buccoadhesive tablets, amitriptyline exhibited
analgesia in all study volunteers (Movassaghian et al.,2011). In a 2002 study, desipramine had no
significant effect on acute sensory thresholds, pain, secondary hyperalgesia, or flare response induced by
intradermal capsaicin (Wallace et al., 2002). One criticism of this study was the disproportionate number
of men and women (nine women and three men). Numerous studies have shown that there are sex
differences in both pain response and analgesic response (Sarton et al., 2000), which may explain the lack
of analgesic effect of desipramine on experimental pain. Overall, TCAs produced weak analgesic effects
in acute pain patients.

The analgesic activity of bicifadine and other novel TRIs for acute pain has been evaluated in
very few placebo-controlled studies. One clinical study evaluated the analgesic efficacy of bicifadine in
postoperative pain patients and found that 150 mg of bicifadine QD demonstrated significant analgesic
activity (vs. placebo) (Wang et al., 1982). This study reported minor side effects that did not interfere
with the course of therapy. Additionally, there are numerous anecdotal reports suggesting that cocaine

and/or amphetamine produce analgesia (http://www.drugs.com/forum/general/cocaine-pajn-relief-

24448 html, http://www.idmu.co.uk/amphetpain.htm, http://www.drugs-

forum.com/forum/showthread.php?t=24104). Clinical investigations of TRIs regarding dosing and their

analgesic activity in other pain modalities such as experimental and/or dental pain are warranted.
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In summary, monoamine reuptake inhibitors with actions primarily on 5-HT and NE transport
typically do not alleviate acute pain in humans. However, monoamine reuptake inhibitors with prominent
actions on DA transport often have more favorable effects on human subjective measures of acute pain.

A key feature of the clinical and pre-clinical literature assessing the efficacy of monoamine
reuptake inhibitors in pain is the glaring discordance of effects in acute pain states. As will be discussed
further below, monoamine reuptake inhibitors usually demonstrate better antinociceptive effects in pre-
clinical assays of acute pain (pain-stimulated behaviors) than in acute clinical pain (e.g. postoperative
pain or pain associated with experimental noxious stimuli). Overall, monoamine reuptake inhibitors do
not produce reliable analgesia against acute pain in humans, but there is a crucial need for more clinical
studies evaluating monoamine reuptake inhibitors in acute pain states.

Taken together, these properties of monoamine reuptake inhibitors suggest that they are useful for
the treatment of some types of chronic pain and accompanying depressive symptoms. In general, it
appears that S+NRIs and TCAs provide the best analgesic effects for inflammatory/neuropathic pain
states, while selective and mixed-action dopamine reuptake inhibitors (SDRIs, N+DRIs, TRIs) may
relieve subjective feelings of acute pain and be more useful as adjuvants to reduce opioid sedation and
disease-related fatigue. Further research is warranted to clarify the clinical analgesic properties of these

compounds.

Antinociceptive Effects of Monoamine Reuptake Inhibitors: Preclinical Studies

A number of animal studies involving acute and chronic pain models have concluded that
antidepressants have an antinociceptive effect or an antihyperalgesic effect. These effects can vary
depending on the route of administration (local vs. systemic), dosing schedule (acute vs. chronic) and pain
model/ stimulus employed. However, of particular importance for this thesis project, many preclinical
studies have reported antinociceptive effects of monoamine reuptake inhibitors in assays of acute pain.
Consequently, there is a discordance in effects of monoamine reuptake inhibitor effects on clinical

measures of acute pain (usually ineffective) and preclinical studies of acute nociception (often effective).
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These preclinical findings are described in more detail below for different classes of monoamine reuptake
inhibitors, and results are summarized in Table 2.

Acute systemic administration of SSRIs has been shown to produce antinociceptive effects in the
hotplate assay (Ardid et al., 1992, Fasmer at al., 1989) and in acute visceral inflammatory pain models
(acetic acid or PPQ-induced abdominal constrictions) (Singh et al., 2001, Leventhal et al., 2007,
Korzeniewska-Rybicka et al., 1998, Aoki et al., 2006). Additionally, the SSRIs clomipramine and
fluoxetine both increased tail-withdrawal latencies in rhesus monkeys in a warm water tail-withdrawal
assay of acute thermal nociception (Gatch et al., 1998). SSRIs have also been reported to attenuate
nociceptive behaviors in the formalin test (Bombholt et al., 2005, Mochizucki et al., 2004, Otsuka et al.,
2001) and block mechanical allodynia in animals with peripheral nerve injury (Jett et al., 1997, Leventhal
etal., 2007, Jesse et al., 2010). Reports on the analgesic efficacy of SSRIs in neuropathic pain models are
mixed, ranging from partial to full pain relief. One preclinical study demonstrated antiallodynic effects of
paroxetine and fluvoxamine in streptozotocin-induced diabetic rats, but little antiallodynic effect in rats
with chronic constriction injury (CCI) (Ikeda et al., 2009). Full antinociception with an SSRI may be
limited by the occurrence of troublesome side effects.

SNRIs including reboxetine, maprotilline and nisoxetine have been assessed in preclinical pain
assays and have shown the highest efficacy in acute pain models of hotplate, tail flick and writhing assays
(Rojas-Corrales et al., 2003, Schreiber et al., 2009, Ardid et al., 1992). In one particular study, wild-type
(WT) mice and littermates with gene knockout (KO) of SERT, NET or both transporters were used to
investigate the relative contributions of NET and SERT on nociception and the analgesic effects of
amitriptyline and morphine. In the study, NET KO mice demonstrated profound baseline hypoalgesia in
the hot plate and tail flick assays across a variety of noxious temperatures, as well as a substantial
reduction in acetic acid-induced writhing. The effect of NET KO was so great that it impaired the ability
to subsequently observe amitriptyline and morphine-induced analgesia in these subjects. The authors

concluded that NET has a far greater role than SERT in determining baseline thermal and visceral
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nociception in mice, which further emphasizes the importance of noradrenergic neurotransmission in the
analgesic effects of monoamine reuptake inhibitors (Hall et al., 2011).

SDRISs have also demonstrated antinociceptive effects in preclinical assays of acute pain. In
particular, bupropion administration produced reliable antiallodynic effects in rats with spinal nerve
ligation (SNL) or chronic constriction injury (CCI) (Pedersen et al., 2005, Jesse et al., 2010). Other drugs
with prominent dopaminergic effects are discussed below under TRIs.

S+NRIs have antinociceptive activity in models of visceral pain (Aoki et al., 2006), acute thermal
nociception such as hot plate (Suarez-Roca et al., 2006), and demonstrate antinociceptive effects in
formalin- and carrageenan-induced inflammatory pain assays (Yokogawa et al., 2002, Iyengar et al.,
2004, Bardin et al., 2010). For example, milnacipran dose-dependently and significantly reduced the
number of writhes induced by an injection of acetic acid in male ICR mice (Aoki et al., 2006) and
reduced the number of cramps observed in the butyrate/colonic distension assay in rats (a model of
irritable bowel syndrome) (Depoortere et al., 2011). Another study evaluating the analgesic effects of
monoamine reuptake inhibitors in rats with carrageenan-induced mechanical hypersensitivity and
inflammation found that pretreatment with venlafaxine significantly reduced or completely abolished
enhanced sensitivity to mechanical stimuli (i.e. von Frey monofilaments) (Aricioglu et al., 2005). S+NRIs
also have been shown to block hypersensitivity associated with mechanical neuropathies (Iyengar et al.,
2004, Shin and Eisenbach et al., 2004, Obata et al., 2005, King et al., 2006, Onal et al., 2007, Takeda et
al., 2009, Berrocoso et al., 2011), streptozotocin-induced neuropathies (Ikeda et al., 2009) and arthritic
pain in animal models (Mico et al., 2011). In this latter study, milnacipran was evaluated in polyarthritic
rats using the Randall-Selitto pressure meter. Arthritis was induced by a single intradermal injection of
complete Freund’s adjuvant in the tail base. Using the Randall-Selitto model, two levels of pressure were
applied to both hind paws (a lower one assessing mechanical allodynia and a higher one assessing
mechanical hyperalgesia). The pain threshold was determined as the force that induced either a paw
withdrawal or vocalization/struggle. Milnacipran dose-dependently increased the vocalization threshold in

rats under both low and high pressure levels, indicative of an antinociceptive effect.
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Acute peripheral administration of TCAs produces antinociceptive effects in models of acute
thermal pain (Tura-Tura et al., 1990, Otsuka et al., 2001, Dirksen et al., 1994) as well as antinociceptive
and anti-edematogenic effects in models of acute (Aoki et al., 2006-acetic acid writhing, Gray et al.,
1998-acetic-acid writhing, Leventhal et al., 2007) and persistent (Hajhashemi et al., 2010- carrageenan
paw edema, Bianchi et al., 1995-carrageenan paw edema, Heughan et al., 2002-formalin) inflammatory
pain. Some of these studies suggest that TCAs demonstrate stronger antinociceptive effects in pain
models employing a chemical stimulus (acetic acid) compared to a thermal stimulus (radiant heat) (Rojas-
Corrales et al., 2003), but further investigation into this mechanism is required. Peripheral TCAs also
demonstrated antinociceptive effects in animal models of neuropathic pain (Sawynok et al 1999,
Mochizucki et al., 2004, Esser et al., 1999, Abdi et al., 1998, Bomholt et al., 2005, Berrocoso et al.,
2011). Centrally administered TCAs have also been shown to produce anti-hyperalgesic effects in acute
(Korzeniewska-Rybicka et al., 2000) and persistent inflammatory pain models in rats (Sadeghi et al.,
2011, Eisenach et al., 1995). Recently it was demonstrated that local administration of tricyclic
antidepressants into the paw produce antinociceptive effects in an inflammatory pain assay (formalin test)
(Oatway et al., 2003) and peripheral anti-hyperalgesic effects in a neuropathic pain model (spinal nerve
ligation) (Sawynok et al., 1999).

Only a few laboratories have examined the antinociceptive effects of novel TRIs. For example,
pretreatment with cocaine (or amphetamine) produced reliable blockade of abdominal writhing in mice
(Frussa-Filho et al., 1996). Similarly, in rhesus monkeys, cocaine administration produced weak but
significant antinociceptive effects in a warm water tail-withdrawal assay, and when given in combination
with morphine, produced an overall enhancement of morphine analgesia (Gatch et al., 1999).
Additionally, studies in rodents have found that cocaine produces weak antinociceptive effects when
administered alone and potentiates the antinociceptive effects of mu agonists (Misra et al., 1987, Shimada
et al., 1988, Kaupilla and Mercke et al., 1992, Sierra et al., 1992). Administration of the TRI bicifadine
was reported to demonstrate antinociceptive effects in assays of acute nociceptive pain (i.e. hot plate, tail

flick) (Basile et al., 2007) and in assays of acute inflammatory pain (i.e. kaolin-induced arthritis model,
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yeast-inflamed hind paw model, and PPQ-induced abdominal contractions assay. More research is
required to evaluate the analgesic effects of TRIs in different pain states.
In summary, all types of monoamine reuptake inhibitors have demonstrated significant, although

sometimes weak antinociceptive effects in assays of acute, inflammatory and neuropathic pain.

New Approaches to Preclinical Assessment of Pain and Analgesia

The discordance in monoamine reuptake inhibitor efficacy in preclinical models of acute
nociception and clinical studies of acute pain may be related to weaknesses of the procedures used in
preclinical research. Preclinical assays of pain have evolved over the years, but most studies of
monoamine releasers or other drugs have relied solely on assays measuring “pain-stimulated
behaviors,” or behaviors that increase in rate, frequency, or intensity in response to the delivery of a
painful stimulus (Negus et al. 2006, Stevenson et al. 2006). Preclinical assays of pain-stimulated
behaviors include hot plate, tail flick, acetic acid-induced writhing and formalin-induced paw flinching
assays, as well as assays that assess thermal or mechanical hypersensitive withdrawal responses
associated with inflammation or neuropathy. In these assays, antinociception is inferred from a decrease
in pain-stimulated behaviors. However, there are many disadvantages of relying solely on pain-stimulated
behaviors to assess candidate analgesics. First, although clinically effective analgesics (e.g. morphine)
will block pain-stimulated behaviors, expression of these behaviors can also be blocked by drugs that
produce motor impairment rather than a selective decrease in sensitivity to noxious stimuli (resulting in
false-positive evidence for analgesia). More importantly, pain-stimulated behaviors are rarely used
clinically to diagnose pain or assess analgesic efficacy. It is well documented that pain is also associated
with the depression of many behaviors (Von Korff et al., 2005), and there is high co-morbidity between
pain and depression (Bair et al., 2003). Furthermore, the efficacy of monoamine reuptake inhibitors to
treat depression suggests that these compounds may also be effective in treating the pro-depressant effects
of pain. Therefore, we have incorporated more clinically relevant pain assays that measure “pain-

depressed behaviors.” These are behaviors that decrease in rate, frequency, or intensity in response to
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the delivery of a painful stimulus. Some common examples include pain-related decreases in feeding,
locomotion and expression of positively reinforced operant behavior. In these assays, effective analgesics
are expected to increase or restore pain-depressed behaviors back to baseline levels. The addition of pain-
depressed assays is useful when evaluating candidate analgesics, because these dissociate true analgesic
effects from motor depressant effects, and they provide insight into the affective components of pain.
Using these two complementary types of preclinical pain assays ensures that our experimental assessment
of pain and analgesic drug efficacy includes dependent measures similar to those used in veterinary and
human medicine. An optimal profile for an effective analgesic would be a drug that blocks pain-
stimulated behaviors and increases/restores pain-depressed behaviors. The effects of monoamine

releasers have not been examined in preclinical assays of pain-depressed behavior.

Objectives of this Study

The objective of the present study was to evaluate the antinociceptive properties of a variety of
monoamine reuptake inhibitors selective for SERT, NET and DAT in complementary assays of acute
pain-stimulated and pain-depressed behaviors. The rationale for studying acute pain is two-fold. First, this
study focuses on acute pain as the first step in a larger investigation on effects of monoamine reuptake
inhibitors and other drugs on behavioral depression associated with acute and chronic pain states. Further
studies in chronic pain models will be designed in part on the basis of results from these acute pain
studies. Second, the most salient discrepancies between preclinical and clinical research have occurred in
studies of acute pain, for which preclinical studies usually demonstrate significant antinociceptive effects
of monoamine reuptake inhibitors, whereas clinical studies show little or no analgesic efficacy of these
compounds. Acute assays of pain were used to further elucidate this discrepancy in the literature. For this
study, intraperitoneal injection of dilute lactic acid (1.8% in a volume of 1 ml/kg) served as an acute
chemical noxious stimulus, and acid-stimulated stretching and acid-depressed intracranial self-stimulation
(ICSS) were assessed in rats. Abdominal stretching is a commonly used dependent measure of

nociception in assays of pain-stimulated behavior using intraperitoneal administration of acid or other
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chemical irritants as the noxious stimulus (Negus et al., 2006). ICSS, by contrast, is commonly used to
assess changes in motivated behavior and affect in experimental subjects (Carlezon et al., 2007), and it
can also be used to evaluate effects of noxious stimuli and candidate analgesics (Pereira Do Carmo G et
al., 2009, Negus et al., 2010). ICSS promotes high levels of stable responding over time and relies on
brain reward substrates likely to mediate pro-depressant effects of pain. After exposure to an acute
noxious stimulus (1.8% lactic acid), ICSS responding decreases significantly, and acid-induced
depression of ICSS can be blocked by clinically effective analgesics including mu opioid receptor
agonists and NSAIDs (Pereira Do Carmo, et al., 2009, Negus et al., 2012). Based on previous data
evaluating the antinociceptive effects of monoamine reuptake inhibitors in assays of pain-stimulated
behavior (Otsuka et al., 2001, Iyengar et al., 2002, Yokogawa et al., 2002, Pedersen et al., 2005, Bomholt
et al., 2005, Pelissier et al., 2001, Berrocoso et al., 2011), data from cocaine discrimination studies (Cook
etal.,2001), and data evaluating antidepressant efficacy in the forced swim test (Paul et al., 1990), we
hypothesized that acute administration of monoamine reuptake inhibitors would exhibit a range of
antinociceptive effects in assays of acid-stimulated stretching and acid-depressed ICSS. This hypothesis
was tested using drugs that selectively inhibit uptake of serotonin (the SSRI citalopram and TCA
clomipramine), norepinephrine (the SNRI nisoxetine and TCA nortryptiline), dopamine (the SDRIs RTI-
113 and bupropion), both serotonin and norepinephrine (the S+NRI milnacipran) or all three monoamines
(the TRI RTI-112). Specifically, given clinical evidence that pharmacologic or environmental stimulation
of dopaminergic systems appears to be more efficacious than stimulation of serotonergic or noradrenergic
systems for producing analgesia against acute pain, we hypothesized that only the SDRIs RTI-113 and
bupropion and the TRI RTI-112 would block acid-depressed ICSS (See Table 1 below). We also
hypothesized that all monoamine reuptake inhibitors would demonstrate antinociceptive effects in the
assay of acid-stimulated stretching, because reuptake inhibitors of all monoamines have been reported to
produce significant antinociception in preclinical assays of other pain-stimulated behaviors. Some
literature suggests that monoamine reuptake inhibitors require chronic administration to effectively treat

depressive symptoms (Detke et al., 1997). In a separate group of rats, we investigated the effects of
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repeated administration of the SSRI citalopram in pain-depressed ICSS, using a repeated dosing regimen

shown to be effective in the forced swim test of antidepressant-like activity (Carlezon et al., 2006)
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Methods

Subjects

A total of 92 male Sprague-Dawley rats (Harlan, Frederick, MD, USA) weighing 297-334 g at the
time of surgery were used for the studies of lactic acid-induced stretching (n=45) and ICSS (n=47). Rats
were housed individually and were maintained on a 12-h light/dark cycle with lights on from 6:00 a.m. to
6:00 p.m. Rats had free access to food and water except during testing. Animal maintenance and research
were in compliance with National Institutes of Health guidelines on care and use of animal subjects in
research, and all animal use protocols were approved by the Virginia Commonwealth University

Institutional Animal Care and Use Committee.

Intracranial Self-Stimulation (ICSS)
Surgery

All rats were implanted with a bipolar stainless steel electrode (Plastics One, Roanoke, VA, USA)
using stereotaxic surgery. Each bipolar electrode consisted of a cathode (0.25 mm in diameter and
covered with polyamide insulation except at the flattened tip) and an anode (0.125 mm in diameter and
uninsulated). During surgery, rats were anesthetized with isoflurane gas (2.5-3% in oxygen; Webster
Veterinary, Phoenix, AZ, USA). The cathode was implanted in the left medial forebrain bundle at the
level of the lateral hypothalamus (2.8 mm posterior to bregma, 1.7 mm lateral from midsagittal suture,
and 7.8 mm below dura). The anode was wrapped around one of three skull screws to ground the implant,
and the skull screws and electrode were affixed to the skull with orthodontic resin. The animals recovered

for at least seven days post surgery prior to commencing ICSS training.

Apparatus
ICSS experiments were conducted in sound-attenuating boxes that contained modular acrylic test

chambers (29.2 x 30.5 x 24.1 cm) equipped with a response lever (4.5 cm wide, extended 2.0 cm through
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the center of one wall, 3 cm off the floor), stimulus lights (three lights colored red, yellow, and green
positioned 7.6 cm directly above the response lever), a 2-W white house light, and an ICSS stimulator
(Med Associates, St. Albans, VT, USA). Electrodes were connected to the stimulator via a swivel
connector (Model SL2C, Plastics One, Roanoke, VA, USA). The stimulator was controlled by a computer
software program that also controlled all the programming parameters and data collection (Med

Associates, St. Albans, VT, USA).

Behavioral Procedure

After initial shaping of lever-press responding, rats were trained under a continuous
reinforcement schedule of brain stimulation using procedures similar to those described previously
(Negus et al., 2010a; Negus et al., 2010b). During initial training sessions lasting 30 to 60 min, the white
house light was illuminated, and responding produced electrical stimulation under a continuous schedule
of reinforcement. Under this schedule, each lever press resulted in the delivery of a 0.5-s train of square-
wave cathodal pulses (0.1-ms pulse duration) and illumination for 0.5-s of the colored stimulus lights over
the lever. Responses during the 0.5-s stimulation period did not earn additional stimulation. Initially, the
frequency of stimulation was held constant at 126 Hz, and the stimulation intensity for each rat was
adjusted gradually to the lowest value that would sustain a high rate of ICSS (=30 stimulations/min).
Frequency manipulations were then introduced, and the terminal schedule consisted of sequential 10-min
components. During each component, a descending series of 10 current frequencies was presented, with a
60-s trial at each frequency. The frequency range extended from 158-56 Hz in 0.05 log increments. Each
frequency trial began with a 10-s time out, during which the house light was off and responding had no
scheduled consequences. During the last 5 s of this time out, 5 non-contingent stimulations were
delivered once per second at the frequency available during that trial, and the lever lights were
illuminated during each stimulation. This non-contingent stimulation was then followed by a 50-s
“response” period, during which the house light was illuminated, and responding produced electrical

stimulation under the continuous reinforcement schedule described above. Training continued with
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presentation of three sequential components per day, and intensity was again adjusted as necessary until
rats reliably responded for at least three and no more than 6 trials of all components for at least two
consecutive days. In general, rats were trained in groups of 10-14 for each drug. The first six rats to meet
training criteria were then advanced to ICSS testing. As discussed previously (Pereira Do Carmo et al.,
2009; Negus et al., 2010b), the remaining rats from each group were assigned to studies of lactic acid-
induced stretching using methods described below.

Once training was completed, ICSS testing began. A test session consisted of six sequential
components. The first component of each session was considered to be a “warm up” component, and data
from this component were discarded. Data from the second and third components were used to calculate
baseline parameters of frequency-rate curves for that session (see “Data analysis”). After the third
component, rats were taken out of the ICSS chambers, administered drug and placed back into their home
cages. After the designated pretreatment time elapsed, 1.8% lactic acid or its vehicle (bacteriostatic water)
was administered IP in a volume of 1 ml/kg, and rats were immediately placed back into their ICSS
chambers for three test components. This 30 min test session was chosen to match the session length for
stretching studies (see below), and because our previous studies demonstrated that lactic acid produced
sustained decrease in ICSS for up to 90 min (Pereira Do Carmo et al. 2009). Eight different monoamine
reuptake inhibitors were evaluated, and data from the literature on their selectivities for the serotonin
transporter (SERT), dopamine transporter (DAT) and norepinephrine transporter (NET) are shown in
Table 1. Thus, test drugs included the SSRIs citalopram (3.2-32 mg/kg) and clomipramine (3.2-32
mg/kg), the SNRIs nisoxetine (1-10 mg/kg) and nortriptyline (1-10 mg/kg), the SDRIs RTI-113 (0.32-3.2
mg/kg) and bupropion (3.2-32 mg/kg), the S+NRI milnacipran (0.32-3.2 mg/kg), and the TRI RTI-112
(0.1-1 mg/kg). Each monoamine reuptake inhibitor or its vehicle (bacteriostatic water) was administered
30 min (before lactic acid or its vehicle, except for RTI-113 and RTI-112, which were administered 10
min before acid or vehicle. Pretreatment times were based on previously published behavioral studies in
rats (Paul et al., 1990, Cook et al., 2001, Otsuka et al., 2001, Iyengar et al., 2002, Yokogawa et al., 2002,

Pedersen et al., 2005, Bombholt et al., 2005, Pelissier et al., 2001, Berrocoso et al., 2011). Test drug doses
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were delivered in a modified Latin-square order across rats, so that each week, a rat was tested with a
given dose of test drug in combination with lactic acid vehicle on one test day and with 1.8% lactic acid
on another test day. Test sessions were typically conducted on Tuesdays and Fridays, and 30-min training
sessions were conducted on Mondays, Wednesdays, and Thursdays.

Repeated dosing with monoamine reuptake inhibitors is sometimes required to demonstrate
efficacy in preclinical assays of antidepressant-like effects (e.g. the forced-swim test in rats) (Detke et al.,
1997, Vazquez-Palacios et al., 2004, Cryan et al., 2005). Consequently, the SSRI citalopram was also
tested using a dosing regimen of repeated treatment shown to be effective in the modified forced-swim
test of antidepressant-like drug effects (Carlezon et al. 2006). Specifically, at least one week after
completion of acute dosing, rats were tested with three repeated injections of citalopram (10 mg/kg, i.p.)

at 23, 19, and 1 h before receiving acid administration and ICSS testing.

Data analysis

The primary dependent variable was reinforcement rate in stimulations per minute during each
frequency trial. To normalize these data, raw reinforcement rates from each trial were converted to
percent maximum control rate (%MCR), with the MCR defined as the mean of the maximal rates
observed during the second and third “baseline” components for that session. Thus, %MCR values for
each trial were calculated as (response rate during a frequency trial = maximum control rate) x 100. For
each ICSS experiment, data from the second and third baseline components were averaged to yield a
baseline frequency-rate curve, and data from the three test components were averaged to yield a test
frequency-rate curve. Baseline and test curves were then averaged across rats to yield mean baseline and
test curves for each manipulation. For statistical analysis, results were compared by two-way analysis of
variance (ANOVA), with treatment and ICSS frequency as the two factors. A significant ANOVA was
followed by a Holman-Sidak post hoc test, and the criterion for significance was set at p<<0.05.

To provide an additional summary of ICSS performance, the total number of stimulations

obtained at all frequencies was summed for each test component and averaged across the three test
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components of each experimental session in each rat. Data for total stimulations per component were then
expressed as a percentage of the baseline number of stimulations per component in each rat and averaged

across rats.

Assay of lactic acid-stimulated stretching
Behavioral procedure

Test sessions were conducted once per week. Test drugs were administered IP prior to treatment
with 1.8% lactic acid (IP in a volume of 1 ml/kg). Immediately after acid injection, rats were placed into
acrylic test chambers (31.0cm x 20.1cm x 20.0cm) for 30 min observation periods. A stretch was
operationally defined as a contraction of the abdomen followed by extension of the hind limbs, and the
number of stretches during the observation period was counted. Dose effect curves were determined for
citalopram (3.2-32 mg/kg, 30 min pretreatment), clomipramine (3.2-32 mg/kg, 30 min pretreatment),
nisoxetine (0.32-3.2 mg/kg, 30 min pretreatment), nortriptyline (0.32-10 mg/kg, 30 min pretreatment),
RTI-113 (0.32-3.2, 10 min pretreatment), bupropion (3.2-32 mg/kg, 30 min pretreatment), milnacipran
(0.1-3.2 mg/kg, 30 min pretreatment) and RTI-112 (0.032-1 mg/kg, 10 min pretreatment). Test drugs
were delivered in a Latin-square order across rats. Each week, a rat was tested with a given drug dose in
combination with 1.8% lactic acid. At the conclusion of these acute dosing studies, repeated dosing
studies were conducted with citalopram (10 mg/kg) administered 23, 19, and 1 h before acid

administration.

Data Analysis
Test drug effects on lactic acid-stimulated stretching were evaluated by one-way ANOVA. A
significant ANOVA was followed by the Dunnett’s post hoc test, and the criterion for significance was

set at p<0.05.
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Drugs

Lactic acid, citalopram HBr, clomipramine HCI, nisoxetine HCI, nortriptyline HCI and bupropion
HCI were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Milnacipran HCI was purchased
from Tocris Bioscience (Minneapolis, MN, USA). RTI-113 [3[-(4-chlorophenyl) tropane-2f-carboxylic
acid phenyl ester hydrochloride] and RTI-112 [3[3-(3-methyl-4-chlorophenyl) tropane-23-carboxylic acid
methyl ester hydrochloride] were synthesized at Research Triangle Institute and generously provided by

Dr. Ivy Carroll. All solutions were prepared in sterile water for IP injection.
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Results

Effects of monoamine uptake inhibitors in the assay of acid-stimulated stretching

Across all 45 rats used for studies of acid-stimulated stretching, IP administration of 1.8% lactic
acid (1.0 ml/kg) after drug vehicle pretreatments elicited a meantSEM of 21.24 + 1.39 stretches. The
absolute number of stretches elicited by acid alone in each group is shown in the figures (open bars).
Figure 4 shows that all eight monoamine uptake inhibitors produced a dose-dependent decrease in acid-
stimulated stretching. Table 3 shows the lowest dose of each compound to significantly decrease

stretching.

Effects of monoamine uptake inhibitors in the assay of acid-depressed ICSS

Acid-induced depression of ICSS. Figure 5 shows effects of the same noxious stimulus (IP
injection of 1.8% lactic acid) on ICSS. During each test session, a “baseline” frequency-rate curve was
determined before experimental treatments to permit determination of the Maximum Control Rate (MCR)
for that session. Over the course of the entire study, the meantSEM MCR was 54.03+0.57 stimulations
per trial, and MCR values in each group are shown in Table 4. Reinforcement rates during each frequency
trial of a session were then expressed as a percentage of that session’s MCR, and the average frequency-
rate curve for all studies with drug vehicle + acid vehicle is shown in Fig. 5. Maximum reinforcement
rates were usually observed at the highest stimulation frequencies (2.15-2.2 log Hz), and responding
generally decreased in a frequency-dependent manner at lower frequencies. Administration of 1.8% lactic
acid depressed ICSS, producing a rightward shift in the frequency-rate curve. Figure 5 also shows
summary data for the total number of stimulations delivered across all 10 frequencies during each
component. The overall mean+SEM baseline number of stimulations per component for all rats in the
study was 206.13+6.49, and the mean+SEM baseline number of stimulations per component in each

group is shown in Table 4. Total ICSS after treatment with drug vehicle + acid vehicle was nearly
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identical to baseline predrug ICSS, but acid treatment decreased the number of stimulations per
component. This acid-induced depression of ICSS provided a measure of pain-related behavioral

depression, and drugs were evaluated for their ability to block acid-induced depression of ICSS.

Effects of selective serotonin reuptake inhibitors. Figure 6 shows that citalopram and
clomipramine failed to block acid-induced depression of ICSS, and consequently failed to produce
antinociception in this assay. When citalopram was administered as a pretreatment to acid vehicle,
citalopram produced a downward shift in the ICSS frequency-rate curve (Fig. 6A). A low dose of 3.2
mg/kg citalopram had no effect on ICSS. However, 10 and 32 mg/kg citalopram significantly decreased
rates of reinforcement at the two highest frequencies (2.15 and 2.2 log Hz). When citalopram was
administered as a pretreatment to 1.8% lactic acid, it exacerbated acid-induced depression of ICSS (Fig.
6B) with significant effects by 10 and 32 mg/kg citalopram at the two highest frequencies (2.15-2.2 log
Hz). The lowest doses of citalopram and all other drugs to significantly alter ICSS in the absence or
presence of acid treatment are shown in Table 3. Overall, acute citalopram produced a depression of
ICSS whether it was administered before lactic acid vehicle or 1.8% lactic acid (Fig. 6C).

When clomipramine was administered as a pretreatment to acid vehicle, it produced a downward
and rightward shift in the ICSS frequency-rate curve (Fig. 6D). All doses of clomipramine (3.2, 10, and
32 mg/kg) produced significant decrease in ICSS at the highest stimulation frequencies (2.0-2.2 log Hz).
Similarly, when clomipramine was administered as a pretreatment to 1.8% lactic acid, it exacerbated acid-
induced depression of ICSS. Only the highest dose of clomipramine (32 mg/kg) produced significant
decreases in rates of reinforcement at the highest frequency (2.2 log Hz) (Fig. 6E). Overall, acute
clomipramine produced a depression of ICSS whether it was administered before lactic acid vehicle or
1.8% lactic acid (Fig. 6F).

Effect of selective norepinephrine reuptake inhibitors. Figure 7 shows that nisoxetine and
nortriptyline also failed to block acid-induced depression of ICSS. When nisoxetine was administered as a

pretreatment to acid vehicle (Fig. 7A), it produced a rightward shift of the frequency rate curve that was
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significant at all doses tested (1-10 mg/kg) at frequencies ranging from 1.95-2.15 log Hz. As a
pretreatment to acid, nisoxetine further depressed ICSS responding (Figure 7B). Higher doses of 3.2 and
10 mg/kg caused significant decreases in ICSS at frequencies of 2.15-2.2 log Hz. Overall, acute
nisoxetine depressed ICSS responding in the absence or presence of acid (Fig. 7C).

When nortriptyline was administered as a pretreatment to acid vehicle, it produced a downward
and rightward shift in the ICSS frequency rate curve (Fig. 7D). All doses of nortriptyline (1,3.2, 10
mg/kg) produced a significant decrease in rates of reinforcement at frequencies ranging from 1.9-2.2 log
Hz. Similarly, when nortriptyline was administered as a pretreatment to lactic acid, it produced a
downward and rightward shift in the ICSS frequency rate curve (Fig. 7E) with significant decreases at the
lowest and highest doses (1 and 10mg/kg) at a range of high frequencies (2.05-2.2 log Hz). Overall, acute
nortriptyline depressed ICSS responding in the absence or presence of acid (Fig. 7F).

Effect of selective dopamine reuptake inhibitors. Figure 8 shows that, in contrast to the SSRIs
and SNRIs, the SDRIs RTI-113 and bupropion dose-dependently and completely blocked acid-induced
depression of ICSS at or near doses that also facilitated control ICSS in the absence of the noxious acid
stimulus. When administered as a pretreatment to acid vehicle, RTI-113 produced a dose-dependent
leftward shift in the ICSS frequency-rate curve (Fig. 8A). A low dose of 0.32 mg/kg RTI-113 had no
effect on basal ICSS. However, 1 and 3.2 mg/kg RTI-113 dose-dependently increased rates of
reinforcement, with significant effects at the highest dose tested. Similarly, when administered as a
pretreatment to 1.8% lactic acid, RTI-113 increased ICSS responding and ameliorated acid-induced
depression of ICSS (Fig. 8B). Significant increases in ICSS responding were observed after pretreatment
with 1 and 3.2 mg/kg RTI-113. Overall, acute RTI-113 produced non-selective facilitation of ICSS in the
absence or presence of acid (Fig. 8C).

Pretreatment with bupropion also non-selectively increased ICSS responding in the absence (Fig.
8D) or presence of acid (Fig. 8E). High doses of 10 and 32 mg/kg bupropion significantly increased rates

of reinforcement under both conditions, and these effects of bupropion are summarized in Fig. 8F.

32

www.manaraa.com



Overall, acute treatment with either SDRI was sufficient to produce non-selective facilitation of ICSS and
block acid-induced depression of ICSS.

Effect of mixed-action monoamine uptake inhibitors. Figure 9 shows the effect of the S+NRI
milnacipran and the TRI RTI-112 on control and acid-depressed ICSS. Pretreatment with milnacipran did
not affect control ICSS (Fig. 9A). In the presence of lactic acid, milnacipran trended towards a restoration
of acid-depressed ICSS (Fig. 9B), but this effect did not reach statistical significance. Overall, acute
administration of milnacipran trended towards a selective blockade of acid-depressed ICSS, but the effect
did not reach statistical significance (Fig. 9C).

Effects of the TRI RTI-112 were similar to effects of the SDRIs discussed above. When RTI-112
was administered as a pretreatment to acid vehicle, it produced a dose-dependent leftward shift in the
ICSS frequency-rate curve (Fig. 9D). Significant increases in ICSS responding were observed after
pretreatment with all doses of RTI-112 at lower frequencies (1.75-1.95 log Hz). When RTI-112 was
administered as a pretreatment to lactic acid, significant leftward shifts in the frequency-rate curve were
seen only with 0.32 and 1 mg/kg RTI-112 at the lower range of frequencies (1.75-2.05 log Hz) (Fig. 9E).
Overall, all acute doses of RTI-112 were sufficient to produce a facilitation in ICSS responding under
basal conditions, but only the two highest doses of RTI-112 (0.32 and 1 mg/kg) were able to significantly

block acid-induced depression of ICSS (Fig. 9F).

Effects of repeated citalopram in the assay of lactic acid-depressed ICSS. Citalopram was re-
tested using a repeated-dosing regimen shown previously to produce antidepressant effects in a forced-
swim test in rats (Carlezon et al. 2006). As with acute administration, repeated citalopram (10 mg/kg x 3
doses) significantly decreased acid-stimulated stretching. Intraperitoneal administration of 1.8% lactic
acid (1.0 ml/kg) elicited a mean+SEM of 13.17 £ 2.40 and 5.67+2.09 stretches after treatment with
citalopram vehicle and repeated citalopram, respectively, and this effect was significant (t(5)=3.16,

p=0.025). However, when repeated citalopram was administered as a pretreatment to lactic acid in the
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ICSS procedure, it failed to block acid-induced depression of ICSS (Fig.10). Thus, as with acute
citalopram, repeated citalopram produced antinociception in the assay of acid-stimulated stretching but

not in the assay of acid-depressed ICSS.

34

www.manharaa.com




Discussion

The main finding of this study was that all eight monoamine reuptake inhibitors produced an
antinociception-like blockade of acid-stimulated stretching, but only compounds with prominent DA
reuptake inhibition (SDRIs RTI-113 and bupropion and the TRI RTI-112) were able to block acid-
depressed ICSS, although these effects were produced only at doses that also produced an abuse-related
facilitation of control ICSS. Nonetheless, these findings are consistent with clinical findings that SDRIs
or TRIs can relieve affective components of acute pain. Selective or mixed-action inhibitors of 5-HT and
NE failed to block acid-induced depression of ICSS. These results are consistent with poor efficacy of
SSRIs, SNRIs and S+NRIs to treat acute pain in humans. These results suggest that assays of pain-

depressed behavior can provide new insights on analgesia-related effects of monoamine uptake inhibitors.

Effects of Monoamine Reuptake Inhibitors in Acid-Stimulated Stretching

The effects of the monoamine reuptake inhibitors in the present assay of lactic acid-stimulated
stretching are consistent with the effects of these compounds reported previously in other assays
measuring acute pain-stimulated behaviors, including hot plate, tail flick, acid-induced stretching,
formalin, and mechanical allodynia elicited by carageenan, CFA, or peripheral nerve injury (Leventhal et
al., 2007, Rojas-Corrales et al., 2003, Ardid et al., 1992, Pedersen et al., 2005, Yokagawa et al., 2002,
Aoki et al., 2006, Aricioglu et al., 2005, Heughan et al., 2002, Mochizucki et al., 2004, Frussa-Filho et al.,

1996, Basile et al., 2007).

Monoamine Reuptake Inhibitor Effects on Control-ICSS
We investigated the effects of eight monoamine reuptake inhibitors on ICSS, in the presence and

in the absence of a noxious stimulus. In the absence of a noxious stimulus, citalopram and clomipramine
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produced significant decreases in ICSS responding. These findings are consistent with the effects of
SSRIs reported previously in ICSS (Lee et al., 1998, Katz and Carroll et al., 1977) in which acute
fluoxetine administration produced elevations in ICSS reward thresholds and decreases in rates of
responding for ICSS in both mice and rats. Previous investigations examining the interaction of 5-HT on
the mesolimbic DA system employing ICSS have resulted in a complex picture. Acute administration of
fluoxetine (Cazala et al., 1980) and the 5-HT precursor 5-hydroxytryptophan (5-HTP) (Bose et al., 1974),
results in decreases in rates of responding to rewarding brain stimulation, suggesting an inhibitory role for
serotonin. Similarly, Fletcher and colleagues (Fletcher et al., 1995) reported a lowering of ICSS
thresholds after producing an inhibition in 5-HT cell firing via injections of the 5-HT1A agonist 8-OH-
DPAT into the median raphe nucleus. However, other studies using fluoxetine have resulted in no change
(Andreev et al., 1979, Matthews et al., 1996), or increased rates of responding following direct perfusion
of 5-HT into the brains of rats self-stimulating (Redgrave et al., 1976). However, those studies, which
measure the rate of response as the dependent variable, may have confounded results due to the inhibitory
function of 5-HT on locomotor activity and possibly operant responding in rodents (Gerson et al., 1980).
For example, systemic injections of fluoxetine and 5-HTP (E.L. Rodriguez Echandia et al., 1983)
decrease rat locomotor activity and various 5-HT agonists have been shown to attenuate the
hyperlocomotor activity produced by amphetamine (Hollister et al., 1976, Layer et al., 1992). The
differences in results could also be attributed to the time of pretreatment with fluoxetine. The discrepant
results reported by Andreev and colleagues, in which fluoxetine failed to produce changes in rate of
responding in rats, may be due to their procedure of testing the animals 4 h after administration of
fluoxetine. Through microdialysis it has been shown that acute intraperitoneal injections of fluoxetine
significantly increase extracellular levels of serotonin in the nucleus accumbens (Guan et al., 1988) and
the striatum and hippocampus (Kreiss et al., 1995) of rats for approximately 2 hours. Based on these and
other studies (Otsuka et al., 2001, Iyengar et al., 2002, Yokogawa et al., 2002, Pedersen et al., 2005,
Bombholt et al., 2005, Pelissier et al., 2001, Berrocoso et al., 2011), we tested our animals 30 min after

administration of intraperitoneal injections of citalopram and clomipramine for a period of 30 min. Our
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results in conjunction with published literature further support the hypothesis that serotonin produces an
inhibitory effect on the mesolimbic dopaminergic reward system. Furthermore, these results suggest that
the antidepressant effects of fluoxetine are not the direct result of excitation of brain reward systems, at
least in the same manner as abused substances, like cocaine. It is well established that drugs that lower
brain stimulation reward thresholds are highly abused, whereas drugs for which there is no abuse potential
either have no effect or raise the threshold for rewarding brain stimulation (Kornetsky et al., 1990,
Kornetsky et al., 1979). Our findings in rats, as well as self-administration studies of SSRIs in primates
(Howell et al., 1995) strongly suggest that SSRIs do not possess abuse potential similar to other drugs of
abuse such as cocaine (Esposito et al., 1978).

Similarly, the SNRIs, nisoxetine and nortriptyline also produced a depression in both control and
acid-depressed ICSS. To our knowledge, this is the first experiment to evaluate nisoxetine and
nortriptyline in ICSS. In our study, SNRI-induced depression of control ICSS is consistent with findings
from other labs assessing the abuse liability of SNRIs. In primates, nisoxetine failed to maintain self-
administration responding (Woolverton et al., 1987), and therefore, did not function as a reinforcer.
Additionally, a drug discrimination study reported that DAT inhibitors did not substitute for nisoxetine,
when nisoxetine was trained as the discriminative stimulus (Dekeyne et al., 2001), implying that the
internal state induced by DA reuptake inhibitors was not similar to the internal state elicited by
nisoxetine. However, nisoxetine has been shown to substitute for d-amphetamine in mice, pigeons and
rhesus monkeys trained to discriminate d-amphetamine (Snoddy et al., 1983, Woolverton et al., 1984).
The failure of DAT inhibitors to generalize to nisoxetine demonstrates that nisoxetine does not have a DA
component. However, nisoxetine substituting for d-amphetamine suggests that d-amphetamine has a NE
component. Overall, our study and others suggest that SNRIs may have little or no abuse potential.

The SDRIs, RTI-113 and bupropion, as well as the TRI, RTI-112 demonstrated a non-selective
facilitation in ICSS responding, with or without the presence of a noxious stimulus. Existing evidence
suggests that DA reuptake inhibitors and cocaine produce an abuse-related facilitation of basal ICSS

(Kling-Petersen et al., 1994, Tomasiewicz et al., 2008). A strong positive correlation exists between
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elevated levels of dopamine and enhanced central reward mechanisms of the mesolimbic dopamine
system that originates in cells of the ventral tegmental area and project to the nucleus accumbens (Koob et
al., 1992, Kornetsky et al., 1979). Therefore, our results are consistent with previous literature, and further
support the high abuse liability of SDRIs.

The S+NRI milnacipran did not affect control ICSS in our study. In another study, venlafaxine
administration failed to produce conditioned place preference in rats (Tzschentke et al., 2006), which is
consistent with the lack of effect of milnacipran in control ICSS. Studies have also demonstrated that
chronic, but not acute treatment with the tricyclic antidepressant desipramine increased rates of
responding (Fibiger et al., 1981) and lowered thresholds for rewarding brain stimulation in rats (Valentino
etal., 1991). Additionally, tricyclic antidepressants selective for NET/SERT, such as desipramine and

imipramine produce minimal reinforcement in monkey self-administration studies (Gasior et al., 2005).

Effects of monoamine reuptake inhibitors in acid-depressed ICSS

These are the first studies to examine effects of monoamine reuptake inhibitors in assays of pain-
depressed behavior. SSRIs, SNRIs and S+NRI failed to produce antinociception in the assay of acid-
depressed ICSS at doses that did produce antinociception in the assay of acid-stimulated stretching.
Rather, in both assays, these drugs produced a decrease in behavior. Moreover, these drugs also
decreased control ICSS in the absence of a noxious stimulus. These findings suggest that acute
administration of SSRIs, SNRIs and S+NRIs produce relatively non-selective depression of all behavior
rather than a selective blockade of sensory sensitivity to noxious stimuli. Conversely, SDRIs and TRIs
blocked both acid-stimulated stretching and acid-induced depression of ICSS, suggesting that blockade of
dopamine reuptake may be able to block sensory detection of noxious stimuli. These findings are
consistent with previous evidence that cocaine and amphetamine produce analgesia in animals and
humans (Franklin et al., 1999, Yang et al., 1982). Part of the analgesic effect of cocaine can be attributed
to blockade of sensory nerves, since cocaine can act as a local anesthetic (Bahar et al., 1984), which may

also explain the analgesic effects of RTI-112 in our study. Reward system activation may offer an
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alternative explanation for the present antinociceptive results with SDRIs and TRIs. The relationship
between reward processing and pain relief is supported by prior research showing analgesic benefits from
pharmacological manipulation of key reward systems (Altier et al., 1998, Taylor et al., 2003, Wood et al.,
2006). In fact, a recent clinical study reported that when patients viewed pictures of romantic partners
(causing activation of mesolimbic DA brain areas), they experienced reductions in acute pain (Younger et
al., 2010). However, doses of SDRIs that blocked pain-related behaviors also produced an abuse-related
facilitation of control ICSS in the absence of the noxious stimulus, suggesting that use of these SDRIs to
treat pain would be complicated by abuse liability.

These results support clinical evidence for efficacy of DAT inhibitors to alleviate the pro-
depressant effects of pain. In general, deployment of SDRIs as analgesics has been limited in part by high
abuse liability. However, it may be possible to develop novel dopamine reuptake inhibitors that retain
analgesic effects but have reduced abuse liability. For example, bicifadine is a TRI with slightly greater
potency to block reuptake of 5-HT and NE than DA. This drug produced antinociception in many
preclinical assays of pain-stimulated behavior (Basile et al., 2007), but in preclinical assays of abuse
liability, it produced weaker abuse-related effects than some other TRIs (e.g. cocaine) with more
prominent DA reuptake effects (Nicholson et al., 2009). This is consistent with other literature
suggesting that blockade of serotonergic reuptake can oppose and limit abuse-related effects of DA
reuptake inhibitors and releasers (Howell et al., 2007, Czoty et al., 2002). Future studies will be required
to assess the degree to which proportion of DA vs. other monoamine effects might influence efficacy to
produce antinociception in assays of pain-depressed behavior vs. abuse-related effects.

The present results agree with the low clinical utility of 5-HT/NE compounds for treatment of
acute pain. These compounds may be more useful for treatment of depressant effects of chronic pain, and
results from this study will provide a basis for design and interpretation of future studies on chronic pain.
From a drug development viewpoint, the best pharmacotherapeutic profile for a single effective
monoamine reuptake inhibitor in the treatment of acute pain is an SDRI (or TRI) that retains analgesic

effects but is associated with a reduced abuse liability. Bicifadine seems to fit this profile well. For
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example, bicifadine was associated with weaker stimulus cues, lower rates of motor activation, and lower
rates of self-administration compared to well-known psychostimulants, cocaine and d-amphetamine, and
the NET/DAT inhibitor, bupropion in monkeys (Nicholson et al., 2009). This study also demonstrated
through rat microdialysis that bicifadine-induced elevations in accumbens DA levels were consistently
lower than either bupropion or d-amphetamine. This low efficacy of bicifadine in elevating accumbens
DA suggests its weak reinforcing properties are due to the low potency of bicifadine as a [’H]DA uptake
inhibitor relative to its ability to inhibit [*H]NE and [*H]5-HT uptake (Basile et al., 2007). Moreover,
coadministration of drugs that increase 5-HT levels decrease the reinforcing efficacy of cocaine and other
psychomotor stimulants (Wee et al., 2005, Howell et al., 2007), possibly because of 5-HT-induced
decreases in DA release in the nucleus accumbens and striatum (Czoty et al., 2002, Fink et al., 2007).
Thus, future analgesic drug development should target other novel triple reuptake inhibitors that have
greater potency in blocking 5-HT uptake than DA uptake to minimize abuse potential in pain patients, yet

retain analgesic effects.

Future directions

In future studies, we propose to study drug effects in preclinical assays of chronic, pain-related
depression of behavior. We are not sure yet if we can produce chronic behavioral depression with
conventional assays of chronic inflammatory pain (e.g. models of arthritis) or chronic neuropathic pain
(e.g. nerve injury models like SNL or CCI). These assays are under development in our lab. We also
propose to re-evaluate the effects of the SDRI, RTI-113, in a pain-depressed feeding assay, in an attempt
to tease apart true antinociceptive effects from a non-selective facilitation in behavior. We predict that
under control conditions, RTI-113 will not affect feeding in rats. However, under lactic acid conditions,
RTI-113 will produce a selective restoration of pain-depressed feeding only. Finally, we plan to evaluate
bicifadine in addition to RTI-112, in acid-stimulated stretching and acid-depressed ICSS because its

potencies at SERT, NET and DAT are more reflective of a true triple reuptake inhibitor.
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Table 1

Drug/ Class

Selectivity (Rat brain tissue)

Selective serotonin reuptake inhibitors (SSRIs)

Citalopram SERT>> NET 2 DAT"
Fluvoxamine SERT>> NET > DAT®
Sertraline SERT>> DAT = NET*
Fluoxetine SERT> NET 2 DAT"
repinephrine R ke Inhibitors (SNRI
Nisoxetine NET >> SERT 2 DAT®
Reboxetine NET> SERT > DAT¢
C ine R ke Inhibi (SDRIs)
RTI-113 DAT > NET = SERT'
Bupropion DAT = NET = SERT*
: in-N inephrine R ke Inhibi (S+NRIS)
Milnacipran SERT = NET>> DAT"
Venlafaxine SERT 2 NET = DAT®
Duloxetine SERT 2 NET'
Triple R ke Inhibi (TRIs)
RTI-112 NET= DAT = SERT
Bicifadine NET 2 SERT = DAT/
Cocaine DAT= SERT > NET®
Tricyclic Antidepressants (TCAs)
Clomipramine SERT> NET> DATY
Imipramine SERT= NET >> DAT®
Amitriptyline NET= SERT>> DAT®
Desipramine NET> SERT> DAT®
Nortriptyline NET> SERT >> DAT®

a (Sanchez Cet al., 1999) b (Owens MJ et al., 1997) ¢ (Rothman RB et al., 2001) d (Millan MJ et al., 2001) e (Davids E et al., 2002)

f (Kuhar et al., 1999) g (Carrol Fl et al., 1995) h (Mochizuki et al., 2002) | (Beique JC et al., 1998) | (Basile et al., 2007)

* Inhibition assay using recombinant human transporter
2 potency difference is 0-10 fold

> potency difference is 10-100 fold

>> potency difference is more than 100-fold
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Table 2 Acute thermal Acute chemical Inflammatory Neuropathic

Acid/PPQ Formalin Carrageenan CFA SNL CCl
Hot plate Tail Flick | stretching (2" phase lick/flinch) (mechanical allodynia) (mechanical allodynia)

SSRIs n 8 +P +2 £

- Citalopram

- Fluvoxamine + +d i

- Sertraline i 4 4N

- Fluoxetine b b 4K h 4m 4 g

SNRIs +b +b A
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a (Bomholt et al., 2005) b (Hall et al., 2011) c (Rojas-Corrales et al., 2003) d (Mochizucki et al., 2004) e (lyengar et al., 2004)

f (Garcia et al., 2010) g (Sung et al., 2004) h (Jones et al., 2006) i (Otsuka et al., 2001) j (Aoki et al., 2006) k (Singh et al., 2001)
| (Basile et al., 2007) m (Boyce-Rustay et al., 2010) n (Matson et al., 2007) o (Mico et al., 2011) p (Ardid et al., 1992)

g (Schreiber et al., 2009) r (Leventhal et al., 2007) s (Pedersen et al.4ZB05) t (Fasmer et al., 1989) u (Yokogawa et al., 2002)

v (Lin et al., 1989)
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Table 3. Lowest dose of each compound to produce a significant change in acid-stimulated stretching, control ICSS in
the absence of the acid noxious stimulus, or acid-depressed ICSS. The valence of effect is also shown, with downward
arrows to indicate a decrease in stretching or ICSS (i) or upward arrows to indicate an increase in ICSS (h).

Acid-Stimulated Control ICSS Acid-Depressed ICSS

Stretching
Citalopram 321 104 10
Clomipramine 104 324 324
Nisoxetine 0321 104 324
Nortriptyline 324 104 104
RTI-113 324 3217 1.01
Bupropion 104 101 1017
Milnacipran 104 >3.2 >3.2
RTI-112 0.032 1 011 03217
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Table 4. Mean+SEM maximum control response rates (MCR) and total stimulations per component for
rats used to test each monoamine reuptake inhibitor.

Group Average Group Average

Maximum Control Total Stimulations

Rate (MCR) Per Component
Citalopram 49.63+ 5.69 161.40+£24.38
Clomipramine 53.43+4.61 138.35+£39.03
Nisoxetine 54.58+2.92 158.584+26.28
Nortriptyline 48.84+3.89 157.48+25.86
RTI-113 56.10+4.25 271.72+62.74
Bupropion 54.23+4.18 212.62+30.95
Milnacipran 61.03+4.99 224.394+36.44
RTI-112 55.97+4.32 320.99+23.36

44

www.manaraa.com



Figure 1
ACC

Thalamus

Midbrain

............................................................
................................

Pons

Medulla

45

www.manharaa.com



Figure 2A
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Figure 2B
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Figure 3A
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Figure 3C
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Figure 4
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Figure 4. Effects of monoamine reuptake inhibitors in the assay of acid-stimulated stretching.
Abscissae: Dose in mg/kg. Ordinates: Number of acid-stimulated stretches. All bars show mean data
from 5-6 rats. Error bars show SEM data. Asterisks (*) indicate a significant difference from vehicle
treatment (Dunnett’s post hoc test; p<0.05). All monoamine uptake inhibitors decreased acid-
stimulated stretching. ANOVA results are as follows. (A) Citalopram [F (3,15)= 9.973, p=0.0007], (B)
Clomipramine [F (3,15)= 10.60, p=0.0005], (C) Nisoxetine [F (3,12)= 28.50, p<0.0001], (D) Nortriptyline [F
(4,20)=6.301, p=0.0019], (E) RTI-113 [F (3,15)= 7.938, p=0.0021], (F) Bupropion [F (3,15)= 13.93,
p=0.0001], (G) Milnacipran [F (4,12)= 4.071, p=0.0260], (H) RTI-112 [F (4,20)= 7.589, p=0.0007].
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Figure 5
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Figure 5. Acid-induced depression of ICSS. Left panel (A) compares effects of pretreatment with Vehicle
+ Vehicle and Vehicle + 1.8% lactic acid on full frequency-rate curves. Abscissa: Frequency of electrical
brain stimulation in log Hz. Ordinate: Percent maximum control response rate (%MCR). Filled symbols
indicate a significant difference from Veh-Veh (Holm-Sidak post hoc test, p<0.05). Right panel (B) shows
summary data for lactic acid effects on the total number of stimulations per component Abscissa:
Concentration of lactic acid. Ordinate: Percent baseline number of stimulations per component. The
downward arrow indicates that lactic acid produced a significant decrease in ICSS at one or more
frequencies in the full frequency-rate curve. Statistical results for two-way ANOVA of full frequency-rate
curves are as follows: (A) Significant main effect of frequency [F(9,414)= 238.257, p<0.001] and
treatment [F(1,46)= 224.646, p<0.001]; the interaction was also significant [F(9,414)=16.634, p<0.001].
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Figure 6
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Figure 6. Effects of citalopram (A-C) and clomipramine (D-F) on control and acid-depressed ICSS. Left
and center panels show drug effects on full frequency-rate curves when drugs were administered as a
pretreatment to vehicle (Left panels A, D) or 1.8% lactic acid (center panels B, E). Abscissae: Frequency
of electrical brain stimulation in log Hz. Ordinates: Percent maximum control response rate (%MCR).
Filled symbols indicate a significant difference from Veh-Veh (A, D) or Veh-LA (B, E) (Holm-Sidak post hoc
test, p<0.05). Right panels (C,F) show summary data for drug effects on the total number of stimulations
per component when drugs were administered as a pretreatment to vehicle (open bars) or acid (filled
bars). Abscissae: Dose of drug in mg/kg. Ordinate: Percent baseline number of stimulations per
component. Upward/downward arrows indicate that the drug dose produced a significant
increase/decrease in ICSS at one or more frequencies in the full frequency-rate curve. Statistical results
for two-way ANOVA of full frequency-rate curves are as follows: (A) Significant main effect of frequency
[F(9,36)=60.71, p<0.001] and dose [F(3,12)=3.49, p=0.050], but the interaction was not significant
[F(27,108)=1.57, p=0.054]. (B) Significant main effect of frequency [F(9,36)=40.84, p<0.001] but not dose
[F(3,12)=0.7, p=0.573]; the interaction was significant [F(27,108)=1.64, p=0.040]. (D) Significant main
effect of frequency [F(9,45)=17.94, p<.001] and dose [F(3,15)=4.33, p=0.022], but the interaction was
not significant [F(27,135)=1.51, p=0.065]. (E) Significant main effect of frequency [F(9,45)=17.23,
p<0.001] but not of dose [F(3,15)=1.96, p=0.164]; the interaction was significant [F(27,135)=2.04,
p=0.004].
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Figure 7
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Figure 7. Effects of nisoxetine (A-C) and nortriptyline (D-F) on control and acid-depressed ICSS. Left
and center panels show drug effects on full frequency-rate curves when drugs were administered as a
pretreatment to vehicle (Left panels A, D) or 1.8% lactic acid (center panels B, E). Abscissae: Frequency
of electrical brain stimulation in log Hz. Ordinates: Percent maximum control response rate (%MCR).
Filled symbols indicate a significant difference from Veh-Veh (A, D) or Veh-LA (B, E) (Holm-Sidak post hoc
test, p<0.05). Right panels (C,F) show summary data for drug effects on the total number of stimulations
per component when drugs were administered as a pretreatment to vehicle (open bars) or acid (filled
bars). Abscissae: Dose of drug in mg/kg. Ordinate: Percent baseline number of stimulations per
component. Upward/downward arrows indicate that the drug dose produced a significant
increase/decrease in ICSS at one or more frequencies in the full frequency-rate curve. Statistical results
for two-way ANOVA of full frequency-rate curves are as follows: (A) Significant main effect of frequency
[F(9,45)=21.3, p<0.001] and dose [F(3,15)=10.18, p<0.001]; the interaction was not significant
[F(27,135)=0.68, p=0.875]. (B) Significant main effects of frequency [F(9,45)=26.94, p<0.001] but not
dose [F(3,15)=2.25, p=0.124]; the interaction was significant [F(27,135)=2.07, p=0.003. (D) Significant
main effect of frequency [F(9,45)=51.82, p<0.001] and dose [F(3,15)=9.58, p<0.001]; the interaction was
significant [F(27,135)=3.27, p<0.001]. (E) Significant main effect of frequency [F(9,45)=87.57,p<0.001]
and dose [F(3,15)=5.79, p=0.008]; the interaction was significant [F(27,135)=4.48, p<0.001].
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Figure 8
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Figure 8. Effects of RTI-113 (A-C) and bupropion (D-F) on control and acid-depressed ICSS.

Left and center panels show drug effects on full frequency-rate curves when drugs were administered as
a pretreatment to vehicle (Left panels A, D) or 1.8% lactic acid (center panels B, E). Abscissae: Frequency
of electrical brain stimulation in log Hz. Ordinates: Percent maximum control response rate (%MCR).
Filled symbols indicate a significant difference from Veh-Veh (A, D) or Veh-LA (B, E) (Holm-Sidak post hoc
test, p<0.05). Right panels (C,F) show summary data for drug effects on the total number of stimulations
per component when drugs were administered as a pretreatment to vehicle (open bars) or acid (filled
bars). Abscissae: Dose of drug in mg/kg. Ordinate: Percent baseline number of stimulations per
component. Upward/downward arrows indicate that the drug dose produced a significant
increase/decrease in ICSS at one or more frequencies in the full frequency-rate curve. Statistical results
for two-way ANOVA of full frequency-rate curves are as follows: (A) Significant main effect of frequency
[F(9,45)=14.35, p<0.001] and dose [F(3,15)=5.27, p=0.011]; the interaction was significant
[F(27,135)=2.27, p=0.001]. (B) Significant main effects of frequency [F(9,45)=16.99, p<0.001] and dose
[F(3,15)=10.42, p<0.001]; the interaction was not significant [F(27,135)=0.69, p=0.0871]. (D)
Significant main effect of frequency [F(9,63)=47.70, p<0.001] and dose [F(3,21)=23.04, p<0.001]; the
interaction was significant [F(27,189)=4.9, p<0.001]. (E) Significant main effect of frequency
[F(9,63)=54.97,p<0.001] and dose [F(3,21)=11.12, p<0.001]; the interaction was significant
[F(27,189)=2.63, p<0.001].
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Figure 9
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Figure 9. Effects of milnacipran (A-C) and RTI-112 (D-F) on control and acid-depressed ICSS.

Left and center panels show drug effects on full frequency-rate curves when drugs were administered as
a pretreatment to vehicle (Left panels A, D) or 1.8% lactic acid (center panels B, E). Abscissae: Frequency
of electrical brain stimulation in log Hz. Ordinates: Percent maximum control response rate (%MCR).
Filled symbols indicate a significant difference from Veh-Veh (A, D) or Veh-LA (B, E) (Holm-Sidak post hoc
test, p<0.05). Right panels (C,F) show summary data for drug effects on the total number of stimulations
per component when drugs were administered as a pretreatment to vehicle (open bars) or acid (filled
bars). Abscissae: Dose of drug in mg/kg. Ordinate: Percent baseline number of stimulations per
component. Upward/downward arrows indicate that the drug dose produced a significant
increase/decrease in ICSS at one or more frequencies in the full frequency-rate curve. Statistical results
for two-way ANOVA of full frequency-rate curves are as follows: (A) Significant main effect of frequency
[F(9,27)=32.231, p<0.001], but not of dose [F(3,9)=0.00693, p=0.999]; the interaction was not significant
[F(27,81)=0.693, p=0.858]. (B) Significant main effect of frequency [F(9,27)=29.911, p<0.001] but not of
dose [F(3,9)=1.436, p=0.296]; the interaction was not significant [F(27,81)=0.829, p=0.702]. (D)
Significant main effect of frequency [F(9,45)=27.022, p<0.001] and dose [F(3,15)=5.403, p=0.010]; the
interaction was significant [F(27,135)=11.075, p<0.001]. (E) Significant main effect of frequency
[F(9,45)=36.328, p<0.001] and dose [F(3,15)=12.033, p<0.001]; the interaction was significant
[F(27,135)=7.585, p<0.001].
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Figure 10

100

75

50

%MCR

25

-O- Veh-Veh
-5 Veh-18LA
43 Repeated 10 mg/kg CIT

1.8 1 :9 2:0 21
Frequency (Log Hz)

% Baseline Stimulations

125+

100~

754

50+

254

Veh + Veh Veh + 1.8LA Repeated 10 mg/kg CIT

Figure 10. Effects of repeated administration of citalopram. Left panel (A) compares effects of
pretreatment with Veh + Veh, Veh+ LA and repeated CIT + LA on full frequency-rate curves. Abscissa:
Frequency of electrical brain stimulation in log Hz. Ordinate: Percent maximum control response rate
(%MCR). Filled black symbol indicates a significant difference from Veh-Veh (Holm-Sidak post hoc test,
p<0.05). Right panel (B) shows summary data for the same treatments on the total number of
stimulations per component. Abscissa: Treatment. Ordinate: Percent baseline number of stimulations
per component. Downward arrows indicate a significant decrease in ICSS at one or more frequencies in
the full frequency-rate curve relative to Veh+Veh.

57

www.manaraa.com



References

Efficay and safety of bicifadine in the treatment of chronic low back pain

Long-term safety study of bicifadine for the treatment of chronic low back pain

(1998) New directions in pain research

(2011) Pain Management: A Global Strategic Business Report

(2011) TASP Taxonomy. IASP Press

Abdi S, Lee DH, Chung JM (1998) The anti-allodynic effects of amitriptyline, gabapentin, and lidocaine in a rat
model of neuropathic pain. Anesth Analg 87: 1360-6

Altier N, Stewart J (1998) Dopamine receptor antagonists in the nucleus accumbens attenuate analgesia induced
by ventral tegmental area substance P or morphine and by nucleus accumbens amphetamine. J Pharmacol
Exp Ther 285: 208-15

Andreev BV (1979) Effect of choline and serotonergic substances on self-stimulation in rats. Zhurnal Vysshei
Nervnoi Deiatelnosti Imeni IP Pavlova 29: 353-357

Aoki M, Tsuji M, Takeda H, Harada Y, Nohara J, Matsumiya T, Chiba H (2006) Antidepressants enhance the
antinociceptive effects of carbamazepine in the acetic acid-induced writhing test in mice. Eur J Pharmacol
550: 78-83

Ardid D, Marty H, Fialip J, Privat AM, Eschalier A, Lavarenne J (1992) Comparative effects of different uptake
inhibitor antidepressants in two pain tests in mice. Fundam Clin Pharmacol 6: 75-82

Argoff C (2011) Mechanisms of pain transmission and pharmacologic management. Curr Med Res Opin 27:
2019-31

Aricioglu F, Buldanlioglu U, Salanturoglu G, Ozyalcin NS (2005) Evaluation of antinociceptive and anti-
inflammatory effects of venlafaxine in the rat. Agri 17: 41-6

Arnold LM, Rosen A, Pritchett YL, D'Souza DN, Goldstein DJ, Iyengar S, Wernicke JF (2005) A randomized,
double-blind, placebo-controlled trial of duloxetine in the treatment of women with fibromyalgia with or
without major depressive disorder. Pain 119: 5-15

Attal N, Guirimand F, Brasseur L, Gaude V, Chauvin M, Bouhassira D (2002) Effects of IV morphine in central
pain: a randomized placebo-controlled study. Neurology 58: 554-63

Bahar M, Nunn JF, Rosen M, Flecknell P (1984) Differential sensory and motor blockade after spinal cocaine in
the rat and marmoset. Eur J Anaesthesiol 1: 31-6

Bair MJ, Robinson RL, Katon W, Kroenke K (2003) Depression and pain comorbidity: a literature review. Arch
Intern Med 163: 2433-45

Baldessarini RJ (2001) Drugs and the treatment of psychiatric disorders: depression and anxiety disorders.
McGraw-Hill, McGraw-Hill

Barasi S, Duggal KN (1985) The effect of local and systemic application of dopaminergic agents on tail flick
latency in the rat. Eur J Pharmacol 117: 287-94

Bardin L, Gregoire S, Aliaga M, Malfetes N, Vitton O, Ladure P, Newman-Tancredi A, Depoortere R (2010)
Comparison of milnacipran, duloxetine and pregabalin in the formalin pain test and in a model of stress-
induced ultrasonic vocalizations in rats. Neurosci Res 66: 135-40

Basbaum Al, Fields HL (1984) Endogenous pain control systems: brainstem spinal pathways and endorphin
circuitry. Annu Rev Neurosci 7: 309-38

Basile AS, Janowsky A, Golembiowska K, Kowalska M, Tam E, Benveniste M, Popik P, Nikiforuk A, Krawczyk
M, Nowak G, Krieter PA, Lippa AS, Skolnick P, Koustova E (2007) Characterization of the
antinociceptive actions of bicifadine in models of acute, persistent, and chronic pain. J Pharmacol Exp
Ther 321: 1208-25

Beique JC, Lavoie N, de Montigny C, Debonnel G (1998) Affinities of venlafaxine and various reuptake
inhibitors for the serotonin and norepinephrine transporters. Eur J Pharmacol 349: 129-32

Berrocoso E, Mico JA, Vitton O, Ladure P, Newman-Tancredi A, Depoortere R, Bardin L (2011) Evaluation of
milnacipran, in comparison with amitriptyline, on cold and mechanical allodynia in a rat model of
neuropathic pain. Eur J Pharmacol 655: 46-51

Bianchi M, Rossoni G, Sacerdote P, Panerai AE, Berti F (1995) Effects of chlomipramine and fluoxetine on

58

www.manaraa.com



subcutaneous carrageenin-induced inflammation in the rat. Inflamm Res 44: 466-9

Bombholt SF, Mikkelsen JD, Blackburn-Munro G (2005) Antinociceptive effects of the antidepressants
amitriptyline, duloxetine, mirtazapine and citalopram in animal models of acute, persistent and
neuropathic pain. Neuropharmacology 48: 252-63

Bose S, Bailey PT, Thoa NB, Pradhan SN (1974) Effects of 5-hydroxytryptophane on self-stimulation in rats.
Psychopharmacologia 36: 255-62

Bowsher D (1997) The effects of pre-emptive treatment of postherpetic neuralgia with amitriptyline: a
randomized, double-blind, placebo-controlled trial. J Pain Symptom Manage 13: 327-31

Boyce-Rustay JM, Zhong C, Kohnken R, Baker SJ, Simler GH, Wensink EJ, Decker MW, Honore P (2010)
Comparison of mechanical allodynia and the affective component of inflammatory pain in rats.
Neuropharmacology 58: 537-43

Breitbart W, Rosenfeld B, Kaim M, Funesti-Esch J (2001) A randomized, double-blind, placebo-controlled trial
of psychostimulants for the treatment of fatigue in ambulatory patients with human immunodeficiency
virus disease. Arch Intern Med 161: 411-20

Bruera E (1989) Use of methylphenidate as an adjuvant to narcotic analgesics in patients with advanced cancer. J
Pain Symptom Manage 4: 3-6

Bruera E, Chadwick S, Brenneis C, Hanson J, MacDonald RN (1987) Methylphenidate associated with narcotics
for the treatment of cancer pain. Cancer Treat Rep 71: 67-70

Bryson HM, Wilde MI (1996) Amitriptyline. A review of its pharmacological properties and therapeutic use in
chronic pain states. Drugs Aging 8: 459-76

Cantello R, Aguggia M, Gilli M, Delsedime M, Riccio A, Rainero I, Mutani R (1988) Analgesic action of
methylphenidate on parkinsonian sensory symptoms. Mechanisms and pathophysiological implications.
Arch Neurol 45: 973-6

Carlezon WA, Jr., Beguin C, DiNieri JA, Baumann MH, Richards MR, Todtenkopf MS, Rothman RB, Ma Z, Lee
DY, Cohen BM (2006) Depressive-like effects of the kappa-opioid receptor agonist salvinorin A on
behavior and neurochemistry in rats. J Pharmacol Exp Ther 316: 440-7

Carlezon WA, Jr., Chartoff EH (2007) Intracranial self-stimulation (ICSS) in rodents to study the neurobiology of
motivation. Nat Protoc 2: 2987-95

Carroll FI, Kotian P, Dehghani A, Gray JL, Kuzemko MA, Parham KA, Abraham P, Lewin AH, Boja JW, Kuhar
MJ (1995) Cocaine and 3 beta-(4'-substituted phenyl)tropane-2 beta-carboxylic acid ester and amide
analogues. New high-affinity and selective compounds for the dopamine transporter. ] Med Chem 38:
379-88

Cazala P (1980) Effects of Lilly 110140 (flouxetine) on self-stimulation behavior in the dorsal and ventral regions
of the lateral hypothalamus in the mouse. Psychopharmacology (Berl) 71: 143-6

Check JH, Amadi C, Kaplan H, Katsoff D (2006) The treatment of idiopathic edema, a cause of chronic pelvic
pain in women: effectively controlled chronic refractory urticaria--case reports. Clin Exp Obstet Gynecol
33:183-4

Check JH, Katsoff B, Citerone T, Bonnes E (2005) A novel highly effective treatment of interstitial cystitis
causing chronic pelvic pain of bladder origin: case reports. Clin Exp Obstet Gynecol 32: 247-9

Check JH, Wilson C (2007) Dramatic relief of chronic pelvic pain with treatment with sympathomimetic amines--
case report. Clin Exp Obstet Gynecol 34: 55-6

Chou R, Huffman LH (2007) Medications for acute and chronic low back pain: a review of the evidence for an
American Pain Society/American College of Physicians clinical practice guideline. Ann Intern Med 147:
505-14

Cook CD, Carroll IF, Beardsley PM (2001) Cocaine-like discriminative stimulus effects of novel cocaine and 3-
phenyltropane analogs in the rat. Psychopharmacology (Berl) 159: 58-63

Coquoz D, Porchet HC, Dayer P (1993) Central analgesic effects of desipramine, fluvoxamine, and moclobemide
after single oral dosing: a study in healthy volunteers. Clin Pharmacol Ther 54: 339-44

Cryan JF, Page ME, Lucki I (2005) Differential behavioral effects of the antidepressants reboxetine, fluoxetine,
and moclobemide in a modified forced swim test following chronic treatment. Psychopharmacology
(Berl) 182: 335-44

59

www.manaraa.com



Czoty PW, Ginsburg BC, Howell LL (2002) Serotonergic attenuation of the reinforcing and neurochemical
effects of cocaine in squirrel monkeys. J Pharmacol Exp Ther 300: 831-7

Davids E, Zhang K, Kula NS, Tarazi FI, Baldessarini RJ (2002) Effects of norepinephrine and serotonin
transporter inhibitors on hyperactivity induced by neonatal 6-hydroxydopamine lesioning in rats. J
Pharmacol Exp Ther 301: 1097-102

Depoortere R, Meleine M, Bardin L, Aliaga M, Muller E, Ardid D, Newman-Tancredi A (2011) Milnacipran is
active in models of irritable bowel syndrome and abdominal visceral pain in rodents. Eur J Pharmacol
672: 83-7

Detke MJ, Johnson J, Lucki I (1997) Acute and chronic antidepressant drug treatment in the rat forced swimming
test model of depression. Exp Clin Psychopharmacol 5: 107-12

Dirksen R, Van Diejen D, Van Luijtelaar EL, Booij LH (1994) Site- and test-dependent antinociceptive efficacy
of amitriptyline in rats. Pharmacol Biochem Behav 47: 21-6

Dirksen R, Van Luijtelaar EL, Van Rijn CM (1998) Selective serotonin reuptake inhibitors may enhance
responses to noxious stimulation. Pharmacol Biochem Behav 60: 719-25

Djaldetti R, Yust-Katz S, Kolianov V, Melamed E, Dabby R (2007) The effect of duloxetine on primary pain
symptoms in Parkinson disease. Clin Neuropharmacol 30: 201-5

Dodson ME, Fryer JM (1980) Postoperative effects of methylphenidate. Br J Anaesth 52: 1265-70

Dworkin RH, Gitlin MJ (1991) Clinical aspects of depression in chronic pain patients. Clin J Pain 7: 79-94

E.L.Rodriguez Echandia STB, M.R. Foscolo (1983) Effects of the chronic ingestion of therapeutic doses of
chlorimipramine on the behavioral action of agonists and antagonists of serotonin in male rats. Pharmacol
Biochem Behav 19: 193-197

Eisenach JC, Gebhart GF (1995) Intrathecal amitriptyline acts as an N-methyl-D-aspartate receptor antagonist in
the presence of inflammatory hyperalgesia in rats. Anesthesiology 83: 1046-54

Emmanuel NP, Lydiard RB, Crawford M (1997) Treatment of irritable bowel syndrome with fluvoxamine. Am J
Psychiatry 154: 711-2

Enggaard TP, Klitgaard NA, Gram LF, Arendt-Nielsen L, Sindrup SH (2001) Specific effect of venlafaxine on
single and repetitive experimental painful stimuli in humans. Clin Pharmacol Ther 69: 245-51

Ertas M, Sagduyu A, Arac N, Uludag B, Ertekin C (1998) Use of levodopa to relieve pain from painful
symmetrical diabetic polyneuropathy. Pain 75: 257-9

Esposito RU, Motola AH, Kornetsky C (1978) Cocaine: acute effects on reinforcement thresholds for self-
stimulation behavior to the medial forebrain bundle. Pharmacol Biochem Behav 8: 437-9

Esser MJ, Sawynok J (1999) Acute amitriptyline in a rat model of neuropathic pain: differential symptom and
route effects. Pain 80: 643-53

Evans W (1967) The effect of stimulant drugs on opiate induced analgesia. Arch Bio Med Exp 4: 144-149

Fasmer OB, Hunskaar S, Hole K (1989) Antinociceptive effects of serotonergic reuptake inhibitors in mice.
Neuropharmacology 28: 1363-6

Ferrell B (2009) Pain Management. In: Hazzard W (ed). McGraw-Hill

Fibiger HC, Phillips AG (1981) Increased intracranial self-stimulation in rats after long-term administration of
desipramine. Science 214: 683-5

Fields HL (2007) Pain Perception- The Dana Guide

Fink KB, Gothert M (2007) 5-HT receptor regulation of neurotransmitter release. Pharmacol Rev 59: 360-417

Fishbain DA, Cutler R, Rosomoff HL., Rosomoff RS (2000) Evidence-based data from animal and human
experimental studies on pain relief with antidepressants: a structured review. Pain Med 1: 310-6

Fletcher PJ, Tampakeras M, Yeomans JS (1995) Median raphe injections of 8-OH-DPAT lower frequency
thresholds for lateral hypothalamic self-stimulation. Pharmacol Biochem Behav 52: 65-71

Forrest WH, Jr., Brown BW, Jr., Brown CR, Defalque R, Gold M, Gordon HE, James KE, Katz J, Mahler DL,
Schroff P, Teutsch G (1977) Dextroamphetamine with morphine for the treatment of postoperative pain.
N Engl J Med 296: 712-5

Franklin K (1999) Dopaminergic drugs as analgesics. In: Sawynok J CA (ed) Novel aspects of pain management:
opioids and beyond. Wiley-Liss, Canada, pp 287-302

Frussa-Filho R, Rocha JB, Conceicao IM, Mello CF, Pereira ME (1996) Effects of dopaminergic agents on

60

www.manaraa.com



visceral pain measured by the mouse writhing test. Arch Int Pharmacodyn Ther 331: 74-93

Galer BS (1995) Neuropathic pain of peripheral origin: advances in pharmacologic treatment. Neurology 45: S17-
25; discussion S35-6

Gao X, Zhang Y, Wu G (2001) Effects of dopaminergic agents on carrageenan hyperalgesia after intrathecal
administration to rats. Eur J Pharmacol 418: 73-7

Garcia X, del Valle J, Escribano E, Domenech J, Queralt J (2010) Analgesic and antiallodynic effects of
antidepressants after infiltration into the rat. Pharmacology 86: 216-23

Gasior M, Bergman J, Kallman MJ, Paronis CA (2005) Evaluation of the reinforcing effects of monoamine
reuptake inhibitors under a concurrent schedule of food and i.v. drug delivery in rhesus monkeys.
Neuropsychopharmacology 30: 758-64

Gatch MB, Negus SS, Mello NK (1998) Antinociceptive effects of monoamine reuptake inhibitors administered
alone or in combination with mu opioid agonists in rhesus monkeys. Psychopharmacology (Berl) 135: 99-
106

Gatch MB, Negus SS, Mello NK (1999) Antinociceptive effects of cocaine in rhesus monkeys. Pharmacol
Biochem Behav 62: 291-7

Gendreau RM, Thorn MD, Gendreau JF, Kranzler JD, Ribeiro S, Gracely RH, Williams DA, Mease PJ, McLean
SA, Clauw DJ (2005) Efficacy of milnacipran in patients with fibromyalgia. J Rheumatol 32: 1975-85

Gerson SC, Baldessarini RJ (1980) Motor effects of serotonin in the central nervous system. LIfe Sci 27: 1435-51

Gilron I, Bailey JM, Tu D, Holden RR, Jackson AC, Houlden RL (2009) Nortriptyline and gabapentin, alone and
in combination for neuropathic pain: a double-blind, randomised controlled crossover trial. Lancet 374:
1252-61

Gimbel JS, Richards P, Portenoy RK (2003) Controlled-release oxycodone for pain in diabetic neuropathy: a
randomized controlled trial. Neurology 60: 927-34

Ginsberg F (1996) A randomized placebo-controlled trial of sustained-release amitriptyline in primary
fibromyalgia. J] Musculo Pain 14: 37-47

Goetzl FR BD, Ivy AC (1944) The analgesic effect of morphine alone and in combination with
dextroamphetamine. Proc Soc Exper Biol Med 55: 248-250

Goodman JF (1997) Treatment of headache with bupropion. Headache 37: 256

Gordon NC, Heller PH, Gear RW, Levine JD (1993) Temporal factors in the enhancement of morphine analgesia
by desipramine. Pain 53: 273-6

Gordon NC, Heller PH, Gear RW, Levine JD (1994) Interactions between fluoxetine and opiate analgesia for
postoperative dental pain. Pain 58: 85-8

Gray AM, Spencer PS, Sewell RD (1998) The involvement of the opioidergic system in the antinociceptive
mechanism of action of antidepressant compounds. Br J Pharmacol 124: 669-74

Guan XM, McBride WJ (1988) Fluoxetine increases the extracellular levels of serotonin in the nucleus
accumbens. Brain Res Bull 21: 43-6

Hajhashemi V (2010) The role of central mechanisms in the anti-inflammatory effect of amitriptyline on
carrageenan-induced paw edema in rats. Clinics (Sao Paulo) 65: 1183-7

Hall FS, Schwarzbaum JM, Perona MT, Templin JS, Caron MG, Lesch KP, Murphy DL, Uhl GR (2011) A
greater role for the norepinephrine transporter than the serotonin transporter in murine nociception.
Neuroscience 175: 315-27

Harati Y, Gooch C, Swenson M, Edelman S, Greene D, Raskin P, Donofrio P, Cornblath D, Sachdeo R, Siu CO,
Kamin M (1998) Double-blind randomized trial of tramadol for the treatment of the pain of diabetic
neuropathy. Neurology 50: 1842-6

Harstall CaO, M. (2003) How prevalent is chronic pain? Pain: Clinical Updates 11: 1-4

Hempenstall K, Nurmikko TJ, Johnson RW, A'Hern RP, Rice AS (2005) Analgesic therapy in postherpetic
neuralgia: a quantitative systematic review. PLoS Med 2: e164

Henry D, Page J, Whyte I, Nanra R, Hall C (1997) Consumption of non-steroidal anti-inflammatory drugs and the
development of functional renal impairment in elderly subjects. Results of a case-control study. Br J Clin
Pharmacol 44: 85-90

Heughan CE, Sawynok J (2002) The interaction between gabapentin and amitriptyline in the rat formalin test after

61

www.manaraa.com



systemic administration. Anesth Analg 94: 975-80, table of contents

Heymann RE, Helfenstein M, Feldman D (2001) A double-blind, randomized, controlled study of amitriptyline,
nortriptyline and placebo in patients with fibromyalgia. An analysis of outcome measures. Clin Exp
Rheumatol 19: 697-702

Ho KY, Tay W, Yeo MC, Liu H, Yeo SJ, Chia SL, Lo NN (2010) Duloxetine reduces morphine requirements
after knee replacement surgery. Br J Anaesth 105: 371-6

Hollister AS, Breese GR, Kuhn CM, Cooper BR, Schanberg SM (1976) An inhibitory role for brain serotonin-
containing systems in the locomotor effects of d-amphetamine. J Pharmacol Exp Ther 198: 12-22

Holmes VF, Fernandez F, Levy JK (1989) Psychostimulant response in AIDS-related complex patients. J Clin
Psychiatry 50: 5-8

Howell LL, Byrd LD (1995) Serotonergic modulation of the behavioral effects of cocaine in the squirrel monkey.
J Pharmacol Exp Ther 275: 1551-9

Howell LL, Kimmel HL (2008) Monoamine transporters and psychostimulant addiction. Biochem Pharmacol 75:
196-217

Ikeda T, Ishida Y, Naono R, Takeda R, Abe H, Nakamura T, Nishimori T (2009) Effects of intrathecal
administration of newer antidepressants on mechanical allodynia in rat models of neuropathic pain.
Neurosci Res 63: 42-6

Iversen L, Iversen, S., Bloom, F. and Roth, R. (2009) Catecholamines. Oxford University Press, Oxford
University Press

Ivy A (1944) Morphine-dextro-amphetamine analgesia. War Med 6: 67-71

Iyengar S, Webster AA, Hemrick-Luecke SK, Xu JY, Simmons RM (2004) Efficacy of duloxetine, a potent and
balanced serotonin-norepinephrine reuptake inhibitor in persistent pain models in rats. J] Pharmacol Exp
Ther 311: 576-84

Jesse CR, Wilhelm EA, Nogueira CW (2010) Depression-like behavior and mechanical allodynia are reduced by
bis selenide treatment in mice with chronic constriction injury: a comparison with fluoxetine,
amitriptyline, and bupropion. Psychopharmacology (Berl) 212: 513-22

Jett MF, McGuirk J, Waligora D, Hunter JC (1997) The effects of mexiletine, desipramine and fluoxetine in rat
models involving central sensitization. Pain 69: 161-9

Jones CK, Eastwood BJ, Need AB, Shannon HE (2006) Analgesic effects of serotonergic, noradrenergic or dual
reuptake inhibitors in the carrageenan test in rats: evidence for synergism between serotonergic and
noradrenergic reuptake inhibition. Neuropharmacology 51: 1172-80

Jung AC, Staiger T, Sullivan M (1997) The efficacy of selective serotonin reuptake inhibitors for the management
of chronic pain. J Gen Intern Med 12: 384-9

Kajdasz DK, Iyengar S, Desaiah D, Backonja MM, Farrar JT, Fishbain DA, Jensen TS, Rowbotham MC, Sang
CN, Ziegler D, McQuay HJ (2007) Duloxetine for the management of diabetic peripheral neuropathic
pain: evidence-based findings from post hoc analysis of three multicenter, randomized, double-blind,
placebo-controlled, parallel-group studies. Clin Ther 29 Suppl: 2536-46

Katz RJ, Carroll BJ (1977) Intracranial reward after Lilly 110140 (fluoxetine HCI): evidence for an inhibitory role
for serotonin. Psychopharmacology (Berl) 51: 189-93

Kaupilla T ME (1992) Enhancement of morphine-induced analgesia and attenuation of morphine-induced side-
effects by cocaine in rats. Pharmcol Toxicol 71: 173-178

Kernbaum S, Hauchecorne J (1981) Administration of levodopa for relief of herpes zoster pain. JAMA 246: 132-
4

King T, Rao S, Vanderah T, Chen Q, Vardanyan A, Porreca F (2006) Differential blockade of nerve injury-
induced shift in weight bearing and thermal and tactile hypersensitivity by milnacipran. J Pain 7: 513-20

Kiritsy-Roy JA, Shyu BC, Danneman PJ, Morrow TJ, Belczynski C, Casey KL (1994) Spinal antinociception
mediated by a cocaine-sensitive dopaminergic supraspinal mechanism. Brain Res 644: 109-16

Kirsch MA, Louie AK (2000) Paroxetine and irritable bowel syndrome. Am J Psychiatry 157: 1523-4

Kishore-Kumar R, Max MB, Schafer SC, Gaughan AM, Smoller B, Gracely RH, Dubner R (1990) Desipramine
relieves postherpetic neuralgia. Clin Pharmacol Ther 47: 305-12

Kling-Petersen T, Ljung E, Svensson K (1994) The preferential dopamine autoreceptor antagonist (+)-UH232

62

www.manaraa.com



antagonizes the positive reinforcing effects of cocaine and d-amphetamine in the ICSS paradigm.
Pharmacol Biochem Behav 49: 345-51

Koob GF (1992) Dopamine, addiction and reward. Semin. Neurosci. 4: 139-148

Kornetsky C, Bain, G. (1990) Brain-stimulation reward: A model for drug-induced euphoria. Wiley, Wiley

Kornetsky C, Esposito RU, McLean S, Jacobson JO (1979) Intracranial self-stimulation thresholds: a model for
the hedonic effects of drugs of abuse. Arch Gen Psychiatry 36: 289-92

Korzeniewska-Rybicka I, Plaznik A (1998) Analgesic effect of antidepressant drugs. Pharmacol Biochem Behav
59: 331-8

Korzeniewska-Rybicka I, Plaznik A (2000) Supraspinally mediated analgesic effect of antidepressant drugs. Pol J
Pharmacol 52: 93-9

Kreiss DS, Lucki I (1995) Effects of acute and repeated administration of antidepressant drugs on extracellular
levels of 5-hydroxytryptamine measured in vivo. J Pharmacol Exp Ther 274: 866-76

Krell HV, Leuchter AF, Cook IA, Abrams M (2005) Evaluation of reboxetine, a noradrenergic antidepressant, for
the treatment of fibromyalgia and chronic low back pain. Psychosomatics 46: 379-84

Kuhar MJ, McGirr KM, Hunter RG, Lambert PD, Garrett BE, Carroll FI (1999) Studies of selected
phenyltropanes at monoamine transporters. Drug Alcohol Depend 56: 9-15

Kuiken SD, Tytgat GN, Boeckxstaens GE (2003) The selective serotonin reuptake inhibitor fluoxetine does not
change rectal sensitivity and symptoms in patients with irritable bowel syndrome: a double blind,
randomized, placebo-controlled study. Clin Gastroenterol Hepatol 1: 219-28

Larijani GE, Goldberg ME, Hojat M, Khaleghi B, Dunn JB, Marr AT (2004) Modafinil improves recovery after
general anesthesia. Anesth Analg 98: 976-81, table of contents

Layer RT, Uretsky NJ, Wallace LJ (1992) Effect of serotonergic agonists in the nucleus accumbens on d-
amphetamine-stimulated locomotion. LIfe Sci 50: 813-20

Lee K, Kornetsky C (1998) Acute and chronic fluoxetine treatment decreases the sensitivity of rats to rewarding
brain stimulation. Pharmacol Biochem Behav 60: 539-44

Leventhal L, Smith V, Hornby G, Andree TH, Brandt MR, Rogers KE (2007) Differential and synergistic effects
of selective norepinephrine and serotonin reuptake inhibitors in rodent models of pain. J Pharmacol Exp
Ther 320: 1178-85

Levine JD, Gordon NC, Smith R, McBryde R (1986) Desipramine enhances opiate postoperative analgesia. Pain
27:45-9

Lima D, Almeida A (2002) The medullary dorsal reticular nucleus as a pronociceptive centre of the pain control
system. Prog Neurobiol 66: 81-108

Lin EH, Katon W, Von Korff M, Tang L, Williams JW, Jr., Kroenke K, Hunkeler E, Harpole L, Hegel M, Arean
P, Hoffing M, Della Penna R, Langston C, Unutzer J (2003) Effect of improving depression care on pain
and functional outcomes among older adults with arthritis: a randomized controlled trial. JAMA 290:
2428-9

Lin Y, Morrow TJ, Kiritsy-Roy JA, Terry LC, Casey KL (1989) Cocaine: evidence for supraspinal, dopamine-
mediated, non-opiate analgesia. Brain Res 479: 306-12

Lipman AG (1996) Analgesic drugs for neuropathic and sympathetically maintained pain. Clin Geriatr Med 12:
501-15

Lopez-Munoz F, Alamo C (2009) Monoaminergic neurotransmission: the history of the discovery of
antidepressants from 1950s until today. Curr Pharm Des 15: 1563-86

Magni G, Marchetti M, Moreschi C, Merskey H, Luchini SR (1993) Chronic musculoskeletal pain and depressive
symptoms in the National Health and Nutrition Examination. I. Epidemiologic follow-up study. Pain 53:
163-8

Masand PS, Gupta S, Schwartz TL, Virk S, Hameed A, Kaplan DS (2005) Open-label treatment with citalopram
in patients with irritable bowel syndrome: a pilot study. Prim Care Companion J Clin Psychiatry 7: 162-6

Masand PS, Gupta S, Schwartz TL, Virk S, Lockwood K, Hameed A, King M, Kaplan DS (2002) Paroxetine in
Patients With Irritable Bowel Syndrome: A Pilot Open-Label Study. Prim Care Companion J Clin
Psychiatry 4: 12-16

Mason L, Moore RA, Edwards JE, Derry S, McQuay HJ (2004) Topical NSAIDs for chronic musculoskeletal

63

www.manaraa.com



pain: systematic review and meta-analysis. BMC Musculoskelet Disord 5: 28

Matson DJ, Broom DC, Carson SR, Baldassari J, Kehne J, Cortright DN (2007) Inflammation-induced reduction
of spontaneous activity by adjuvant: A novel model to study the effect of analgesics in rats. J Pharmacol
Exp Ther 320: 194-201

Matthews K, Baldo BA, Markou A, Lown O, Overstreet DH, Koob GF (1996) Rewarding electrical brain
stimulation: similar thresholds for Flinders Sensitive Line Hypercholinergic and Flinders Resistant Line
Hypocholinergic rats. Physiol Behav 59: 1155-62

Max MB, Culnane M, Schafer SC, Gracely RH, Walther DJ, Smoller B, Dubner R (1987) Amitriptyline relieves
diabetic neuropathy pain in patients with normal or depressed mood. Neurology 37: 589-96

Max MB, Zeigler D, Shoaf SE, Craig E, Benjamin J, Li SH, Buzzanell C, Perez M, Ghosh BC (1992) Effects of a
single oral dose of desipramine on postoperative morphine analgesia. J Pain Symptom Manage 7: 454-62

McQuay HJaM, Andrew (2007) NSAIDs and Coxibs: clinical use. In: Melzack Wa (ed) Textbook of Pain.
Churchull Livingston

Mease PJ (2009) Further strategies for treating fibromyalgia: the role of serotonin and norepinephrine reuptake
inhibitors. Am J Med 122: S44-55

Meyer R, Ringkamp, M., Campbell, J. and Raja, S. (2006) Neurobiology of Pain. In: McMahon SaK, M. (ed).
Wall and Melzack

Mico JA, Ardid D, Berrocoso E, Eschalier A (2006) Antidepressants and pain. Trends Pharmacol Sci 27: 348-54

Mico JA, Berrocoso E, Vitton O, Ladure P, Newman-Tancredi A, Bardin L, Depoortere R (2011) Effects of
milnacipran, duloxetine and indomethacin, in polyarthritic rats using the Randall-Selitto model. Behav
Pharmacol 22: 599-606

Millan MJ GA, Lejeune F, Newman-Tancredi A, Rivet JM, Auclair A, Peglion JL. (2001) S33005, a novel ligand
at both serotonin and norepinephrine transporters: I. Receptor binding, electrophysiological, and
neurochemical profile in comparison with venlafaxine, reboxetine, citalopram, and clomipramine. J
Pharmacol Exp Ther 298: 565-80

Misra AL, Pontani RB, Vadlamani NL (1987) Stereospecific potentiation of opiate analgesia by cocaine:
predominant role of noradrenaline. Pain 28: 129-38

Missale C, Nash SR, Robinson SW, Jaber M, Caron MG (1998) Dopamine receptors: from structure to function.
Physiol Rev 78: 189-225

Mochizucki D (2004) Serotonin and noradrenaline reuptake inhibitors in animal models of pain. Hum
Psychopharmacol 19 Suppl 1: S15-9

Mochizuki D, Tsujita R, Yamada S, Kawasaki K, Otsuka Y, Hashimoto S, Hattori T, Kitamura Y, Miki N (2002)
Neurochemical and behavioural characterization of milnacipran, a serotonin and noradrenaline reuptake
inhibitor in rats. Psychopharmacology (Berl) 162: 323-32

Moore RA, Tramer MR, Carroll D, Wiffen PJ, McQuay HJ (1998) Quantitative systematic review of topically
applied non-steroidal anti-inflammatory drugs. BMJ 316: 333-8

Movassaghian S (2011) Development of amitriptyline buccoadhesive tablets for managment of pain in dental
procedures. Drug Dev Ind Pharm 37: 849-54

Nascimento E (1998) Prophylaxis of migraine: open study with venlafaxine in 42 patients. Arq Neuropsiquiatr.
56: 744-6

Negus SS, Bilsky EJ, Do Carmo GP, Stevenson GW (2010) Rationale and methods for assessment of pain-
depressed behavior in preclinical assays of pain and analgesia. Methods Mol Biol 617: 79-91

Negus SS, Morrissey EM, Rosenberg M, Cheng K, Rice KC (2010) Effects of kappa opioids in an assay of pain-
depressed intracranial self-stimulation in rats. Psychopharmacology (Berl) 210: 149-59

Negus SS, O'Connell R, Morrissey E, Cheng K, Rice KC (2012) Effects of Peripherally Restricted kappa Opioid
Receptor Agonists on Pain-Related Stimulation and Depression of Behavior in Rats. J Pharmacol Exp
Ther 340: 501-9

Negus SS, Vanderah TW, Brandt MR, Bilsky EJ, Becerra L, Borsook D (2006) Preclinical assessment of
candidate analgesic drugs: recent advances and future challenges. J Pharmacol Exp Ther 319: 507-14

Nicholson KL, Balster RL, Golembiowska K, Kowalska M, Tizzano JP, Skolnick P, Basile AS (2009) Preclinical
evaluation of the abuse potential of the analgesic bicifadine. J Pharmacol Exp Ther 330: 236-48

64

www.manaraa.com



Oatway M, Reid A, Sawynok J (2003) Peripheral antihyperalgesic and analgesic actions of ketamine and
amitriptyline in a model of mild thermal injury in the rat. Anesth Analg 97: 168-73, table of contents

Obata H, Saito S, Koizuka S, Nishikawa K, Goto F (2005) The monoamine-mediated antiallodynic effects of
intrathecally administered milnacipran, a serotonin noradrenaline reuptake inhibitor, in a rat model of
neuropathic pain. Anesth Analg 100: 1406-10, table of contents

Onal A, Parlar A, Ulker S (2007) Milnacipran attenuates hyperalgesia and potentiates antihyperalgesic effect of
tramadol in rats with mononeuropathic pain. Pharmacol Biochem Behav 88: 171-8

Otsuka N, Kiuchi Y, Yokogawa F, Masuda Y, Oguchi K, Hosoyamada A (2001) Antinociceptive efficacy of
antidepressants: assessment of five antidepressants and four monoamine receptors in rats. J Anesth 15:
154-8

Otto M, Bach FW, Jensen TS, Brosen K, Sindrup SH (2008) Escitalopram in painful polyneuropathy: a
randomized, placebo-controlled, cross-over trial. Pain 139: 275-83

Owens MJ, Morgan WN, Plott SJ, Nemeroff CB (1997) Neurotransmitter receptor and transporter binding profile
of antidepressants and their metabolites. J Pharmacol Exp Ther 283: 1305-22

Ozyalcin SN, Talu GK, Kiziltan E, Yucel B, Ertas M, Disci R (2005) The efficacy and safety of venlafaxine in the
prophylaxis of migraine. Headache 45: 144-52

Page J, Henry D (2000) Consumption of NSAIDs and the development of congestive heart failure in elderly
patients: an underrecognized public health problem. Arch Intern Med 160: 777-84

Panerai AE, Monza G, Movilia P, Bianchi M, Francucci BM, Tiengo M (1990) A randomized, within-patient,
cross-over, placebo-controlled trial on the efficacy and tolerability of the tricyclic antidepressants
chlorimipramine and nortriptyline in central pain. Acta Neurol Scand 82: 34-8

Paul IA, Duncan GE, Kuhn C, Mueller RA, Hong JS, Breese GR (1990) Neural adaptation in imipramine-treated
rats processed in forced swim test: assessment of time course, handling, rat strain and amine uptake. J
Pharmacol Exp Ther 252: 997-1005

Pedersen LH, Nielsen AN, Blackburn-Munro G (2005) Anti-nociception is selectively enhanced by parallel
inhibition of multiple subtypes of monoamine transporters in rat models of persistent and neuropathic
pain. Psychopharmacology (Berl) 182: 551-61

Pelissier T, Hernandez A, Mestre C, Eschalier A, Laurido C, Paeile C, Alvarez P, Soto-Moyano R (2001)
Antinociceptive effect of clomipramine in monoarthritic rats as revealed by the paw pressure test and the
C-fiber-evoked reflex. Eur J Pharmacol 416: 51-7

Pereira Do Carmo G SG, Carlezon WA, Negus SS. (2009) Effects of pain- and analgesia-related manipulations on
intracranial self-stimulation in rats: further studies on pain-depressed behavior. Pain 144: 170-7

Perrot S, Javier RM, Marty M, Le Jeunne C, Laroche F (2008) Antidepressant use in painful rheumatic
conditions. Rheum Dis Clin North Am 34: 433-53

Price DD (2002) Central neural mechanisms that interrelate sensory and affective dimensions of pain. Mol Interv
2:392-403,339

Raja SN, Haythornthwaite JA, Pappagallo M, Clark MR, Travison TG, Sabeen S, Royall RM, Max MB (2002)
Opioids versus antidepressants in postherpetic neuralgia: a randomized, placebo-controlled trial.
Neurology 59: 1015-21

Redgrave P, Horrell RI (1976) Potentiation of central reward by localised perfusion of acetylcholine and 5-
hydroxytryptamine. Nature 262: 305-7

Ren K, Dubner R (2002) Descending modulation in persistent pain: an update. Pain 100: 1-6

Rintala DH, Holmes SA, Courtade D, Fiess RN, Tastard LV, Loubser PG (2007) Comparison of the effectiveness
of amitriptyline and gabapentin on chronic neuropathic pain in persons with spinal cord injury. Arch Phys
Med Rehabil 88: 1547-60

Rojas-Corrales MO, Casas J, Moreno-Brea MR, Gibert-Rahola J, Mico JA (2003) Antinociceptive effects of
tricyclic antidepressants and their noradrenergic metabolites. Eur Neuropsychopharmacol 13: 355-63

Rothman RB, Baumann MH, Dersch CM, Romero DV, Rice KC, Carroll FI, Partilla JS (2001) Amphetamine-
type central nervous system stimulants release norepinephrine more potently than they release dopamine
and serotonin. Synapse 39: 32-41

Rowbotham MC, Goli V, Kunz NR, Lei D (2004) Venlafaxine extended release in the treatment of painful

65

www.manaraa.com



diabetic neuropathy: a double-blind, placebo-controlled study. Pain 110: 697-706

Sadeghi H, Hajhashemi V, Minaiyan M, Movahedian A, Talebi A (2011) A study on the mechanisms involving
the anti-inflammatory effect of amitriptyline in carrageenan-induced paw edema in rats. Eur J Pharmacol
667: 396-401

Sanchez C, Hyttel J (1999) Comparison of the effects of antidepressants and their metabolites on reuptake of
biogenic amines and on receptor binding. Cell Mol Neurobiol 19: 467-89

Sarhill N, Walsh D, Nelson KA, Homsi J, LeGrand S, Davis MP (2001) Methylphenidate for fatigue in advanced
cancer: a prospective open-label pilot study. Am J Hosp Palliat Care 18: 187-92

Sarton E, Olofsen E, Romberg R, den Hartigh J, Kest B, Nieuwenhuijs D, Burm A, Teppema L, Dahan A (2000)
Sex differences in morphine analgesia: an experimental study in healthy volunteers. Anesthesiology 93:
1245-54; discussion 6A

Sawynok J, Esser MJ, Reid AR (2001) Antidepressants as analgesics: an overview of central and peripheral
mechanisms of action. J Psychiatry Neurosci 26: 21-9

Sawynok J, Reid AR, Esser MJ (1999) Peripheral antinociceptive action of amitriptyline in the rat formalin test:
involvement of adenosine. Pain 80: 45-55

Sayar K, Aksu G, Ak I, Tosun M (2003) Venlafaxine treatment of fibromyalgia. Ann Pharmacother 37: 1561-5

Schreiber S, Frishtick R, Volis I, Rubovitch V, Pick CG, Weizman R (2009) The antinociceptive properties of
reboxetine in acute pain. Eur Neuropsychopharmacol 19: 735-9

Semenchuk MR, Davis B (2000) Efficacy of sustained-release bupropion in neuropathic pain: an open-label
study. Clin J Pain 16: 6-11

Shimada A, Tsuda T, Yanagita T (1988) Mode of potentiating action of cocaine in morphine analgesia. Jpn J
Pharmacol 48: 185-93

Shimizu T, Iwata S, Morioka H, Masuyama T, Fukuda T, Nomoto M (2004) Antinociceptive mechanism of L-
DOPA. Pain 110: 246-9

Shin SW, Eisenach JC (2004) Peripheral nerve injury sensitizes the response to visceral distension but not its
inhibition by the antidepressant milnacipran. Anesthesiology 100: 671-5

Sierra V DA, Lutfy K, Candido J, Billings B, Zito SW,, BC Y (1992) Potentiation of opioid analgesia by cocaine:
the role of spinal and supraspinal receptors. LIfe Sci 50: 591-597

Sindrup SH, Bach FW, Madsen C, Gram LF, Jensen TS (2003) Venlafaxine versus imipramine in painful
polyneuropathy: a randomized, controlled trial. Neurology 60: 1284-9

Sindrup SH, Brosen K, Gram LF (1992) The mechanism of action of antidepressants in pain treatment: controlled
cross-over studies in diabetic neuropathy. Clin Neuropharmacol 15 Suppl 1 Pt A: 380A-381A

Sindrup SH, Gram LF, Brosen K, Eshoj O, Mogensen EF (1990) The selective serotonin reuptake inhibitor
paroxetine is effective in the treatment of diabetic neuropathy symptoms. Pain 42: 135-44

Sindrup SH, Jensen TS (1999) Efficacy of pharmacological treatments of neuropathic pain: an update and effect
related to mechanism of drug action. Pain 83: 389-400

Sindrup SH, Jensen TS (2000) Pharmacologic treatment of pain in polyneuropathy. Neurology 55: 915-20

Sindrup SH, Otto M, Finnerup NB, Jensen TS (2005) Antidepressants in the treatment of neuropathic pain. Basic
Clin Pharmacol Toxicol 96: 399-409

Singh G (1998) Recent considerations in nonsteroidal anti-inflammatory drug gastropathy. Am J Med 105: 31S-
38S

Singh VP, Jain NK, Kulkarni SK (2001) On the antinociceptive effect of fluoxetine, a selective serotonin reuptake
inhibitor. Brain Res 915: 218-26

Snoddy AM, Tessel RE (1983) Nisoxetine and amphetamine share discriminative stimulus properties in mice.
Pharmacol Biochem Behav 19: 205-10

Spiegel DR, Lappinen E, Gottlieb M (2010) A presumed case of phantom limb pain treated successfully with
duloxetine and pregabalin. Gen Hosp Psychiatry 32: 228 e5-7

Staiger TO, Gaster B, Sullivan MD, Deyo RA (2003) Systematic review of antidepressants in the treatment of
chronic low back pain. Spine (Phila Pa 1976) 28: 2540-5

Stevenson GW, Bilsky EJ, Negus SS (2006) Targeting pain-suppressed behaviors in preclinical assays of pain and
analgesia: effects of morphine on acetic acid-suppressed feeding in C57BL/6J mice. J Pain 7: 408-16

66

www.manaraa.com



Suarez-Roca H, Quintero L, Arcaya JL, Maixner W, Rao SG (2006) Stress-induced muscle and cutaneous
hyperalgesia: differential effect of milnacipran. Physiol Behav 88: 82-7

Sung B, Wang GK (2004) Peripherally administered amitriptyline derivatives have differential anti-allodynic
effects in a rat model of neuropathic pain. Neurosci Lett 357: 115-8

Takeda R, Watanabe Y, Ikeda T, Abe H, Ebihara K, Matsuo H, Nonaka H, Hashiguchi H, Nishimori T, Ishida Y
(2009) Analgesic effect of milnacipran is associated with c-Fos expression in the anterior cingulate cortex
in the rat neuropathic pain model. Neurosci Res 64: 380-4

Tamae A, Nakatsuka T, Koga K, Kato G, Furue H, Katafuchi T, Yoshimura M (2005) Direct inhibition of
substantia gelatinosa neurones in the rat spinal cord by activation of dopamine D2-like receptors. J
Physiol 568: 243-53

Taneja I (2004) Effect of modafinil on acute pain: a randomized double-blind crossover study. J Clin Pharm 44:
1425-7

Tasmuth T, Hartel B, Kalso E (2002) Venlafaxine in neuropathic pain following treatment of breast cancer. Eur J
Pain 6: 17-24

Taylor BK, Joshi C, Uppal H (2003) Stimulation of dopamine D2 receptors in the nucleus accumbens inhibits
inflammatory pain. Brain Res 987: 135-43

Thomas SG (2000) Irritable bowel syndrome and mirtazapine. Am J Psychiatry 157: 1341-2

Tomasiewicz HC, Todtenkopf MS, Chartoff EH, Cohen BM, Carlezon WA, Jr. (2008) The kappa-opioid agonist
U69,593 blocks cocaine-induced enhancement of brain stimulation reward. Biol Psychiatry 64: 982-8

Tran PV, Bymaster FP, McNamara RK, Potter WZ (2003) Dual monoamine modulation for improved treatment
of major depressive disorder. J Clin Psychopharmacol 23: 78-86

Tura B, Tura SM (1990) The analgesic effect of tricyclic antidepressants. Brain Res 518: 19-22

Tzschentke TM, Magalas Z, De Vry J (2006) Effects of venlafaxine and desipramine on heroin-induced
conditioned place preference in the rat. Addict Biol 11: 64-71

Valentino DA, Riccitelli AJ, Dufresne RL (1991) Chronic DMI reduces thresholds for brain stimulation reward in
the rat. Pharmacol Biochem Behav 39: 1-4

Vazquez-Palacios G, Bonilla-Jaime H, Velazquez-Moctezuma J (2004) Antidepressant-like effects of the acute
and chronic administration of nicotine in the rat forced swimming test and its interaction with fluoxetine
[correction of flouxetine]. Pharmacol Biochem Behav 78: 165-9

Vitton O, Gendreau M, Gendreau J, Kranzler J, Rao SG (2004) A double-blind placebo-controlled trial of
milnacipran in the treatment of fibromyalgia. Hum Psychopharmacol 19 Suppl 1: S27-35

Von Korff M, Crane P, Lane M, Miglioretti DL, Simon G, Saunders K, Stang P, Brandenburg N, Kessler R
(2005) Chronic spinal pain and physical-mental comorbidity in the United States: results from the
national comorbidity survey replication. Pain 113: 331-9

Wagner GJ, Rabkin R (2000) Effects of dextroamphetamine on depression and fatigue in men with HIV: a
double-blind, placebo-controlled trial. J Clin Psychiatry 61: 436-40

Wallace MS, Barger D, Schulteis G (2002) The effect of chronic oral desipramine on capsaicin-induced allodynia
and hyperalgesia: a double-blinded, placebo-controlled, crossover study. Anesth Analg 95: 973-8, table of
contents

Wang RI, Johnson RP, Lee JC, Waite EM (1982) The oral analgesic efficacy of bicifadine hydrochloride in
postoperative pain. J Clin Pharmacol 22: 160-4

Watson CP, Babul N (1998) Efficacy of oxycodone in neuropathic pain: a randomized trial in postherpetic
neuralgia. Neurology 50: 1837-41

Watson CP, Moulin D, Watt-Watson J, Gordon A, Eisenhoffer J (2003) Controlled-release oxycodone relieves
neuropathic pain: a randomized controlled trial in painful diabetic neuropathy. Pain 105: 71-8

Wee S AK, Baumann MH, Rothman RB, Blough BE, and Woolverton WL (2005) Relationship between the
serotonergic activity and reinforcing effects of a

series of amphetamine analogs. J Pharmacol Exp Ther 313: 848-854

Wernicke JF, Pritchett YL, D'Souza DN, Waninger A, Tran P, Iyengar S, Raskin J (2006) A randomized
controlled trial of duloxetine in diabetic peripheral neuropathic pain. Neurology 67: 1411-20

Wise RA (2002) Brain reward circuitry: insights from unsensed incentives. Neuron 36: 229-40

67

www.manaraa.com



Wolfe GI, Trivedi JR (2004) Painful peripheral neuropathy and its nonsurgical treatment. Muscle Nerve 30: 3-19

Wood PB (2006) Mesolimbic dopaminergic mechanisms and pain control. Pain 120: 230-4

Wood PB, Schweinhardt P, Jaeger E, Dagher A, Hakyemez H, Rabiner EA, Bushnell MC, Chizh BA (2007)
Fibromyalgia patients show an abnormal dopamine response to pain. Eur J Neurosci 25: 3576-82

Woolverton WL (1984) Pharmacological analysis of the discriminative stimulus properties of d-amphetamine in
rhesus monkeys. Pharmacologist 26: 161

Woolverton WL (1987) Evaluation of the role of norepinephrine in the reinforcing effects of psychomotor
stimulants in rhesus monkeys. Pharmacol Biochem Behav 26: 835-9

Yaksh T, Wallace, M (2011) Opioids, Analgesia, and Pain Management. In: L B (ed) Goodman & Gilman's The
Pharmacological Basis of Therapeutics. McGraw Hill, New York

Yang JC, Clark WC, Dooley JC, Mignogna FV (1982) Effect of intranasal cocaine on experimental pain in man.
Anesth Analg 61: 358-61

Yokogawa F, Kiuchi Y, Ishikawa Y, Otsuka N, Masuda Y, Oguchi K, Hosoyamada A (2002) An investigation of
monoamine receptors involved in antinociceptive effects of antidepressants. Anesth Analg 95: 163-8,
table of contents

Younger J, Aron A, Parke S, Chatterjee N, Mackey S (2010) Viewing pictures of a romantic partner reduces
experimental pain: involvement of neural reward systems. PLoS One 5: e13309

Zisook S (2006) Use of bupropion in combination with serotonin reuptake inhibitors. Biol Psychiatry 59: 203-10

68

www.manaraa.com



www.manharaa.com

e ib] [



	Antinociceptive Effects of Monoamine Reuptake Inhibitors in Assays of Pain-Stimulated and Pain-Depressed Behaviors
	Downloaded from

	ETD Submission Rosenberg Thesis

