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INTRODUCTION

Functional impairment and depression of behavior are key diagnostic indicators of pain and 

targets of pain treatment [12,44]. Multiple neural mechanisms likely contribute to the 

depressive effects of pain, but clinical evidence implicates a hypodopaminergic state as one 

contributing factor [23,46,52]. Preclinical studies also suggest that reduced dopamine (DA) 

signaling may contribute to pain-related depression of behavior. For example, 

intraperitoneal injection of dilute acid (IP acid) is a physiologically relevant chemical 

noxious stimulus for preclinical studies of pain and analgesia in rodents [7,11,18,35]. In rats, 

IP acid depresses extracellular DA levels in nucleus accumbens (NAc) and also depresses 

intracranial self-stimulation (ICSS), an operant behavior that relies on activation of 

mesolimbic DA neurons that terminate in NAc [25,31,38]. IP acid-induced depression of 

both NAc DA and ICSS can be blocked by clinically effective analgesics such as the mu 

opioid receptor agonist morphine and the nonsteroidal anti-inflammatory drug (NSAID) 

ketoprofen [25,31]. Moreover, IP acid-induced depression of ICSS can also be blocked by 

DA uptake inhibitors and exacerbated by DA receptor antagonists, further supporting a role 

for DA in mediating this model of pain-related behavioral depression [34,40].

One implication of these findings is that DA uptake inhibitors, or other drugs that enhance 

DA signaling, may alleviate pain-related depression of behavior. However, many drugs that 

block DA transporters (DAT) and inhibit DA uptake also have high abuse liability [32,39]. 

Development of DA uptake inhibitors as viable therapeutics would benefit from strategies to 
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reduce that abuse liability. One approach to this challenge has been to develop DA uptake 

inhibitors with reduced selectivity to bind DAT in comparison to serotonin transporters 

(SERT) and norepinephrine transporters (NET). Selective inhibitors of SERT and NET have 

little or no abuse liability, and a large body of evidence suggests that serotonin (5HT) in 

particular may oppose and limit abuse-related effects mediated by DA [22,32,36,51]. 

Moreover, inhibition of SERT and/or NET might also contribute to analgesic effects by 

acting on bulbospinal circuits to modulate nociceptive processing in the spinal cord 

[4,27,43].

Cocaine is illustrative of a nonselective monoamine uptake inhibitor with similar potencies 

to inhibit DAT, SERT and NET [41], but while cocaine can produce significant analgesia in 

humans [53], it retains high abuse liability. Consequently, uptake inhibitors of interest as 

candidate analgesics might optimally have DAT vs. SERT/NET selectivity lower than that 

of cocaine (to reduce abuse potential) but higher than that of selective SERT or NET 

inhibitors (to alleviate hypodopaminergic components of pain). Amitifadine is a triple 

uptake inhibitor that occupies this pharmacological niche. It blocks DAT with 

approximately 5- to 10-fold weaker potency than it blocks SERT and NET [45], and it 

increased microdialysis measures of DA<NE<5HT in prefrontal cortex of rats without 

producing significant locomotor activation [20]. The purpose of the present study was to 

evaluate effects of amitifadine on NAc DA and ICSS in the absence and presence of the IP 

acid noxious stimulus. We hypothesized that amitifadine would have sufficient DA activity 

to block acid-induced depression of NAc DA and ICSS but would not produce abuse-related 

facilitation of ICSS in the absence of pain.

METHODS

Subjects

Male Sprague-Dawley rats (total N = 27; Harlan, Fredrick, MD, USA) weighing 310–350 g 

at the time of surgery were used for these studies. Rats were individually housed and 

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 Care and Use Committee.

Intracranial Self-Stimulation

Surgery and Training—Rats were implanted with unipolar electrodes (Plastics One, 

Roanoke, VA) targeting the medial forebrain bundle (2.8 mm posterior to bregma, 1.7 mm 

lateral to the midsagittal line, and 8.8 mm ventral to skull) and trained to respond for brain 

stimulation using operant equipment (Med Associates, St. Albans, VT) and procedures 

similar to those described previously [1,25]. Each lever press resulted in the delivery of a 

0.5-s train of square wave cathodal pulses (0.1-ms pulse duration). Responses during the 

0.5-s stimulation period did not result in additional stimulation. Following initial training to 

determine the terminal amplitude of stimulation, frequency manipulations were introduced 

during sessions that consisted of sequential 10-min components. During each component, a 
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descending series of 10 current frequencies (2.2–1.75 Log Hz in 0.05 log increments) was 

presented, with a 60-s trial at each frequency. A frequency trial began with a 5-s time out 

followed by a 5-s “priming” phase during which animals received five non-contingent 

stimulations with a 0.5-s interval between stimulations. This non-contingent stimulation was 

followed by a 50-s “response” phase during which responding produced electrical 

stimulation under a fixed-ratio 1 schedule.

Amitifadine effects on control and acid-depressed ICSS—Amitifadine effects on 

ICSS in the absence of the noxious stimulus were tested in dose-effect and time-course 

experiments. Dose-effect test sessions consisted of three “baseline” ICSS components 

followed first by a 30-min time out period and then by two “test” components. At the 

beginning of the time out, rats were removed from the ICSS chambers, treated with vehicle 

or amitifadine (0.32–10 mg/kg, IP; N=5), and placed into their home cages. At the end of the 

time out, the lactic acid vehicle (bacteriostatic water) was administered (1 ml/kg, IP), and 

rats were returned to the ICSS chambers for testing. Time-course sessions consisted of three 

baseline ICSS components followed first by injection of amitifadine (3.2 or 10 mg/kg, IP; 

N=6) and then by pairs of test components that began 10, 30, 100 and 300 min and 24 hr 

after injection.

Amitifadine effects on acid-induced depression of ICSS were tested in sessions consisting of 

three baseline ICSS components followed first by a time out period (30 or 100 min) and then 

by two test components. At the beginning of the time out, rats were removed from the ICSS 

chambers, treated with vehicle or amitifadine and placed into their home cages. Following 

the time out, 1.8% or 5.6% lactic acid was administered, and rats were returned to the ICSS 

chambers for testing. A 30-fold range of amitifadine doses (0.32–10 mg/kg, IP) was tested 

as 30-min pretreatment to 1.8% lactic acid (N=5), and the highest amitifadine doses (3.2 and 

10 mg/kg, IP) were tested as 100-min pretreatment to 1.8 (N=6) and 5.6% lactic acid (N=5).

Data Analysis—The primary dependent variable was the reinforcement rate in 

stimulations/trial during each frequency trial. To normalize these data, reinforcement rates 

from each trial were converted to Percent Maximum Control Rate (%MCR) for that rat on 

that day. Maximum control rate (MCR) was determined during baseline components of each 

test session. Data from the first baseline component of each test session were discarded, and 

MCR was defined as the mean of the maximal rates observed in any frequency trial during 

the second and third control components. Thus, %MCR for each trial was calculated as: 

(Reinforcement Rate During a Frequency Trial ÷ Maximum Control Rate) × 100. 

Normalized data from the frequency trials of each pair of consecutive test components were 

averaged across rats for statistical analysis using two-way ANOVA, with treatment and 

brain stimulation frequency as factors. A significant ANOVA was followed by a Holm-

Sidak post hoc test, and the criterion for significance was set at p < 0.05.

To provide a summary measure of performance over the entire range of frequency 

magnitudes, the total number of stimulations per component was calculated as the average 

of total stimulations delivered across all 10 frequency trials of each component. Data were 

expressed as a percentage of the total stimulations earned during the baseline components 
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using the equation: % Baseline Total Stimulations = (Mean Total Stimulations during Test 

Components ÷ Mean Total Stimulations during Baseline Components) × 100.

Microdialysis

Surgery—Rats were implanted bilaterally with guide cannulae that terminated 1mm above 

the NAc (1.5mm anterior to Bregma, 1.8mm lateral to midsaggital line, 6.0mm ventral to 

dura) as described previously [25]. A dummy cannula was inserted into each guide cannula 

to maintain patency, and guide cannulae were secured to the skull with screws and dental 

acrylic. Animals were allowed to recover for at least four days before initiation of testing. 

All cannulae, microdialysis probes, and microdialysis equipment were obtained from Eicom 

Corp (San Diego, CA).

Procedure—On test days, one dummy cannula was removed, and a microdialysis probe 

with a 2mm regenerated cellulose membrane (50 KDa molecular weight cutoff) was inserted 

through the guide cannula and into the NAc. The probe was connected to a two-channel 

liquid swivel, and the rat was placed in a clear plexiglass chamber (30cm x 30cm x 30 cm). 

Probes were perfused with a non-buffered artificial cerebrospinal fluid solution (147 mM 

NaCl, 2.8 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2) at a rate of 1μl/min. Following an 

equilibration period of at least 60 min, dialysate samples were collected into a 50 μL injector 

loop at 10-min intervals using an EAS-20s online autoinjector and immediately analyzed for 

DA and 5HT concentrations by high-pressure liquid chromatography coupled to 

electrochemical detection. Experiments conducted by probe immersion into a known 

standard concentration of DA and 5HT indicated a lag time of 24 min for dialysate to 

traverse the tubing from the probe to the electrochemical detector at the 1μl/min flow rate 

(data not shown). The mobile phase consisted of 2% methanol (EMD, Gibbstown, NJ), 100 

mM phosphate buffer (Sigma Chemicals, St. Louis, MO), 500 mg/L 1-Decane sodium 

sulfonate (TCI America; Montgomeryville, PA), and 50 mg/L EDTA-2NA (Dojindo 

Laboratories, Kumamoto, Japan). DA and 5HT were separated using a PP-ODS II reverse 

phase C18-column and detected using a graphite working electrode and an Ag vs AgCl 

reference electrode with an applied potential of +450mV. DA and 5HT were identified 

according to the retention time of the standard, and concentrations were quantified by 

comparison with peak heights of the standard concentration curve (0.01–100 pg/10uL) 

determined before each microdialysis experiment to ensure accuracy of standard retention 

times. Resolution was sufficient to detect DA and 5HT levels as low as 0.1 pg. DA and 5HT 

levels were considered to have stabilized after collection of six consecutive baseline samples 

with <10% variability around the mean. Amitifadine or saline was administered IP 100 min 

before administration of 5.6% lactic acid or vehicle (1 ml/kg, IP), and DA and 5HT levels 

were detected at 10 min intervals for an additional 200 minutes. Each rat was tested no more 

than twice at each cannula site, and test days were separated by at least one week. Each test 

was treated as an independent observation for statistical analysis (N=5–7 per treatment).

Histology—After microdialysis experiments, rats were euthanized by CO2, brains were 

removed and placed in 10% formalin for at least 1 week. Anatomical placement of guide 

cannulae and microdialysis probes was verified by gross visual and microscopic 

examination of photographed coronal sections according to a rat brain atlas (Figure S1) [37]
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Data Analysis—The primary dependent variable was the concentration of DA and 5HT in 

each dialysate fraction. Concentrations in each fraction for each rat were expressed as 

percent of the average of the six baseline concentrations prior to drug or vehicle 

administration. Treatment effects on DA and 5HT were analyzed by two-way repeated 

measures ANOVA with treatment and time as the two factors. Significant ANOVAs were 

followed by a Holm-Sidak post hoc test, and significance was set at p < 0.05.

Lactic Acid-stimulated Stretching

Five rats were implanted with unipolar electrodes targeting the medial forebrain bundle as 

described above, but did not receive ICSS training. Test sessions were conducted once per 

week using procedures described previously [25,40]. Saline or amitifadine (1–10 mg/kg, IP) 

was administered 30 min prior to treatment with 1.8% lactic acid. Order of administration of 

doses was determined by Latin square. Immediately after lactic acid treatment, rats were 

placed into acrylic test chambers (31.0 x 20.1 x 20 cm) for a 30-min observation period. A 

stretch was operationally defined as a contraction of the abdomen followed by extension of 

the hind limbs.

Data Analysis—The dependent variable was the number of stretches observed during the 

30-min observation period in each rat. Data were averaged across rats, amitifadine effects 

were analyzed by one-way repeated measures ANOVA, and the significant ANOVA was 

followed by the Dunnett post-hoc test. Criterion for significance was set at p < .05.

Drugs

Amitifadine was provided by Bruce Blough PhD (Research Triangle Institute, Research 

Triangle Park, NC), dissolved in saline, and delivered IP in a volume of 1 ml/kg body 

weight. Lactic acid was purchased from Sigma Chemical Co. (St. Louis, MO), diluted in 

bacteriostatic water, and delivered IP in a volume of 1 ml/kg body weight.

RESULTS

Effects of amitifadine on control ICSS

Over the course of the ICSS experiments the mean ± SEM baseline maximum control rate of 

stimulations per trial was 61.51 ± 3.20, and the mean ± SEM baseline total number of 

stimulations per component delivered across all stimulation frequencies was 266.40 ± 19.98. 

Figure 1 shows potency and time course of amitifadine effects on control ICSS in the 

absence of the noxious stimulus. When administered as a 30 min pretreatment, amitifadine 

had no effect until the highest dose (10 mg/kg), which produced a bi-phasic effect (Figure 

1A) expressed as significant depression of ICSS at the two highest frequencies and 

significant facilitation of ICSS at intermediate frequencies. In time-course studies, 3.2 

mg/kg amitifadine had no significant effect on ICSS at any time point (Figure 1B), but 10 

mg/kg produced a time-dependent biphasic effect (Figure 1C). After 10 and 30 min, 10 

mg/kg amitifadine exclusively depressed ICSS. After 100 min, 10 mg/kg amitifadine 

depressed ICSS at the two highest frequencies, but facilitated ICSS at intermediate 

frequencies. Significant effects were no longer apparent at 300 min.
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Effects of amitifadine on acid-depressed ICSS

Figure 2 shows effects of amitifadine on IP acid-induced depression of ICSS. IP injection of 

1.8% lactic acid immediately prior to ICSS sessions produced a rightward shift in the ICSS 

frequency-rate curve with significant depression of ICSS at intermediate frequencies (Figure 

2A). Doses of amitifadine that had no effect on control ICSS (1.0 and 3.2 mg/kg) 

significantly attenuated acid-induced depression of ICSS when administered as a 30 min 

pretreatment (Figure 2B). The highest dose, 10 mg/kg, produced a biphasic effect expressed 

as attenuation of acid-induced depression of ICSS at low and intermediate frequencies, and 

exacerbation of acid-induced depression of ICSS at the highest frequencies. When 

administered as a 100 min pretreatment (Figure 2C), 3.2 and 10 mg/kg dose-dependently 

attenuated acid-induced depression of ICSS, but exacerbation of acid-induced depression of 

ICSS by 10 mg/kg was no longer apparent.

Figure 3 shows effects of amitifadine on acid-induced depression of ICSS using a higher 

intensity noxious stimulus, 5.6% lactic acid. IP injection of 5.6% lactic acid immediately 

prior to ICSS sessions produced a rightward and downward shift in the ICSS frequency-rate 

curve (Figure 3A). When administered as a 100 min pretreatment to 5.6% lactic acid, 

amitifadine produced a biphasic effect (Figure 3B). Specifically, 3.2 and 10 mg/kg 

attenuated acid-induced depression of ICSS at low and intermediate frequencies, but 

exacerbated acid-induced depression of ICSS at the highest frequency.

Effects of amitifadine on control and acid-depressed NAc extracellular DA

Over the course of the microdialysis experiments the mean ± SEM baseline DA and 5HT 

levels within NAc were 1.82 ± 0.06 and 1.22 ± 0.03 pg/9μl, respectively. Amitifadine 

produced dose- and time-dependent increases in DA levels within NAc (Figure 4A). Vehicle 

and 1.0 mg/kg had no significant effect, but 3.2 and 10 mg/kg significantly increased DA 

levels beginning 40 min after injection, and DA remained elevated for 260 min (3.2 mg/kg) 

and 300 min (10 mg/kg) after injection. Amitifadine also significantly increased NAc 5HT 

levels (Figure 4B). Vehicle and 1.0 mg/kg amitifadine had no significant effect, but 3.2 and 

10 mg/kg significantly increased 5HT beginning 30 to 40 min after injection. NAc 5HT 

remained elevated for 100–110 min following administration.

IP acid (5.6%) produced a time-dependent decrease in NAc DA with significant decreases 

first observed 70 min after injection of IP acid (Figure 5A). DA was significantly depressed 

for the remainder of the experiment except for the 260 and 300 min post-injection time 

points. Amitifadine (3.2 mg/kg) blocked IP acid-induced depression of NAc DA (Figure 

5B). Specifically, in rats treated with 3.2 mg/kg amitifadine, NAc DA levels did not differ 

between animals that received IP acid vehicle and IP acid, and did not fall below baseline 

levels. IP acid had no significant effect on NAc 5HT levels in the absence or presence of 

amitifadine pretreatment (Figure S2).

Effects of amitifadine on lactic acid-stimulated stretching

Figure 6 shows effects of amitifadine in the assay of lactic acid-stimulated stretching. 

Following pretreatment with saline, 1.8% lactic acid stimulated a stretching response. 
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Pretreatment with amitifadine produced a dose-dependent decrease in acid-stimulated 

stretching, and this effect achieved statistical significance at a dose of 10 mg/kg amitifadine.

DISCUSSION

This study examined effects of amitifadine on pain-related depression of ICSS and NAc DA 

in rats. This work addressed the hypotheses that, based on its selectivity for blocking 

monoamine uptake (5HT≥NE≥DA), amitifadine would block pain-related depression of 

ICSS and NAc DA, and do so with minimal abuse-related effects. Amitifadine blocked pain-

related depression of ICSS and NAc extracellular DA. Amitifadine also facilitated control 

ICSS, but this effect was modest compared to that of more DAT-selective monoamine 

uptake inhibitors [34], and was accompanied by effects which may be viewed as abuse-

limiting [32]. Moreover, amitifadine was more potent to block pain-related depression of 

ICSS than to facilitate control ICSS or increase NAc DA.

Pain-related depression of ICSS and NAc DA

In the present study, IP acid served as a visceral chemical noxious stimulus that depressed 

ICSS. This agrees with previous studies of pain-related depression of behavior 

[5,6,16,24,29,30,42]. In particular, IP acid administration and other noxious stimuli depress 

ICSS [19,26,31,32], and studies examining drug effects on pain-depressed ICSS have 

yielded results that are largely consistent with the clinical analgesic efficacy of these drugs 

[24,25,31,33,34,38,40]. ICSS is used for research on the neurobiology of motivation and 

mood, and depression of ICSS is often interpreted as evidence of amotivational and 

anhedonic dimensions of depressed mood [13,48]. This suggests that acid-induced 

depression of ICSS may serve as one preclinical model of pain-related depression of 

behavior and mood [31].

The reinforcing effects of brain stimulation in ICSS are mediated in part by activation of the 

mesolimbic DA system [32], and depression of ICSS is often associated with depression of 

DA signaling. The present results confirmed our previous finding that IP acid can depress 

NAc DA release [25]. The results are also consistent with findings on the temporal 

relationship between acid-induced depression of ICSS and NAc DA release. IP acid 

produces an initial phase of declining DA followed by sustained significant reduction. Acid-

induced depression of ICSS appears better correlated with the phase of declining DA levels 

than the sustained reduction. Similar temporal relationships have been described for effects 

of kappa agonists, which also depress NAc DA levels and ICSS [14,25]. One possible 

explanation for these findings is that the period of decline reflects reduced synaptic DA 

release, and the sustained reduction reflects slow recovery of extrasynaptic DA levels after 

recovery of synaptic DA release. These preclinical findings are consistent with data from 

humans suggesting that impaired mesolimbic DA signaling may contribute to some 

motivational and emotional aspects of pain [10,23,46,52], and support the hypothesis that 

promotion of DA signaling may alleviate motivational and emotional aspects of pain.

In addition to depressing ICSS and NAc DA, treatment with IP acid stimulated a stretching 

response in rats. This agrees with studies showing IP administration of acid or other irritants 

can elicit a stretching response in rodents, and this response is often used as a dependent 
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measure for studies of antinociception [35]. One goal of the present study was to compare 

amitifadine effects on endpoints of pain-depressed vs. pain-stimulated behavior.

Amitifadine-induced antinociception

Amitifadine produced antinociception in the present study insofar as it blocked acid-induced 

depression of ICSS and NAc DA, and acid-induced stimulation of stretching. These results 

agree with findings that DA uptake inhibitors blocked both acid-induced depression of ICSS 

and stimulation of stretching [34,40]. For example, RTI-113 is a highly selective inhibitor of 

DAT, and a relatively low dose of RTI-113 was sufficient to block acid-induced depression 

of ICSS without altering control ICSS in the absence of the noxious stimulus [40]. In 

contrast, selective inhibitors of SERT or NET failed to block acid-induced depression of 

ICSS [39]. Together, these findings provide evidence to suggest that inhibition of DAT, and 

not SERT or NET, mediates amitifadine antinociception in the assay of acid-induced 

depression of ICSS.

In contrast to the effects of amitifadine in the present study, higher doses of the selective 

DAT inhibitor RTI-113 blocked acid-induced depression of ICSS, and also facilitated ICSS 

to levels that exceeded control rates. Moreover, higher RTI-113 doses also significantly 

facilitated ICSS in the absence of IP acid, and this type of effect is associated with high 

abuse potential [32]. Similar effects are produced by other drugs with prominent effects as 

DAT inhibitors, such as cocaine [34], methylphenidate (K. Freitas and S. Negus, 

unpublished observations) and bupropion [40]. This profile of effects is consistent with 

clinical findings that DAT inhibitors and DA releasers can produce analgesic effects in 

humans under some conditions, but therapeutic potential is limited by high abuse potential 

[50,53].

In comparison to effects of these DAT inhibitors, the profile of antinociceptive effects 

produced by amitifadine more closely resembled effects of the clinically effective analgesics 

morphine and ketoprofen. Morphine is a mu opioid receptor agonist that produces strong 

analgesia and also has abuse liability [21]. However, the abuse potential of morphine 

depends in part on a history of prior opioid exposure [2], and in opioid-naïve humans, 

morphine can produce analgesia without prominent abuse-related effects [17,55]. Similarly, 

in opioid-naïve rats, morphine can block acid-induced depression of both ICSS and NAc DA 

without producing an abuse-related increase in either ICSS or NAc DA in the absence of the 

noxious stimulus [25,38]. Ketoprofen is a clinically effective NSAID, and ketoprofen also 

blocks acid-induced depression of ICSS and NAc DA without producing abuse-related 

effects [25,34]. This similarity in effects of amitifadine to effects of two clinically effective 

analgesics supports the possibility that amitifadine may also have utility for treatment of 

pain.

The present study showed depression of ICSS by a noxious stimulus, but ICSS can also be 

depressed by other manipulations associated with negative affective states and behavioral 

depression, such as withdrawal from abused drugs [48]. The present finding that amitifadine 

blocked acid-induced depression of ICSS is consistent with a previous study showing that 

amitifadine reversed depression of ICSS produced by alcohol withdrawal in rats [49]. 

Amitifadine also produced antidepressant-like effects in preclinical screens of other 
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depression-related behaviors [45], and in a clinical trial in patients with major depressive 

disorder, amitifadine was associated with improvement on multiple measures [47]. Together, 

these results suggest that amitifadine may have utility to alleviate depression of behavior and 

mood resulting not only from pain, but also from other causes.

Of the three pain assays used here, amitifadine was least potent in the assay of acid-

stimulated stretching. Moreover, 10 mg/kg recruited ICSS rate-decreasing effects, which 

may indicate that antinociception in the stretching assay is in part a product of non-specific 

behavioral disruption rather than analgesia. The higher potency of amitifadine to block acid-

induced depression of ICSS vs. acid-stimulated stretching is also consistent with effects 

produced in these procedures by other DA-selective uptake inhibitors and non-selective 

uptake inhibitors [34,40], and suggests that stimulation of DA transmission may be better for 

alleviating pain-depressed than pain-stimulated behaviors.

Amitifadine effects on control ICSS and NAc DA

Effects of amitifadine in the absence of the noxious stimulus are consistent with the 

characterization of amitifadine as a mixed monoamine uptake inhibitor with low abuse 

liability. In the microdialysis procedure, amitifadine significantly increased NAc DA levels, 

an effect produced by many abused drugs [15]. However, doses of amitifadine that increased 

NAc DA produced even larger increases in NAc 5HT levels. Similar results were obtained 

for effects of amitifadine on DA and 5HT levels in prefrontal cortex [20], and evidence 

suggests that 5HT can oppose and limit abuse-related effects of DA [22,32,36,51]. In the 

ICSS procedure, amitifadine doses up to 3.2 mg/kg had no effect on control ICSS despite the 

efficacy of 3.2 mg/kg amitifadine to alleviate acid-induced depression of ICSS. A higher 

dose of 10 mg/kg amitifadine did produce significant facilitation of low ICSS rates 

maintained by low frequencies of brain stimulation, and facilitation of ICSS has been linked 

to abuse potential [32]. However, the magnitude of this facilitation was small relative to 

effects of abused DAT inhibitors such as cocaine or methylenedioxypyrovalerone (MDPV) 

[9,34], and it was accompanied by decreases in high ICSS rates maintained by high brain 

stimulation frequencies. We have reported previously that this profile of mixed rate-

increasing and rate-decreasing effects is associated with lower abuse liability than profiles of 

exclusive ICSS facilitation [8,32]. Moreover, a previous ICSS study with amitifadine 

reported no abuse-related effects [49]. Reinforcing effects of amitifadine have not been 

examined in drug self-administration procedures; however, the triple uptake inhibitor 

bicifadine, which has similar selectivity for blocking uptake of DA vs 5HT/NE to that of 

amitifadine, functioned as a weak reinforcer in non-human primates [36].

Conclusion

This study adds to a literature examining the expression, neurobiology, and treatment of 

pain-related depression of behavior that may aid in the development of new therapeutics. 

The findings replicate previous studies demonstrating the sensitivity of ICSS in detecting 

pain-related disruption of behavior, provide evidence of the role of mesolimbic dopamine 

systems in mediating these effects, and support the use of these types of assays in bridging 

knowledge gaps in the pain field. Moreover, these data suggest that triple uptake inhibitors 
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may be efficacious in the treatment of pain-related depression of behavior, with minimal 

recruitment of abuse-related effects [40].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of amitifadine on control ICSS in the absence of the noxious stimulus. Left column 

shows drug effects on full ICSS frequency–rate curves. Abscissae: Frequency of electrical 

brain stimulation in Log Hz. Ordinates: Percent maximum control reinforcement rate 

(%MCR). Filled points represent frequencies at which reinforcement rates were statistically 

different from vehicle rates as determined by a two-way ANOVA followed by a Holm–

Sidak post hoc test, P < 0.05. Right column shows summary ICSS data expressed as percent 

pre-drug baseline number of stimulations per component delivered across all frequencies of 

brain stimulation. Abscissae: drug dose in mg/kg. Ordinates: Percent baseline total number 

Miller et al. Page 14

Pain. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of stimulations per component. Upward/downward arrows indicate significant drug-induced 

increase/decrease in ICSS relative to vehicle for at least one brain stimulation frequency as 

determined by analysis of full frequency–rate curves. All data show mean ± SEM for five to 

six rats. Statistical results for data in left panels are as follows: (A) Amitifadine potency at a 

30 min pretreatment time (N=5): significant main effect of frequency [F(9,36) = 27.9, P < 

0.001], no significant main effect of dose [F(4,16) = 0.7, P = 0.59], and a significant 

frequency X dose interaction [F(36,144) = 2.7, P = < 0.0001]. (B) 3.2 mg/kg amitifadine 

timecourse (n = 6): significant main effect of frequency [F(9,45) = 32.1, P < 0.0001] but not 

of time [F(5,25) = 0.7, P = 0.61], and no significant interaction [F(45,225) = 1.4, P = 0.05] (C) 

10 mg/kg amitifadine timecourse (n = 6): significant main effect of frequency [F(9,45) = 

36.6, P < 0.0001], time [F(5,25) = 4.8, P < 0.003] and significant frequency X time 

interaction [F(45,225) = 5.8, P < 0.0001].
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Figure 2. 
Effects of amitifadine on 1.8% acid-induced depression of ICSS. Left column shows effects 

on full ICSS frequency–rate curves. Abscissae: Frequency of electrical brain stimulation in 

Log Hz. Ordinates: Percent maximum control reinforcement rate (%MCR). Right columns 

show summary ICSS data expressed as percent pre-treatment baseline total number of 

stimulations per component delivered across all frequencies of brain stimulation. Abscissae: 

drug dose in mg/kg. Ordinates: Percent baseline number of stimulations per component. All 

other details as described for Figure 1. All data show mean ± SEM for five to six rats. 

Statistical results for data in left panels are as follows: (A) 1.8% Acid effect (n = 5): 
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significant main effect of frequency [F(9,36) = 19.4, P < 0.001], treatment [F(1,4) = 25.1, P < 

0.01], and significant frequency X treatment interaction [F(9,36) = 3.2, P < 0.01]. (B) 

Amitifadine effects determined at 30 min post-treatment (n = 5): significant main effect of 

frequency [F(9,36) = 53.8, P < 0.0001], no significant main effect of dose [F(4,16) = 1.8, P = 

0.17], and significant frequency X treatment interaction [F(36,144) = 4.9, P = < 0.0001]. (C) 

Amitifadine effects determined at 100 min post-treatment (n = 6): significant main effect of 

frequency [F(9,45) = 54.8, P < 0.0001], dose [F(2,10) = 25.83, P < 0.0001] and significant 

frequency X treatment interaction [F(18,90) = 4.7, P = < 0.0001].
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Figure 3. 
Effects of amitifadine on 5.6% acid-induced depression of ICSS. Left column shows effects 

on full ICSS frequency–rate curves. Abscissae: Frequency of electrical brain stimulation in 

Log Hz. Ordinates: Percent maximum control reinforcement rate (%MCR). Right column 

shows summary ICSS data expressed as percent baseline number of stimulations per 

component delivered across all frequencies of brain stimulation. Abscissae: drug dose in 

mg/kg. Ordinates: Percent baseline total number of stimulations per component. All other 

details as described for Figure 1. All data show mean ± SEM for five to six rats. Statistical 

results for data in left panels are as follows: (A) 5.6% Acid effect (n = 5): significant main 

effect of frequency [F(9,36) = 83.3, P < 0.0001], treatment [F(1,4) = 17.0, P < 0.05], and 

significant frequency X treatment interaction [F(9,36) = 2.4, P < 0.05]. (B) Amitifadine 

effects determined at 100 min post-treatment (n = 6): significant main effect of frequency 

[F(9,36) = 24.2, P < 0.0001], no significant main effect of dose [F(2,8) = 2.4, P = 0.15], and a 

significant frequency X treatment interaction [F(18,72) = 3.7, P = < 0.0001].
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Figure 4. 
Effects of amitifadine on control levels of nucleus accumbens extracellular dopamine (left 

panel) and serotonin (right panel) in the absence of the noxious stimulus. Abscissae: Time in 

min after injection of amitifadine or vehicle. Ordinates: Percent baseline neurotransmitter 

levels. Filled points represent time points at which neurotransmitter levels were statistically 

different from vehicle levels as determined by a two-way ANOVA followed by a Holm–

Sidak post hoc test, P < 0.05. All data show mean ± SEM for five to six rats. Statistical 

results for data in left panels are as follows: (A) Amitifadine effects on dopamine (n = 6): 

significant main effect of time [F(30,600) = 15.1, P < 0.01] and treatment [F(3,20) = 10.2, P < 

0.001], and significant time X treatment interaction [F(90,300) = 2.5, P = < 0.01]. (B) 

Amitifadine effects on serotonin (n = 5–7): significant main effect of time [F(30,600) = 22.0, 

P < 0.001] and treatment [F(3,20) = 3.8, P < 0.05], and significant time X treatment 

interaction [F(90,300) = 3.6, P = < 0.001].
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Figure 5. 
Effects of IP 5.6% acid on extracellular dopamine in the absence or presence of 3.2 mg/kg 

amitifadine. Abscissae: Time after injection of amitifadine or vehicle. Ordinates: Percent 

baseline neurotransmitter levels. “Inj 1” represents time of vehicle or amitifadine injection. 

“Inj 2” represents time of vehicle or acid injection. Filled points represent time points at 

which neurotransmitter levels were statistically different from vehicle levels as determined 

by a two-way ANOVA followed by a Holm–Sidak post hoc test, P < 0.05. All data show 

mean ± SEM for six rats. Statistical results for data in left panels are as follows: (A) 5.6% 

acid effects on dopamine levels after vehicle pretreatment (n = 6): significant main effect of 

time [F(20,200) = 8.8, P < 0.001], treatment [F(1,10) = 5.2, P < 0.05], and significant time X 

treatment interaction [F(20,200) = 3.1, P = < 0.001]. (B) 5.6% acid effects on dopamine levels 

after amitifadine pretreatment (n = 6): significant main effect of time [F(20,200) = 18.5, P < 

0.001].
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Figure 6. 
Effects of amitifadine on 1.8% acid-induced stretching. Abscissa: dose of amitifadine 

administered 30 min before lactic acid. Ordinate: number of stretches during 30-min 

observation period. Filled point represents dose at which stretching was significantly 

decreased compared to amitifadine vehicle pretreatment as determined by one-way ANOVA 

followed by Dunnetts test, p < 0.05. All data show mean ± SEM for five rats. One-way 

ANOVA indicated a significant effect of amitifadine [F(3,12) = 7.8, P < 0.005]
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