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Neurobiology of Disease
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Chronic pain attenuates midbrain dopamine (DA) transmission, as evidenced by a decrease in opioid-evoked DA release in the ventral
striatum, suggesting that the occurrence of chronic pain impairs reward-related behaviors. However, mechanisms by which pain modifies DA transmission remain elusive. Using in vivo microdialysis and microinjection of drugs into the mesolimbic DA system, we
demonstrate in mice and rats that microglial activation in the VTA compromises not only opioid-evoked release of DA, but also other
DA-stimulating drugs, such as cocaine. Our data show that loss of stimulated extracellular DA is due to impaired chloride homeostasis in
midbrain GABAergic interneurons. Treatment with minocycline or interfering with BDNF signaling restored chloride transport within
these neurons and recovered DA-dependent reward behavior. Our findings demonstrate that a peripheral nerve injury causes activated
microglia within reward circuitry that result in disruption of dopaminergic signaling and reward behavior. These results have broad
implications that are not restricted to the problem of pain, but are also relevant to affective disorders associated with disruption of reward
circuitry. Because chronic pain causes glial activation in areas of the CNS important for mood and affect, our findings may translate to
other disorders, including anxiety and depression, that demonstrate high comorbidity with chronic pain.
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Introduction
The pain experience involves activation of multiple brain regions,
including those encoding salience and affect (Legrain, 2011;
Mouraux et al., 2011). The fact that negative emotional experiences can produce the sensation of pain in the absence of tissue
damage and that cognitive processes such as expectation can modulate the effectiveness of analgesia highlights the importance of salience and affect in the experience of pain. Therefore, changes that
modulate the activity of motivational, salience, and affective systems
will affect how the brain evaluates pain and analgesia.
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There is extensive interaction between systems involved in pain
processing and other affective and motivational systems, and it has
been proposed that aberrant functioning of the affect and salience
circuits may contribute to chronic pain (Borsook et al., 2013). It is
common for chronic pain to be comorbid with mood disorders (e.g.,
depression) and it has been posited that dysfunction of mesolimbic
circuitry, including dopamine (DA) neurotransmission, precipitates
mood disorders and impairs motivated behaviors (Leknes and
Tracey, 2008; Cahill et al., 2013). In fact, chronic pain is second
only to bipolar disorder as the major cause of suicide among all
medical illnesses and the high comorbidity of depression in
patients with chronic pain syndromes further highlights the
significance of the negative affect associated with chronic pain
(Asmundson and Katz, 2009; Elman et al., 2013).
The mesolimbic DA system, comprising dopaminergic neurons in the VTA that project to the NAc, is an integral circuit
encoding salience, motivation, and reward (Berridge, 2007). Diseases linked to deficits in the midbrain DA system, including
disorders of mood and affect, substance abuse, and Parkinson’s
disease, are often comorbid with chronic pain (Jarcho et al.,
2012) and can lead to impaired reward behaviors (Flagel et al.,
2011; Grob et al., 2012). Imaging studies of chronic pain patients indicate that perturbation of the mesolimbic DA system
is linked with chronic pain syndromes (Hagelberg et al.,
2003a; Hagelberg et al., 2003b; Wood et al., 2007). Further,
total striatal DA levels and opioid-stimulated DA release are
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markedly reduced in animal models of chronic pain (Ozaki et
al., 2002; Taylor et al., 2014). Alterations in DA signaling as a
result of chronic pain are associated with motivational deficits
and reduced rewarding effects of natural and opioid rewards
(Martin et al., 2007; Russo and Nestler, 2013; Schwartz et al.,
2014).
How chronic pain affects the mesolimbic DA system is relatively unexplored, but there are sufficient reports to validate
a role of altered DA signaling, not only in the chronicity of
pain, but also in its response to opioid drugs. Here, we describe a mechanism by which chronic pain activates microglia
in the VTA to inhibit DA transmission and disrupt reward
behaviors. Inhibiting microglial activation restored normal
DA signaling and recovered reward behavior. This work identifies microglial activation as being a critical component modulating reward behavior in chronic pain and suggests
inhibiting microglial activation as a potential strategy for restoring disrupted DA transmission that is linked to disorders
such as depression and addiction.

Materials and Methods
Animals
Male C57BL/6J and GAD65-GFP on C57BL/6J background mice (The
Jackson Laboratory), 8 –9 weeks old, were housed in groups of four unless otherwise indicated, and kept on a 12 h light/dark cycle with food and
water available ad libitum. Male Sprague Dawley rats (Charles River Laboratories), 8 –9 weeks old, were housed in groups of two and kept on a
12 h light/dark cycle with food and water available ad libitum. All behavioral tests were performed during the light phase. All procedures were
conducted in accordance with the National Institutes of Health’s Guide
for the Care of Use of Laboratory Animals and were approved by the
University of California–Los Angeles, University of California–Irvine,
and Queen’s University Institutional Animal Care and Use Committees.

Peripheral nerve injury
Animals were randomly assigned into two surgery groups, sham or
peripheral nerve injury (PNI). Surgery was performed as described
previously (Mosconi and Kruger, 1996). All animals received acetaminophen (32 mg/ml, p.o) preoperatively and were anesthetized
with gaseous isoflurane (induction at 5% and maintenance at 2.0 –
2.5% in oxygen). An incision was made in the lateral left thigh followed by blunt dissection to expose the sciatic nerve. For PNI, the
nerve was encased with a polyethylene tubing (PE50, 2 mm). The
control group (sham) received a similar surgery but without dissection of the nerve.

Drugs
Morphine sulfate (1–10 mg/kg, i.p.; Sigma-Aldrich), cocaine hydrochloride (10 mg/kg, i.p.; Sigma-Aldrich), amphetamine hydrochloride (1 mg/
kg, i.p.; Sigma-Aldrich), and D-Ala2, N-MePhe4, Gly-OH]-enkephalin
(DAMGO, 1–25 ng; Tocris Biosciences) were dissolved in 0.9% saline.
These drugs were selected for their ability to stimulate DA release via
distinct targets either in the region of the DA terminal (cocaine, amphetamine) or VTA (morphine, DAMGO). Minocycline hydrochloride (30
mg/kg, i.p.; Sigma-Aldrich) was selected for its ability to inhibit microglial activation (Raghavendra et al., 2003; Nutile-McMenemy et al., 2007;
Latrémolière et al., 2008; Guasti et al., 2009). Minocycline was dissolved
in 0.1 M PBS, pH 7.4, and administered at nerve ligation surgery and every
12 h until the end of experimentation. During the conditioned place
preference assay (CPP), minocycline was administered at least 6 h before
drug conditioning sessions.

CPP
Systemic drugs. CPP is a Pavlovian conditioning test to measure the motivational reward effects of a drug (Cunningham et al., 2006). This test
allows for a within-subject analysis of the time spent in the vehicle compared with drug-paired conditioning chamber, which allows for paired
analysis to assess the rewarding and/or motivational effects of a drug.
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CPP was conducted using an unbiased, counterbalanced, two- or threechamber apparatus. Each square box (28 ⫻ 28 ⫻ 19 cm for mice; 45 ⫻
45 ⫻ 30 cm for rats) was divided into two equal-sized conditioning
chambers separated by a guillotine door. The two chambers were distinguished with visual and tactile cues so that the animals could discriminate between chambers. To counterbalance the groups before the
conditioning sessions, animals were placed in the CPP apparatus and
allowed free access to all chambers. The time spent in each chamber was
recorded over 15–30 min using a CCD camera attached to a computer
running behavioral tracking software (EthoVision; Noldus). The drugpaired chamber was assigned such that any innate bias for one chamber
over the other was balanced between treatment groups. During the conditioning session, animals were confined to only one of the compartments so that they would associate the contextual cues of the
compartment with the motivational effects of the stimulus (drug or vehicle, counterbalanced every other day). Conditioning sessions consisted
of 8 sessions with 4 trials of morphine sulfate (1 or 10 mg/kg, i.p., n ⫽
5– 8) or cocaine hydrochloride (10 mg/kg, i.p., n ⫽ 7) and 4 trials of saline
on alternating days, and were confined to the chambers for 15 (cocaine)
or 30 (morphine) minutes. In a separate experiment, animals received
only 1 trial of morphine (10 mg/kg, i.p.) and 1 trial of saline (n ⫽ 7– 8 per
group). The CPP assay began 6 d after peripheral nerve injury at a time
previously shown to be during peak pain behavior (Taylor et al., 2014).
On the postconditioning day (day 9 after the 8 conditioning trial assay or
day 3 for the 2 conditioning trial assay), no treatment was given to the
animals so that they could be tested in a drug-free state. Animals were
allowed free access to all chambers of the apparatus and the time spent in
the drug-paired chamber measured by motion capture Noldus software
was determined over 15–30 min.
Intra-VTA DAMGO. Male Sprague Dawley rats were anesthetized with
isoflurane and mounted on a stereotaxic frame to allow implantation of
a bilateral intra-VTA cannula (CMA Microdialysis; coordinates from
bregma: AP ⫺5.4, ML ⫾ 0.75, DV ⫺8.0). Rats were chosen to ensure
accurate targeting of drug to the VTA. We have demonstrated comparable systemic opioid CPP responses between rats and mice in control and
chronic pain models (Cahill et al., 2013). Animals were housed individually and allowed to recover for 7 d after intra-VTA cannula insertion, at
which point they received a sham or nerve ligation surgery, as described
above (n ⫽ 6 –9 per group). Six days after nerve ligation surgery, animals
were subjected to preconditioning and CPP was performed as above.
During the conditioning sessions, animals received 4 trials with DAMGO
(1 or 25 ng/0.5 l/side at a rate of 0.25 l/min) and 4 trials of sterile saline
injected directly into the VTA and were confined to the chambers for 30
min. On the postconditioning day (day 9 from the beginning of conditioning trials), animals were allowed free access to both chambers in a
drug-free state and the time spent in the drug-paired chamber was measured over 30 min. Animals were killed at the end of the experiment and
brains were isolated and sectioned on a cryostat to confirm cannula
placement.
Intra-NAc cocaine. Male C57BL/6J mice (n ⫽ 6 – 8 per group) were
anesthetized with isoflurane and mounted on a stereotaxic frame to allow
implantation of a bilateral intra-NAc cannula (CMA Microdialysis; coordinates from bregma: AP⫹1.5, ML ⫹0.8, DV ⫺3.5). Animals also
received nerve ligation or sham surgery as described above and were
housed singly for 7 d. Cocaine CPP was performed as described above
beginning 6 d after surgery. Briefly, after preconditioning, mice received
3 conditioning trials of intra-NAc cocaine (100 g/0.4 l at 0.1 l/min)
and 3 trials of PBS over 6 d. Mice were confined to the conditioning
chamber during intra-NAc injection for 10 min. On the postconditioning day (day 7), mice were allowed free access to both chambers in a
drug-free state and the time spent in the drug-paired chamber was measured over 15 min. Animals were killed at the end of the experiment and
brains were isolated and sectioned on a cryostat to confirm cannula
placement.

Evoked pain tests
Mechanical allodynia. Withdrawal thresholds to a mechanical stimulus
applied with calibrated von Frey filaments were measured in all groups
(n ⫽ 6 per group), as described previously (Chaplan et al., 1994). Mice
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were placed atop a mesh grid floor in a clear Plexiglas enclosure. Von Frey
filaments were applied to the plantar surface of the ipsilateral hindpaw in
an up– down manner in which filaments with increasing stiffness were applied until a paw retraction was observed. After the first positive reaction, the
next less force filament was applied. If no reaction, the next higher force
filament was applied; if a reaction was observed, the next less force filament
was applied. This was repeated five times per animal and the 50% withdrawal
threshold was calculated. Baseline measurements were taken for all animals
before surgery and 2 weeks postoperatively.
Thermal tail withdrawal. Morphine and cocaine antinociception was
measured using the tail withdrawal assay at 2 weeks after nerve injury
(n ⫽ 6 –9 per group). Mice were gently restrained by cupping them in a
soft plastic conical sleeve and 2.5 cm of the tail was immersed in 49°C
water. The time to tail withdrawal was measured. After 3 basal measurements, mice were injected with morphine (10 mg/kg, i.p.) or cocaine (10
mg/kg, i.p.). Tail withdrawal latencies were measured every 10 or 20 min
for 1 h. Mice were returned to their home cages between testing. A cutoff
of 15 s was imposed to avoid tissue damage based on baseline latencies
between 4 and 6 s. Data were expressed as percent maximum possible
effect, calculated as follows: (test latency ⫺ baseline latency)/(cutoff
latency ⫺ baseline latency) ⫻ 100.

Immunoblot assay
Animals were anesthetized with isofluorane and the brains were isolated
(n ⫽ 4 per group). Brain punches (1 mm ⫻ 1 mm ⫻ 1 mm) were taken
from the VTA and homogenized in radioimmunoprecipitation assay
buffer with protease inhibitors. Equal amounts of protein (25 g) were
loaded onto precast 10% polyacrylamide gels (Bio-Rad) and transferred
to nitrocellulose membranes. Membranes were incubated with an antibody against BDNF (1:150; Millipore) and visualized with a goat antirabbit antibody conjugated to HRP (Jackson Immunoresearch). BDNF
levels were normalized to the housekeeping protein ␤-actin (1:5000;
Sigma-Aldrich). Results were analyzed with a computer-assisted densitometry analysis (ImageJ).

Immunocytochemistry

Animals (n ⫽ 4 –7 per group) were transcardially perfused with 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). The brain was
dissected from the skull, postfixed for 30 min in the above-described
fixative, and cryoprotected in 30% sucrose before cutting 40 m sections
collected in PBS containing 0.2% Triton X-100. For microglial labeling,
sections were incubated with anti-IBA-1 (1:2000; Wako) and a goat antirabbit IgG conjugated to Alexa Fluor 488 (1:1000; Invitrogen). For K ⫹/
Cl ⫺ cotransporter (KCC2) staining, sections were incubated with antiKCC2 (1:500; Millipore) and a donkey anti-rabbit IgG conjugated to
Alexa Fluor 594 (1:500; Invitrogen). Images were taken on a Nikon
Eclipse 90i fluorescence microscope with a 20⫻ or 40⫻ objective. For
KCC2 quantification, images were acquired with a high-resolution
digital camera with constant exposure and gain settings. Fluorescent
intensity was measured with ImageJ software. For IBA-1 quantification, the degree of microglial activation in the VTA was measured
using a semiquantitative method, as described previously (Lynch,
2009). Experimenters were blinded to conditions at all points of
quantification. The level of microglial activation was scored on a
linear scale of 0 – 4 ranging from resting microglia (0) to highly activated (4), as described previously (Brettschneider et al., 2012). In
addition, the branching points of the filopodia were counted and
compared between groups.

Fluorescence lifetime imaging microscopy

For fluorescence lifetime imaging microscopy (FLIM), 300-m-thick
coronal midbrain sections corresponding to the VTA of C57BL/6 and
GAD65-GFP knock-in mice (n ⫽ 7–12 per group) were incubated in
artificial CSF (ACSF) containing the following (in mM); 126 NaCl, 2.5
KCl, 2 CaCl2, 2 MgCl2, 10 glucose, 26 NaHCO3, and 1.25 NaH2PO4,
along with a 5 mM concentration of the Cl ⫺ indicator N-6methoxyquinolinium acetoethylester (MQAE; Invitrogen) for 30 – 40
min at 34°C. Slices were then transferred to a perfusion chamber (2
ml/min) in the presence of 1 M tetrodotoxin, 10 M CNQX, 40 M AP5,
0.5 M strychnine, and 10 M gabazine. Furosemide (125 M; Sigma-

Aldrich) was applied to some sections to block KCC2 Cl ⫺ transport.
Some slices were incubated with anti-trkB (5 g/ml; Sigma-Aldrich) for
1 h before MQAE. MQAE fluorescence was excited using a Zeiss LSM510
laser-scanning microscope coupled to a femtosecond-pulsed Ti-sapphire
laser (Chameleon Ultra) tuned at 750 nm (Gagnon et al., 2013). Fluorescence of MQAE was acquired through a 40⫻ water-immersion objective
and fluorescence lifetime was recorded with a Becker & Hickl SPC-830
module through the nondescanned port of the Zeiss LSM510 using a
band-pass filter (469/35 nm) coupled to a laser block (short-pass 750
nm). Photons were detected using a PMC-100-1 photosensor
(Hamamatsu). Experimental instrument response function of the detection path was acquired using an 80 nm gold nanoparticle suspension to
generate a second-harmonic signal.
GABAergic cells were identified visually as part of the VTA and could
be distinguished from DA and glutamatergic cells on the basis of their
morphology and colabeling in sections taken from GAD65-GFP mice. To
confirm brain region specificity, tissue slices were postfixed with PFA and
subjected to tyrosine hydroxylase (TH) immunolabeling (1:1000; Calbiochem) to confirm imaging was performed on VTA sections.
Two-photon fluorescence lifetime images were acquired every 10 s for a
period of 7 min, followed by perfusion with ACSF containing 15 mM KCl to
reverse KCC2-mediated Cl ⫺ transport and to force Cl ⫺ accumulation inside the cell, leading to a quenching of the measured lifetime (Chorin et al.,
2011). The imaging plane was set at least 60 m under the slice surface to
ensure recording of healthy MQAE-loaded cells. For each condition, we
recorded cells from at least 7 animals, at least 2 slices per animal (14 –20
slices/condition), and 70 –100 cells (on average 5/slice). Fluorescence lifetime in each cell was averaged over the whole-cell body area and extracted for
each time point using home-made MATLAB software (The MathWorks).
Briefly, following the results of previous studies (Digman et al., 2008), we
converted the photon timing histograms of each acquired lifetime image to
phasor plots. Regions of interest corresponding to cell bodies were selected
and added to a new phasor. Each VTA slice had between three and 15 cells,
and the lifetimes of these cells were averaged to give one lifetime measurement per time point throughout the recording.

Microdialysis

Mice (n ⫽ 4 – 6 per group) were anesthetized with isoflurane and placed
into a stereotaxic frame to allow implantation of a guide cannula (CMA
Microdialysis) to an area just dorsal to the right side of the NAc (coordinates from bregma AP ⫹1.5, ML ⫹0.8, DV ⫺3.5). This surgery was
performed at the same time as sham and nerve ligation surgery. A separate group received PNI surgery and chronic treatment with minocycline
(30 mg/kg, i.p.) every 12 h starting the day of surgery and continuing
throughout the experiment. When microdialysis samples were collected,
minocycline injection occurred at least 6 h before baseline sampling.
Animals were housed individually and allowed to recover for 10 –14 d.
The day before the experiment, animals were implanted with a concentric microdialysis probe equipped with a 1-mm-long, 300-m-diameter
polyacrylonitril membrane (CMA Microdialysis). Probes were continuously perfused with ACSF containing the following (in mM): 125 NaCl,
2.5 KCl, 0.9 NaH2PO4, 5 Na2HPO4, 1.2 CaCl2, and 1 MgCl2, pH 7.4,
using syringe pumps at a rate of 1 l/min. Dialysates were collected at 4°C
in 20 min intervals into plastic microvials preloaded with 2 l of 12.5
mM perchloric acid/250 M EDTA. Twelve hours after insertion of
microdialysis probes, drug (10 mg/kg morphine, 10 mg/kg cocaine, 1
mg/kg amphetamine, or saline; i.p.) was injected every 1–5 h. Each
animal was treated with every drug in one day (saline, morphine,
cocaine, and amphetamine). The order of drug treatment was randomized and no effect of drug order was observed. For saline, cocaine,
and amphetamine, drugs were given 1 h (saline) or 1.5 h (amphetamine and cocaine) apart. Because of the longer effect of morphine on
extracellular DA levels, subsequent drug administration was given 5 h
after morphine administration. Dialysate samples were analyzed with
HPLC analysis (Koizumi et al., 2004). Animals were immediately
killed and brains preserved in histological fixative (4% PFA). Brains
were coronally sectioned and mounted on glass slides. Sections were
counterstained with cresyl violet, dehydrated, and coverslipped to
confirm probe placement.
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Figure 1. Loss of opioid- and cocaine-evoked DA release in chronic pain. Morphine (10 mg/kg) failed to stimulate extracellular DA in the PNI group, but treatment with minocycline (PNI⫹MC; 30 mg/kg)
restored morphine-evoked extracellular DA levels. Similarly, cocaine-evoked (10 mg/kg) DA levels were lower in the PNI group compared with the sham group and cocaine-evoked extracellular DA could be
recovered by pretreatment with minocycline (PNI⫹MC). Amphetamine-evoked (1 mg/kg) extracellular DA was not significantly different between PNI and sham groups and was not altered by MC treatment.
***p ⬍ 0.001. Error bars indicate SEM. Insets depict area under the curve (AUC) for the entire measurement period of DA dialysis for each group. *p ⬍ 0.05. Error bars indicate SEM.

Figure 2. Systemic opioid- and cocaine-induced place preference in chronic pain. a, Systemic morphine (10 mg/kg) produced a place preference in control and chronic pain (PNI) groups. When animals
receivedlimitedconditioningtrials(oneexposureto10mg/kgmorphineandonetosaline),onlytheshamgroupdisplayedarobustplacepreference.Systemiclowdoseofmorphine(1mg/kg)producedatrend
towardaplacepreference,butwasnotsignificantineithertheshamorthePNIgroup.*p⬍0.05,**p⬍0.01.ErrorbarsindicateSEM.b,Systemiccocaine(10mg/kg)producedaplacepreferenceinbothsham
andPNIgroups.**p⬍0.01,***p⬍0.001.ErrorbarsindicateSEM.c,Morphine(10mg/kg)andcocaine(10mg/kg)antinociceptionwasmeasuredusingthetailwithdrawalassay.Neithermorphinenorcocaine
antinociceptionwassignificantlydifferentbetweenshamorPNIgroups.Further,inhibitionofmicrogliainchronicpainanimals(PNI⫹MC)didnotaffectmorphineantinociception.ErrorbarsindicateSEM.n.s.,
Not significant; %MPE, percent maximum possible effect.

Statistics

All data are expressed as mean ⫾ SEM. For analysis of behavior, Western
blotting, and immunohistochemical labeling, data were analyzed using either a one-way or two-way ANOVA followed by post hoc analysis. Fluorescence lifetime Cl ⫺ measurements were analyzed by programmed MATLAB
software. The average slope (change in Cl ⫺ over time) per slice over the first
40 s after high K ⫹ perfusion was averaged across the group. The effects of

treatment were analyzed by a one-way ANOVA. Differences were considered statistically different with p ⬍ 0.05.

Results
To test whether chronic pain disrupts DA transmission, we measured evoked extracellular DA release using in vivo microdialysis.
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In the sham surgery group (control), systemic morphine (10 mg/kg) evoked a robust increase in extracellular DA in the
NAc (Fig. 1). However, morphine failed
to elicit an increase in extracellular DA in
the chronic pain group (Fig. 1; Fpain
state(2,138) ⫽ 19.73, p ⫽ 0.0001, Ftime(13,138)
⫽ 2.74, p ⫽ 0.002, Finteraction(26,138) ⫽
1.01, p ⫽ 0.45). Cocaine also showed deficits in its ability to evoke DA release in the
chronic pain group (Fpain state(2,52) ⫽ 5.95,
p ⫽ 0.004, Ftime(6,52) ⫽ 4.28, p ⫽ 0.001,
Finteraction(12,52) ⫽ 1.44, p ⫽ 0.18) compared with the control group. Interestingly, amphetamine, which causes an
increase in extracellular DA by promoting
vesicular release and transporter blockade, stimulated extracellular DA levels in
both control and chronic pain groups,
with no difference observed between
groups (Fpain state(2,38) ⫽ 1.32, p ⫽ 0.23,
Ftime(6,38) ⫽ 9.1, p ⫽ 0.0001,
Finteraction(12,38) ⫽ 1.01, p ⫽ 0.46).
To determine whether the loss of
evoked release of DA in the mesolimbic
system of chronic pain animals was associated with a loss of reward-like behavior,
we determined the effects of morphine
and cocaine-induced CPP in control and
chronic pain animals. Systemic morphine (10 mg/kg) produced a robust
place preference in both control and
chronic pain groups after conditioning
for 8 d (Fig. 2a; Fdrug side(1,15) ⫽ 9.45, p ⫽
0.008; Fpain state(1,15) ⫽ 0.51, p ⫽ 0.49;
Finteraction(1,15) ⫽ 0.0005, p ⫽ 0.94).
However, when animals were conditioned for only 2 d (once with morphine
and once with saline), the chronic pain
group failed to show a place preference
to morphine, whereas in the control
group, morphine place preference was
observed (Fig. 2a; Fdrug side(1,26) ⫽ 10.61,
p ⫽ 0.003, Fpain state(1,26) ⫽ 0.02, p ⫽
0.90, Finteraction(1,26) ⫽ 2.80, p ⫽ 0.1). To
determine whether the chronic pain an- Figure 3. Loss of mesolimbic-specific opioid- and cocaine-induced place preference in chronic pain. a, Repeated conditioning to
imals exhibited state-dependent learn- intra-VTA DAMGO (1 ng) failed to produce a robust place preference in the PNI groups, whereas a high dose of DAMGO (25 ng)
ing to systemic morphine after only two produced a robust place preference in both the sham and PNI groups. Pretreatment with the microglial inhibitor minocycline (30
mg/kg) recovered intra-VTA DAMGO (1 ng) place preference in the PNI group. Top left pictograph depicts intra-VTA injection sites.
conditioning sessions, mice were in- *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001. Error bars indicate SEM. b, Cocaine (100 g) administered directly into the NAc produced
jected with morphine (10 mg/kg, i.p.) a place preference in the sham group, but not the PNI group. Left pictograph depicts intra-NAc injection sites. *p ⬍ 0.05. Error bars
72 h after conditioning. A state- indicate SEM.
dependent effect was evident with a difference score between morphine and
or morphine had the potential to produce negative reinforcesaline compartments of 540 ⫾ 198 s (t ⫽ 2.732, p ⬍ 0.05). A
ment in chronic pain animals (via eliciting analgesic effects), we
lower dose of morphine (1 mg/kg) produced a trend toward a
assessed whether cocaine and morphine increased tail withdrawal
place preference, but was not significant in either the control
latencies in both control and chronic pain animals. The analgesic
or the chronic pain group (Fdrug side(1,8) ⫽ 3.56, p ⫽ 0.09, Fpain
effects of cocaine and morphine on nerve injury-induced pain
state(1,8) ⫽ 2.94, p ⫽ 0.12, F interaction(1,8) ⫽ 0.002, p ⫽ 0.96).
hypersensitivities of the hindpaw could not be assessed because of
Contrary to expectations, systemic administration of cocaine
drug-induced hyperlocomotion; therefore, the analgesic effects
(10 mg/kg) also produced a place preference in both the conwere measured via the tail immersion assay. Systemic morphine
trol and chronic pain groups (Fig. 2b; Fdrug side(1,12) ⫽ 37.78, p ⫽
(10 mg/kg, i.p.) produced a large antinociceptive response that
0.0001, Fpain state(1,12) ⫽ 0.006, p ⫽ 0.94, Finteraction(1,12) ⫽ 0.45, p ⫽
0.62). To determine whether systemic administration of cocaine
was not significantly different in chronic pain animals compared
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Figure 4. Chronic pain activates microglia in the VTA. a, Microglia were significantly activated in the VTA of the chronic pain (PNI) group and displayed a robust activated phenotypes.
Pretreatment with the microglial inhibitor minocycline (MC; 30 mg/kg) blocked microglial activation in the PNI⫹MC group. **p ⬍ 0.01, ***p ⬍ 0.001. Error bars indicate SEM. Scale bar, 75 m.
b, Mechanical withdrawal thresholds of the ipsilateral hindpaw were measured with von Frey filaments. The PNI group showed significantly lowered mechanical thresholds 2 weeks after nerve
injury. Systemic treatment with the microglial inhibitor MC did not affect evoked pain thresholds. **p ⬍ 0.01, ***p ⬍ 0.001. Error bars indicate SEM. n.s., Not significant.

with controls (Fig. 2c). Similarly, systemic injection of cocaine
(10 mg/kg, i.p.) produced a small but robust antinociceptive effect in both control and chronic pain groups, and this effect was
not significantly different between groups.
Several prior studies have indicated that systemically administered opioids can produce a place preference independently of
DA by engaging reward circuits outside of the mesolimbic DA
system (Hnasko et al., 2005; Vargas-Perez et al., 2009). To isolate
the contribution of DA signaling to reward behavior, we assessed the ability of opioids or cocaine microinjected into the
VTA or NAc to produce a place preference in control and chronic
pain animals. DAMGO (1 ng) injected directly into the VTA produced a place preference in the control group; however, it failed to
produce a place preference in the chronic pain group (Fig. 3a;
Fdrug side(1,15) ⫽ 10.49, p ⫽ 0.006, Fpain state(1,15) ⫽ 1.72, p ⫽ 0.21,
Finteraction(1,15) ⫽ 15.18, p ⫽ 0.0014). Injections of a higher dose of
DAMGO (25 ng) into the VTA produced a place preference in both
the control and chronic pain groups (Fdrug side(1,11) ⫽ 58.59, p ⫽
0.0001, Fpain state(1,11) ⫽ 2.46, p ⫽ 0.14, Finteraction(1,11) ⫽ 3.72, p ⫽
0.08). Intra-NAc injection of cocaine (100 g), which stimulates
increased extracellular DA in the NAc by transporter blockade at
the axonal terminals, produced a place preference in the control group, but not in the chronic pain group (Fig. 3b;
Fdrug side(1,22) ⫽ 1.35, p ⫽ 0.26, Fpain state(1,22) ⫽ 0.33, p ⫽ 0.57,
Finteraction(1,22) ⫽ 6.69, p ⫽ 0.02).
Microglia have been implicated in the development of chronic
pain at the spinal level and play a pivotal role in central sensitization and synaptic plasticity (Taves et al., 2013). We explored the
contribution of microglia to the loss of evoked increase in extracellular DA in chronic pain. Microglial activation, as measured by
morphological changes in IBA-1 immunolabeling, was evident in
the VTA of chronic pain animals compared with controls and
chronic treatment with the microglial inhibitor minocycline (30
mg/kg) significantly blocked this activation (Fig. 4a; F(2,35) ⫽
23.56, p ⫽ 0.0001). In the chronic pain group, minocycline was
found to restore both the morphine- and cocaine-stimulated increase in extracellular DA to comparable levels in the control
group (Fig. 1). Treatment with minocycline did not affect drugevoked extracellular DA in the control group, nor did it alter the
amphetamine-stimulated rise in extracellular DA in either control or chronic pain group (Fig. 1). Furthermore, pretreatment

with minocycline recovered intra-VTA DAMGO place preference in the chronic pain group (Fig. 3a: Fdrug side(1,26) ⫽ 32.29, p ⬍
0.0001, Fpain state(1,26) ⫽ 1.224, p ⫽ 0.28, Finteraction(1,26) ⫽ 0.4, p ⫽
0.7). Inhibiting microglial activation did not prevent the development of mechanical allodynia measured 6 h after minocycline
treatment, corresponding to the regimen schedule used in the
CPP assay (Fig. 4b; Ftime(1,15) ⫽ 35.44, p ⫽ 0.0001, Fpain state(2,15) ⫽
3.69, p ⫽ 0.05, Finteraction(2,15) ⫽ 9.41, p ⫽ 0.01). Further, minocycline treatment did not affect morphine or cocaine analgesia in
either the control or chronic pain group (Fig. 2c).
Previous research showed that microglial activation contributes to chronic pain by disrupting Cl ⫺ homeostasis via a TRkBKCC2 pathway in GABAA-expressing spinal cord lamina I
nociceptive neurons (Coull et al., 2005). We thus investigated
whether this pathway also contributes to the loss of mesolimbic
DA activity in chronic pain. BDNF protein expression measured
by Western blot analysis was significantly upregulated in the VTA
of chronic pain animals and this upregulation was blocked by
systemic minocycline treatment (Fig. 5f; Ftreatment(1,11) ⫽ 8.10,
p ⫽ 0.02). Quantitative analysis of KCC2 immunolabeling in the
VTA showed significantly lower KCC2 protein expression in the
chronic pain group, which was also prevented by treatment with
minocycline (Fig. 5b; F(2,14) ⫽ 8.73, p ⫽ 0.004). To determine
whether KCC2 function was disrupted within the VTA of chronic
pain animals, we prepared VTA coronal slices and measured K ⫹driven Cl ⫺ influx via fluorescent lifetime measurements of the
Cl ⫺ probe MQAE. This method has been used previously to
measure the Cl ⫺ transport rate within spinal cord neurons
(Doyon et al., 2011; Ferrini et al., 2013; Gagnon et al., 2013).
MQAE dye loaded exclusively into GABAergic (GAD65-GFP ⫹)
neurons of the VTA (Fig. 5c). The rate of Cl ⫺ accumulation
induced by elevated K ⫹ was significantly slower in slices from
chronic pain animals (Fig. 5d,e; F(3,35) ⫽ 4.26, p ⫽ 0.01). This
decrease in Cl ⫺ transport was attenuated by in vivo pretreatment
with minocycline or in vitro incubation of the slices with a functional blocking antibody to TrkB.

Discussion
In the present study, we show that chronic pain results in decreased accumbal morphine- and cocaine-stimulated extracellular DA levels that contribute to impaired reward-related
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Figure 5. Chronic pain disrupts Cl ⫺ transport in VTA GABAergic through a microglia-BDNF signaling pathway. a, KCC2 labeling in the VTA was primarily localized in processes not labeled for TH.
Immunolabeling of KCC2 (green) was identified in non-TH (red)-labeled neurons and the labeling was punctate, which is indicative of terminal arborization. Scale bar, 75 m. The right micrographs
represent a single image of a TH⫹ neuron (middle, arrowhead) surrounded by KCC2-immunoreactive arbors (bottom). The top image is a merge of the bottom two images. b, The chronic pain (PNI)
group exhibited decreased KCC2 expression in the VTA that could be recovered by systemic treatment with minocycline (PNI⫹MC; 30 mg/kg). Left black and white micrographs are representative
images of KCC2 labeling in the VTA of sham and PNI groups. The right histogram shows KCC2 quantification. Error bars indicate SEM. *p ⬍ 0.05, **p ⬍ 0.01. AU, Arbitrary units. c, Top left, KCC2
function was assayed in VTA slices using MQAE FLIM. The VTA was localized with brain atlas coordinates and confirmed with TH labeling (red) after Cl ⫺ imaging assay. Bottom left, Representative
micrographs showing MQAE loading in GAD65-GFP cells (white arrows) in the VTA (2-photon optical section ⬃1 m). Top right, Pseudocolor images showing lifetime maps from control VTA slices
in the presence of 2.5 or 15 mM KCl. d, Representative lifetime plots from VTA slices. e, Graph plotted by averaging the slope in the lifetime plots immediately after administration of 15 mM KCl. The
PNI group had significantly slower fluorescence lifetime change rate indicative of a slower transport of Cl ⫺ into the cell. Normal transport rate was restored in animals pretreated with minocycline
(PNI⫹MC) or in slices treated with a TrkB antagonist (PNI⫹anti-trkB). (*p ⬍ 0.05; n ⫽ 7 animals with at least 2 slices per animal, 14 –20 slices/condition, and 70 –100 cells, on average 5/slice).
Error bars indicate SEM. f, VTA punches from the PNI group showed significantly elevated BDNF protein, which was blocked with pretreatment with MC. *p ⬍ 0.05 compared with sham, #p ⬍ 0.05
compared with PNI⫹saline. Error bars indicate SEM.

behaviors. We have identified activated microglia and BDNF as
key mediators in this dysfunction of the mesolimbic DA system
by disrupting the Cl ⫺ gradient in GABAergic interneurons of the
VTA.
The loss of morphine- and cocaine-stimulated extracellular DA
in the NAc of the chronic pain group was striking (Fig. 1). A prior
study conducted 3 d after nerve injury described a partially attenuated morphine-stimulated DA response (Ozaki et al., 2002). This
supports our current findings and suggests that dysfunction in mesolimbic DA circuitry becomes increasingly apparent as animals
transition from acute to chronic pain. An impaired mesolimbic DA

response in chronic pain is also supported by a recent human fMRI
study that found dramatically reduced reward-stimulated activity in
the VTA of fibromyalgia patients (Loggia et al., 2014).
Despite the lack of morphine-evoked striatal DA release in
chronic pain animals, systemic morphine continued to produce a
place preference. One hypothesis is that the retained opioid place
preference in chronic pain animals despite the absence of DA
activation is due to the negative reinforcement (pain relief) and,
indeed, morphine antinociception was found to be intact in
chronic pain animals (Fig. 2c; Navratilova et al., 2012). It should
be recognized that the role of DA signaling in opioid reward is
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complex. Several prior studies have indicated that mesolimbic
DA activity is not required for opioid place preference (Hnasko et
al., 2005; Vargas-Perez et al., 2009) but, rather, that DA release
may be involved in the salience or memory processing of rewarding stimuli (Berridge, 2007). Indeed, when only one morphine
conditioning trial was run, chronic pain animals failed to display
a place preference (Fig. 2a). We suggest that this may be a reflection of a blunted DA release impairing reward-learning behavior
in this shortened conditioning trial paradigm. When an opioid
agonist (1 ng of DAMGO) was injected directly into the VTA, it
failed to produce a place preference in the chronic pain group
(Fig. 3a). This further supports the premise that chronic pain
leads to a loss of mesolimbic DA-driven reward. Systemic cocaine, like morphine, exhibited a place preference in both control
and chronic pain groups. However, cocaine has a well documented analgesic effect (Fig. 2c; Lin et al., 1989) and it is possible
that cocaine place preference could be a result of negative reinforcement as a result of pain relief. The presence of morphine and
cocaine place preference after systemic drug administration despite the absence of drug-evoked striatal DA release suggests that
circuitry outside of the mesolimbic DA system, possibly related to
relief of pain and negative reinforcement, drives place preference
in chronic pain states.
One parsimonious hypothesis for the loss of opioid-evoked
DA release is a loss of function or expression of the mu opioid
(MOP) receptor in the VTA (Niikura et al., 2008). Injection of a
higher dose of DAMGO (25 ng) into the VTA produced a full
CPP in chronic pain animals, suggesting that MOP receptors are
still functional, but higher doses of opioids are needed to evoke
increases in extracellular DA in chronic pain animals. This result
would be consistent with a desensitized opioid system. To address
this potential confound, we have probed the mesolimbic system
with nonopioid, DA-stimulating drugs. Loss of DA-mediated reward was not restricted to opioids and a similar phenomenon was
observed with cocaine. Injection of cocaine into the NAc produced a place preference in the control group, but not in the
chronic pain group. These data, along with microdialysis experiments, serve to reinforce the notion of a hyporeactive mesolimbic DA system to drug reward stimuli in chronic pain.
Our prior studies have determined that chronic pain leads to a
major reduction in total tissue levels of striatal DA; however, this
was not attributed to a loss of DA cell bodies in the VTA (Taylor
et al., 2014). Given our results with cocaine, a drug that blocks the
DA reuptake transporter, we challenged the system with amphetamine, a drug that evokes increased extracellular DA via a reverse
efflux mechanism. Interestingly, amphetamine-evoked DA levels
were equivalent in the control and chronic pain groups. Our data
are consistent with increased inhibitory tone on DA neurons in
chronic pain animals given the lack of cocaine- or morphinestimulated extracellular DA levels. However, the unaltered
amphetamine-stimulated extracellular DA levels suggest that the
free intracellular DA pool is maintained in chronic pain animals.
In this study, we have identified a mechanism by which the
opioid- and cocaine-stimulated DA response is blunted in
chronic pain animals. We describe a decrease in Cl ⫺ transport in
GABAergic interneurons of the VTA due to a loss of KCC2 expression (Fig. 5). A loss of functional KCC2 has been shown
previously to result in a shift in the GABA reversal potential,
leading to disinhibition of spinal lamina I neurons (Coull et al.,
2003). We identified activated microglia and BDNF as being possible components to this mechanism, in that minocycline treatment or interfering with BDNF signaling in the chronic pain
group recovered Cl ⫺ transport in GABAergic neurons and recov-
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ered morphine- and cocaine-stimulated DA release. Activated
microglia are implicated in the development of chronic pain
(Raghavendra et al., 2002; Ledeboer et al., 2006; Loggia et al.,
2015) and BDNF released from activated microglia contributes
directly to the hyperexcitability of the pain pathway (Coull et al.,
2005). Previous reports implicate BDNF-TrkB signaling as a negative modulator of opioid function in the VTA in models of opioid
dependence (Koo et al., 2012; Vargas-Perez et al., 2014). Our findings extend these results by implicating KCC2 function on GABAergic neurons as driving this negative modulation in a chronic pain
model.
Changes in the DA system likely contribute to the affective
disorders associated with chronic pain and may also affect the
effectiveness of many analgesics, such as morphine, the therapeutic potential of which is strongly linked to its rewarding capacity.
Moreover, this work affirms the importance of microglial activation in modulating reward behavior and suggests microglial
inhibitors as an effective therapeutic for disrupted DA transmission. We acknowledge that minocycline may have off-target effects and further studies are warranted to explore the utility of
inhibiting microglia in this paradigm using more specific and/or
local strategies of inhibition.
In conclusion, it is well established that neuroplastic changes
in reward circuitry, including molecular and cellular changes
within the mesolimbic DA system, lead to the genesis of negative
affect (Koob and Le Moal, 2005; Koob and Volkow, 2010; Koob et
al., 2014). Our present data show that chronic pain causes activation of microglia in the VTA that modifies reward by disrupting Cl ⫺ homeostasis in GABAergic neurons. These findings
represent a paradigm shift in the field of chronic pain by identifying a signaling and biophysical mechanism by which microglia
alter the reward pathway.
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