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Pronociceptive and Antinociceptive Effects of Buprenorphine
in the Spinal Cord Dorsal Horn Cover a Dose Range of Four
Orders of Magnitude
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Department of Neurophysiology, Center for Brain Research, Medical University of Vienna, 1090 Vienna, Austria

Due to its distinct pharmacological profile and lower incidence of adverse events compared with other opioids, buprenorphine is
considered a safe option for pain and substitution therapy. However, despite its wide clinical use, little is known about the synaptic effects
of buprenorphine in nociceptive pathways. Here, we demonstrate dose-dependent, bimodal effects of buprenorphine on transmission at
C-fiber synapses in rat spinal cord dorsal horn in vivo. At an analgesically active dose of 1500 �g�kg �1, buprenorphine reduced the
strength of spinal C-fiber synapses. This depression required activation of spinal opioid receptors, putatively �1-opioid receptors, as
indicated by its sensitivity to spinal naloxone and to the selective �1-opioid receptor antagonist naloxonazine. In contrast, a 15,000-fold
lower dose of buprenorphine (0.1 �g�kg �1), which caused thermal and mechanical hyperalgesia in behaving animals, induced an
enhancement of transmission at spinal C-fiber synapses. The ultra-low-dose buprenorphine-induced synaptic facilitation was mediated
by supraspinal naloxonazine-insensitive, but CTOP-sensitive �-opioid receptors, descending serotonergic pathways, and activation of
spinal glial cells. Selective inhibition of spinal 5-hydroxytryptamine-2 receptors (5-HT2Rs), putatively located on spinal astrocytes,
abolished both the induction of synaptic facilitation and the hyperalgesia elicited by ultra-low-dose buprenorphine. Our study revealed
that buprenorphine mediates its modulatory effects on transmission at spinal C-fiber synapses by dose dependently acting on distinct
�-opioid receptor subtypes located at different levels of the neuraxis.
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Introduction
Opioids are widely used in pain therapy. Clinically used opioids
mainly bind to �-opioid receptors, which are expressed throughout
the nervous system (Pert and Snyder, 1973). Despite a lack of genetic
proof, pharmacology suggests that �-opioid receptors might be di-
vided into subtypes that can be distinguished by the �1-opioid re-
ceptor subtype antagonist naloxonazine (Wolozin and Pasternak,
1981; Pasternak and Pan, 2013). A major part of opioid-induced
analgesia depends on a strong, reversible depression of synaptic
strength at C-fibers terminating in the superficial spinal dorsal horn
(Kohno et al., 1999; Drdla et al., 2009; Heinke et al., 2011).

The use of opioids is often limited by the development of side
effects such as opioid-induced hyperalgesia (OIH), which is char-

acterized by paradoxically increased pain sensitivity involving
both peripheral and central mechanisms (Colpaert, 1979; Mao et
al., 1995; Célèrier et al., 1999). OIH can be observed during acute
or sustained opioid treatment and upon withdrawal in humans
and animals (Angst and Clark, 2006; Lee et al., 2011). At the
spinal level, opioid withdrawal induces LTP at C-fiber synapses
(Drdla et al., 2009; Heinl et al., 2011), which might contribute to
the mechanical and thermal OIH that is induced upon with-
drawal from opioids such as remifentanil, fentanyl, and mor-
phine (Heinl et al., 2011). However, the role of opioid receptor
activation in the development of OIH has been controversial (Si-
monnet and Rivat, 2003; Gardell et al., 2006; Juni et al., 2007;
Waxman et al., 2009; Xu et al., 2014). Recent data suggest that
nonopioid receptors, such as toll-like receptor 4 (TLR4), might
also be involved (Hutchinson et al., 2007; Eidson and Murphy,
2013; but see Fukagawa et al., 2013; Mattioli et al., 2014).

Another mechanism contributing to OIH is descending facilita-
tion originating from the rostral ventromedial medulla (Vanderah et
al., 2001a; Ossipov et al., 2004). Opioids may activate descending,
serotonergic pathways acting on spinal 5-hydroxytryptamine-3 re-
ceptor (5-HT3R), thereby facilitating spinal synaptic transmission
(Suzuki et al., 2004; Heinl et al., 2011).

The opioid buprenorphine was synthesized in an attempt to
create an opioid lacking most of the undesirable side effects but
retaining an analgesic potency of morphine (Campbell and
Lovell, 2012). Buprenorphine is considered to be an extraordi-
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nary safe opioid with regard to side effects and toxicity and is
therefore widely used in pain and substitution therapy. Despite
this widespread use, buprenorphine’s mechanisms of action are
only marginally understood and its effects on synaptic transmis-
sion in the dorsal horn are virtually unknown. Recently, investi-
gators who specifically screened for drug effects at ultra-low,
subanalgesic doses reported that buprenorphine may induce hy-
peralgesia (Wala and Holtman, 2011), but the underlying mech-
anisms were not examined.

Here, we show that buprenorphine exerts dose-dependent, bi-
modal effects on synaptic strength at spinal C-fibers. At analgesic
doses, buprenorphine inhibited synaptic strength. In contrast, a
15,000-fold lower, subanalgesic dose facilitated synaptic strength
and induced hyperalgesia in behaving animals. The pronociceptive
effect required activation of spinal 5-HT2Rs via descending seroto-
nergic pathways and the activation of spinal glial cells.

Materials and Methods
Animals. All procedures were performed in accordance with European
Communities Council directives (86/609/EEC) and were approved by
the Austrian Federal Ministry of Science and Research.

To avoid potential confounding effects of hormone fluctuations in
female rats, only male Sprague Dawley rats (Institute for Experimental
Animal Breeding of the Medical University of Vienna, Himberg, Austria)
weighing between 150 and 250 g (unless stated otherwise) were used for
all experiments. Animals were provided with a standard laboratory diet
and water ad libitum and kept on a 12 h light/dark cycle, housed three to
six rats per cage.

Animal surgery for electrophysiological recordings in vivo. Isoflurane in
2/3 N2O and 1/3 O2 was used to induce (4 vol% inspiratory) and main-
tain (1.5 vol% expiratory) anesthesia. Concentrations of blood gases
were measured and monitored with a capnograph (Capnomac Ultima;
Datex-Ohmeda). Animals were intubated with a 14 G cannula for me-
chanical ventilation with a respirator (Servo Ventilator 900C; Siemens)
and then ventilated at a rate of 75 strokes�min �1 using a tidal volume of
4 – 6 ml. Body core temperature was maintained at 37°C with a feedback-
controlled heating blanket (Panlab). Deep surgical level of anesthesia was
verified by stable mean arterial blood pressure during noxious stimula-
tion. Surgical procedures were performed as described previously (Ikeda
et al., 2006). Briefly, the right jugular vein and carotid artery were can-
nulated to allow intravenous infusions and arterial blood pressure
monitoring, respectively. The right femoral vein was cannulated for bu-
prenorphine administration. During anesthesia, animals continuously
received intravenous solution (58% Ringer’s solution, 30% HAES, 8%
glucose, and 4% sodium bicarbonate, 2 ml�h �1) for stabilization of arte-
rial blood pressure (mean 130 –160 mmHg) and base excess (mean 1.5 �
0.8 mmol�L �1). The arterial catheter was flushed every 30 min with
heparinized sodium solution (2.5 IU�ml �1) to prevent blood agglutina-
tion. Arterial blood gas analyses were performed every 60 min. Muscle
relaxation was achieved by 2 �g�kg �1�h �1�h �1 intravenous pancuro-
nium bromide. The left sciatic nerve was dissected free for bipolar elec-
trical stimulation with a silver hook electrode. The lumbar segments L4
and L5 were exposed by laminectomy. The dura mater was carefully
incised and retracted. For the surgical spinalization experiment, cervical
segments C6 and C7 were exposed by laminectomy to allow cervical
spinal transection using thermal cautery (Fine Science Tools). Afterward,
the wound was coated with a tissue soaked in cool 0.9% sterile NaCl
solution to avert bleeding. Muscles and skin were sutured. Two metal
clamps were used for fixation of the animal vertebral column in a stereo-
tactic frame. An agarose pool was formed around the exposed spinal
segments L4 and L5. The spinal cord segment was continuously super-
fused with 5 ml of artificial CSF (ACSF) containing the following (in
mM): 135 NaCl, 1.7 KCl, 1.8 CaCl2, 10 HEPES, and 1 MgCl2, pH 7.2,
275–290 mOsm�kg �1, in which additional drugs were dissolved as indi-
cated. At the end of each experiment, animals were killed by decapitation,
and the spinal cord was removed and cryofixated for detection of a rho-
damine B spot at the recording site under a fluorescence microscope.

Only those experiments in which the recording site was located in lami-
nae I or II were taken for further analysis.

Electrophysiological recordings in vivo. Electrophysiological recordings
were performed as described previously (Ikeda et al., 2006). Briefly,
C-fiber-evoked field potentials were recorded with glass microelectrodes
(impedance of 2–3 M�) from laminae I and II of the spinal cord dorsal
horn in response to electrical stimulation of the sciatic nerve in C-fiber
strength using an electrical stimulator (ISO STIM 01 D; NPI Electronic).
The pipette solution consisted of ACSF with 0.2% rhodamine B. Elec-
trodes were driven by a microstepping motor. Recordings were made
with an EXT 02/F-amplifier (NPI Electronics) using a bandwidth filter of
0.1–1000 Hz. Signals were monitored on a digital oscilloscope and digi-
tized by an analog-to-digital converter. Test stimuli were delivered to the
sciatic nerve and consisted of pulses of 0.5 ms duration at C-fiber inten-
sity (25 V) given every 5 min. After obtaining a stable baseline, recordings
were continued for at least 4 h. C-fiber-evoked potentials had a long
latency (�80 ms), corresponding to a conduction velocity of C-fibers of
�1 m/s. At the end of each electrophysiological experiment, pressure was
applied to the electrode (300 mbar, 1 min) and recording sites were
verified histologically with the rhodamine dye.

Calcium imaging. Male postnatal day 20 (P20)–P25 rats were deeply
anesthetized and decapitated. The lumbar spinal cord was removed after
a dorsal laminectomy and �500-�m-thick transverse spinal cord slices
were cut with a vibrating microslicer (DTK-1000; Dosaka) as described
previously (Heinke et al., 2011). The dissection was performed in chilled
incubation solution consisting of the following (in mM): 95 NaCl, 1.8
KCl, 1.2 KH2PO4, 0.5 CaCl2, 7 MgSO4, 26 NaHCO3, 15 glucose, and 50
sucrose, oxygenated with 95% O2 and 5% CO2, resulting in a pH of 7.4
and 310 –320 mOsm/kg. After being kept at 34°C for 30 min, slices were
allowed to rest at room temperature until use. Imaging experiments were
performed at room temperature in recording solution that was identical
to the incubation solution, with the following exceptions (in mM): 127
NaCl, 2.4 CaCl2, 1.3 MgSO4, and 0 sucrose. To image calcium, astrocytes
were loaded with the fluorescent indicator Fluo-5F (F5F) via patch pi-
pettes (3–5 M� resistance), as described previously (Honsek et al., 2012).
In brief, patch pipettes were filled with intracellular solution consisting of
the following (in mM): 120 K-MeSO3, 20 KCl, 2 MgCl2, 20 HEPES, 0.2
EGTA, 2 Na2ATP, and 0.5 NaGTP, as well as 0.1 AlexaFluor 594 (AF594)
and 0.4 F5F, pH 7.28 with KOH. After establishing the whole-cell con-
figuration, electrophysiological properties were determined with an
Axopatch 200B amplifier coupled to a Digidata 1440 interface (Molecu-
lar Devices). The pClamp10 software package was used. After confirming
that recorded cells exhibited electrophysiological characteristics of astro-
cytes (low input resistance, linear current–voltage relationship, mem-
brane potential more negative than �70 mV, and no action potentials
upon depolarization in current-clamp mode), patch pipettes were care-
fully withdrawn and tetrodotoxin (1 �M) was applied for at least 5 min in
all experiments. The 5-HT2A, 5-HT2B, and 5-HT2C receptor (5-HT2AR,
5-HT2BR, 5-HT2CR) antagonists 200 �M 4F 4PP, 100 �M SB 204741, and
100 nM RS 102221, respectively, were applied with the recording solution
for at least 15 min as required. Calcium imaging was performed via
multiphoton imaging on a Leica DM6000CFS microscope equipped with
a 20� objective [Leica HCX APO, numerical aperture (NA) 1.0] and a
Chameleon-XR Ti-sapphire laser (Coherent Technologies). AF594 and
F5F were excited at 810 nm and fluorescence emission was collected with
nondescanned detectors at 565– 605 nm and 500 –550 nm, respectively.
Images were collected at 2 Hz and the 5-HT2AR, 5-HT2BR, and 5-HT2CR
agonists TCB-2, BW 723C86, and CP 809101 (all 5 mM) were puff applied
for 200 ms via a patch pipette coupled to a picospritzer. Data were col-
lected from AF594-filled astrocytes with cell somata within 60 �m dis-
tance of the application pipette (patched cell and 1–2 cells filled via gap
junctions) and are expressed as changes in fluorescence intensity relative
to baseline fluorescence (�F/F ).

Drugs. For in vivo electrophysiological recordings, pancuronium bro-
mide (Pancuronium-ratiopharm; Ratiopharm) was administered as an
intravenous infusion (2 �g�kg �1�h �1). Buprenorphine (Bupaq; Richter
Pharma) was applied as intravenous bolus injection (1500 �g�kg �1 for
analgesic dose experiments and 0.1 �g�kg �1�h �1 for ultra-low-dose ex-
periments in a total volume of 1 ml diluted in physiological saline) into
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the right femoral vein. In general, drugs were applied after a 30 min stable
baseline recording period 60 min before buprenorphine injection. The
opioid receptor antagonist naloxone hydrochloride (100 �g�kg �1�h �1;
Tocris Bioscience) and the peripherally restricted opioid receptor antag-
onist naloxone methiodide (20 mg�kg �1�h �1; Sigma-Aldrich) were ap-
plied as a continuous intravenous infusion into the right jugular vein at
indicated concentrations starting 60 min before buprenorphine injection
and lasting throughout the recording period. The �-opioid receptor an-
tagonists D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (CTOP; 1
mg�kg �1) and D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP; 1
mg�kg �1), both obtained from Tocris Bioscience, were dissolved in ster-
ile 0.9% NaCl solution and administered as a single intravenous bolus
into the jugular vein 60 min before buprenorphine injection. The �1-
opioid receptor antagonist naloxonazine dihydrochloride (10 mg�kg �1)
was obtained from Tocris Bioscience and dissolved in sterile 0.9% NaCl
solution. Naloxonazine was either injected intraperitoneally as a single
bolus injection 24 h before surgery or intravenously 60 min before bu-
prenorphine administration. The following drugs (obtained from Tocris
Bioscience) were dissolved in water and added directly to 5 ml of ACSF
superfusate 60 min before buprenorphine injection to obtain desired
concentrations as indicated and were superfused by means of a roller
pump at the recording site throughout the experiment: naloxone hydro-
chloride (100 �M); naloxone methiodide (1 mM); the competitive
N-methyl-D-aspartate receptor (NMDAR) antagonist D-(�)-2-amino-
5-phosphonopentanoic acid (D-AP5; 100 �M); the serotonin, dopamine,
histamine, and noradrenalin receptor antagonist asenapine maleate (5

�M); and the 5-HT3 receptor (5-HT3R) antagonist granisetron hydro-
chloride (1 mM). The 5-HT2AR, 5-HT2BR, and 5-HT2CR antagonists 4F
4PP (200 �M), SB 204741 (100 �M), and RS 102221 (100 nM), all obtained
from Tocris Bioscience, were dissolved in DMSO and diluted in ACSF to
the indicated end concentrations. The 5-HT2AR, 5-HT2BR, and 5-HT2CR
agonists TCB-2, BW 723C86, and CP 809101 (Tocris Bioscience) were
prepared as a 30 mM stock solution in DMSO and diluted to an end
concentration of 5 mM in ACSF. The glial toxin sodium fluorocitrate (10
�M) and D-amino acid oxidase (DAAO, 1 U/mL) were purchased from
Sigma-Aldrich and diluted in water.

Behavioral experiments. Behavioral experiments were performed dur-
ing the light cycle. Animals were habituated to the facility for at least 2 d
and handled by the experimenter during this time. For 2 d before the
assessment of baseline thresholds, rats were habituated to the behavioral
testing apparatus for 60 min/d. Baseline threshold testing was initiated
1 d before treatment. Buprenorphine or physiological saline (vehicle)
was injected intraperitoneally under short isoflurane anesthesia. For
high-dose experiments, buprenorphine (1500 �g�kg �1)-treated and the
respective vehicle-treated control animals were intubated and mechani-
cally ventilated until spontaneous breathing restarted. For ultra-low-
dose experiments, buprenorphine (0.1 �g�kg �1) or physiological saline
was injected intraperitoneally under brief isoflurane anesthesia. In one
experiment, CTOP (1 mg�kg �1) or saline was injected intraperitoneally
60 min before ultra-low-dose buprenorphine (or saline as vehicle) injec-
tion. To study the effect of 5-HT2R blockade on ultra-low-dose
buprenorphine-induced hyperalgesia, the 5-HT2AR, 5-HT2BR, and

Table 1. Response values and statistics before and after antagonist application obtained in in vivo electrophysiological experiments

Figure(s) Treatment Administration mode Pre-antagonist vs post-antagonist values p-value

2B, 3B Naloxone hydrochloride Intravenous 102 � 6% vs 138 � 16% �0.001
2C, 3C Naloxone methiodide Intravenous 100 � 4% vs 124 � 10% �0.001
2D, 3D Naloxone hydrochloride Spinal 99 � 3% vs 113 � 6% �0.001
2E, 3E CTOP Intravenous 102 � 5% vs 119 � 8% �0.001
5B Granisetron Spinal 99 � 4% vs 132 � 15% �0.001
5C,F Asenapine Spinal 99 � 4% vs 129 � 8% �0.001
6A 4F 4PP Spinal 98 � 6% vs 140 � 18% �0.001
6B SB 204741 Spinal 101 � 4% vs 131 � 15% �0.001
6C RS 102221 Spinal 102 � 5% vs 124 � 12% 0.002
6D 4F 4PP, SB 204741, RS 102221 Spinal 101 � 6% vs 130 � 10% �0.001
9A Fluorocitrate Spinal 98 � 4% vs 105 � 14% 0.4
9C DAAO Spinal 100 � 4% vs 137 � 10% �0.001
9D D-AP5 Spinal 100 � 9% vs 97 � 6% 0.6

Values represent mean areas of C-fiber-evoked field potentials � SEM. Data were normalized to the last five time points before antagonist application. p-values were obtained via paired t test.

Table 2. Response values and statistics of untreated and treated rats obtained in behavioral experiments

Figure Treatment Test Pretreatment Posttreatment

Treatment Interaction Time p-values for single time points

p F p F p F �1 d 3 h 6 h 24 h

1A Analgesic-dose bup
(1500 �g�kg �1)

Hargreaves
(s)

4.5 � 0.2 8.4 � 0.4 �0.001 124.30 �0.001 22.95 �0.001 22.62 0.94 (n 	 9) �0.001 (n 	 9) �0.001 (n 	 9) X

1B Ultra-low-dose bup
(0.1 �g�kg �1)

Hargreaves
(s)

10.4 � 0.5 8.1 � 0.5 0.009 7.00 0.150 1.82 0.003 5.10 
0.99 (n 	 14) 0.04 (n 	 14) 0.01 (n 	 14) 
0.99
(n 	 6)

1C Ultra-low-dose bup
(0.1 �g�kg �1)

Von Frey
(g)

12.2 � 0.3 6.5 � 0.9 �0.001 15.30 0.001 5.97 �0.001 8.13 
0.99 (n 	 14) 0.005 (n 	 11) �0.001 (n 	 14) 
0.99
(n 	 6)

4A CTOP � ultra-
low-dose bup

Hargreaves
(s)

9.8 � 0.6 9.3 � 0.5 �0.001 12.52 0.291 1.27 0.16 1.88 
0.99 (n 	 9) 
0.99 (n 	 9) 
0.99 (n 	 9) X

4B CTOP � ultra-
low-dose bup

Von Frey
(g)

12.4 � 0.3 11.5 � 0.8 �0.001 32.79 �0.001 9.42 �0.001 21.45 
0.99 (n 	 9) 0.99 (n 	 9) 
0.99 (n 	 9) X

7A 5-HT2R antagonists �
ultra-low-
dose bup

Hargreaves
(s)

12.2 � 0.8 12.1 � 0.8 �0.001 19.70 �0.001 5.90 0.001 7.50 0.92 (n 	 9) 0.57 (n 	 9) 0.98 (n 	 9) X

7B 5-HT2R antagonists �
ultra-low-
dose bup

Von Frey
(g)

12.6 � 0.2 11.7 � 0.5 �0.001 24.51 �0.001 6.52 �0.001 12.46 
0.99 (n 	 9) 
0.99 (n 	 9) 
0.99 (n 	 9) X

Values represent mean responses � SEM obtained in Hargreaves or von Frey experiments. Data were analyzed using a two-way ANOVA with time and treatment as dependent variables with Bonferroni’s correction. p- and F-values for
“treatment” indicate the general treatment effect determined by two-way ANOVA. In addition, p- and F-values for interaction and time obtained by two-way ANOVA are stated. Single time point p- and F-values were obtained via multiple
comparisons. “X” indicates absence of testing at this time point. Mean response values of vehicle-treated control animals remained unchanged compared with baseline at all time points ( p 
0.05). bup, Buprenorphine.
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5-HT2CR antagonists 4F 4PP (2 mM), SB 204741 (1 mM), and RS 102221
(1 �M, all in 25% DMSO/NaCl) or saline were injected intrathecally 15
min before ultra-low-dose buprenorphine injection. Transcutaneous in-
trathecal injections were modified from Mestre et al. (1994). Briefly,
animals were anesthetized with isoflurane. The 5-HT2R antagonists were
injected with a 23 G cannula connected to a 50 �l Hamilton syringe. The
needle was slowly inserted between the L4 and L5 vertebrae. A quick tail
flick served as control for the entrance into the intrathecal space. A total
volume of 20 �l was injected.

Behavioral testing was performed at 3 and 6 h after buprenorphine
injection. To determine whether ultra-low-dose buprenorphine-
induced hyperalgesia was still present 24 h after injection, six animals
were also tested at this late time point. Mechanical thresholds were mea-
sured with calibrated von Frey monofilaments with incremental stiffness
between 0.25 and 15 g (Stoelting) based on the up and down method of
Dixon (1965). Rats were placed in individual Plexiglas boxes on a wire
mesh metal floor. The plantar surface of the hindpaw between the foot-
pads was stimulated at �10 s intervals for 5 s or until a response was
elicited. A foot withdrawal not attributable to normal locomotion was
counted as a positive response. A lower force hair was presented after a
positive response and a higher force following a negative response. A 50%
threshold in grams was calculated as described previously (Chaplan et al.,
1994). Experiments were performed by an experimenter unaware of treat-
ment groups. The response thresholds of both hindpaws were averaged.

For assessment of thermal thresholds, a commercially available plantar
test (Ugo Basile) was used. The animals were placed on a glass floor. A
short noxious stimulus was applied to the paw of the unrestrained rat
(Hargreaves et al., 1988). The retraction of the paw was detected by a
sensor and the latency between the onset of the heat stimulus and the
reaction of the animal was noted in seconds. At each time point, three
readings for each paw were performed with 15 min intervals. Because of
the different heat intensities, analgesic-dose and ultra-low-dose experi-
ments were performed separately. High-intensity radiant heat (inten-
sity 	 220 mW�cm �1, baseline 	 3– 4 s) was used to determine responses
to analgesic doses of buprenorphine. Low-intensity radiant heat (inten-
sity 	 130 mW�cm �1, baseline 	 9 –11 s) was used to determine ultra-
low-dose buprenorphine-induced thermal hyperalgesia.

All behavioral experiments were performed by an experimenter blinded
to treatment. The response latencies of both hindpaws were averaged.

Immunohistochemistry. Thirty animals from behavioral experiments
were further used for glial activation studies. After testing at 6 or 24 h
after buprenorphine or vehicle injection, animals were deeply anesthe-
tized and perfused with heparinized 0.9% saline at room temperature,
followed by cold 4% paraformaldehyde and 1.5% picric acid in 0.1 M

phosphate buffer. Spinal cords were removed and postfixed overnight at
4°C in the same fixative. The tissues were cryoprotected overnight in 0.1
M PB containing 20% sucrose at 4°C and then snap-frozen in isopentane
(�80°C). Transverse sections of 10 �m thickness were cut from L4/L5 on
a freezing microtome (Leica CM 3050S). Sections were incubated in
blocking solution with 5% normal donkey serum and 0.15% Triton
X-100 in PBS for 15 min. The following primary antibodies were incu-
bated overnight at 4°C: the microglial marker ionized calcium binding
adaptor molecule 1 (Iba1; goat anti-Iba1; 1:1000; Abcam ab5076), the
astrocytic marker glial fibrillary acidic protein (GFAP; rabbit anti-GFAP;
1:1000; Thermo Scientific MS-1376), and the marker for neuronal nu-
clear antigen (NeuN; mouse anti-NeuN; 1:500; Millipore MAB 377). The
secondary antibodies used were donkey anti-goat-IgGCy2 (1:400; Jack-
son Laboratories 705-225-147), donkey anti rabbit-IgG–DyLight549 (1:

Figure 1. Ultra-low-dose buprenorphine elicits mechanical and thermal hyperalgesia,
whereas a 15,000-fold higher dose of buprenorphine induces analgesia. Animals received an
intraperitoneal bolus injection of buprenorphine or sterile saline as a vehicle control (black
arrow) under deep anesthesia. A, B, Mean response thresholds to radiant heat stimulation
plotted at different time points. A, Buprenorphine at 1500 �g�kg �1 (black circles, n 	 9 at all
time points) enhanced mean response latencies to heat stimulation of the hindpaw compared
with vehicle control (open circles, n 	 9 at all time points). Response latencies of the control
group remained stable. B, Ultra-low-dose buprenorphine (0.1 �g�kg �1, black circles, n 	 14
at �1 d, 3 and 6 h; n 	 6 at 24 h) reduced mean response latencies to heat stimulation of the

4

hindpaw compared with vehicle control (open circles, n 	 14 at �1 d, 3 and 6 h; n 	 6 at 24 h).
Response latencies of the control group remained stable. C, The mean response thresholds to
probing with von Frey filaments are plotted at different time points. Ultra-low-dose buprenor-
phine (dosing as in B, black circles, n	14 at�1 d and 6 h; n	11 at 3 h; n	6 at 24 h) reduced
mean von Frey thresholds compared with vehicle control (open circles, n 	 14 at �1 d and 6 h;
n 	 11 at 3 h; n 	 6 at 24 h). Response thresholds of the control group remained stable.
Statistics: A–C, Two-way ANOVA vs untreated controls (open circles) followed by Bonferroni
post hoc test; p- and F-values are listed in Table 1 (***p � 0.001, **p � 0.01, *p � 0.05).

Gerhold, Drdla-Schutting et al. • Effects of Buprenorphine in Spinal Cord Dorsal Horn J. Neurosci., July 1, 2015 • 35(26):9580 –9594 • 9583



400; Jackson Laboratories 711-505-152) and
horse anti-mouse DyLight 649 (1:400; Vector
Labs DI-2649), diluted in PBS, and incubated
for 2 h at room temperature.

Stained sections were observed with an
Olympus BX51 fluorescent microscope and an
Olympus XM10 camera was used to record im-
ages using an Olympus Plan 20� (NA 0.40)
objective. Camera settings and exposure times
were kept constant for all series of images ac-
quired. Images were analyzed using CellD soft-
ware (Olympus). For analysis of GFAP, NeuN
and Iba1 immunoreactivity, images of the dor-
sal horn of 12 sections, which were at least 100
�m apart, were taken. A region of interest
(ROI) was drawn covering LI/II of the spinal
cord dorsal horn. Borders were set at �120 �m
from the dorsal white matter border. The mean
pixel intensities for GFAP and Iba1 in a given
ROI was measured and normalized to NeuN
intensity within the same ROIs. Analysis was
performed by a person blinded to the
treatment.

Statistical analysis. Data were analyzed using
GraphPad Prism 6 or SigmaStat 3.1 (Systat
Software) software. For electrophysiological
recordings, the area under the curve of C-fiber-
evoked field potentials was determined offline
using Clampfit 10 (Molecular Devices). The
mean area under the curve of five consecutive
field potentials before opioid application
served as a baseline control. Responses were
normalized to the baseline in every animal.
Data were tested for normality using the Sha-
piro–Wilk test and for equal variances using
Levene’s test. A two-way ANOVA followed by
Bonferroni post hoc tests for multiple compar-
isons were performed (factor 1: treatment; fac-
tor 2: time) to compare different treatments
and to assess the final size of potentiation or
depression from treated animals at time points
indicated in the text. Antagonist treatments
were compared with either untreated controls
or buprenorphine-treated animals without
antagonist. The effects of the respective antag-
onists on baseline are shown in Table 1. Behav-
ioral data were analyzed using a two-way
ANOVA followed by Bonferroni post hoc test
for multiple comparisons comparing treat-
ments and time points. ANOVA results for fac-
tor “treatment” are given as the value of the
Fisher distribution F(x,y) obtained from the
data, where x is the degrees of freedom for
groups and y is the total degrees of freedom of
the distribution. For immunohistochemistry
data, a t test was performed to compare
normalized GFAP and Iba1 intensities of
buprenorphine- and vehicle-treated animals.
For calcium-imaging experiments, a Mann–
Whitney rank-sum test was used for group
analysis of the amplitudes because the Shapiro–
Wilk normality test failed. The number of re-
sponding astrocytes was analyzed with a z test.

The numerical value of p given in the figure
legends is the value of the variance analysis. p-values in text represent
values of post hoc tests, unless stated otherwise. A p-value of � 0.001 was
considered as statistically “highly significant” and a p-value �0.05 as
“significant.” Values are expressed as mean � SEM. Note that, in
Figures 2C, 3D, 5 B, E,F, 6A–C, and 9A, although there are overall

statistical differences in the ANOVA, there are no significant differ-
ences when individual time points are tested with post hoc tests.

The sample size of each electrophysiological and immunohistochem-
ical experimental group is given in the Results section and can be found
in the respective figures. The sample size of each behavioral experimental
group is provided in Table 2 and the respective figure legends.

Figure 2. An analgesic dose of buprenorphine depresses strength at C-fiber synapses in the superficial spinal dorsal horn
involving the activation of spinal �1-opioid receptors. In all graphs, areas of C-fiber-evoked field potentials were normalized to
baseline recording (dotted line) and plotted against time (minutes). A, A single intravenous bolus injection of buprenorphine (time
point zero, black arrow, 1500 �g�kg �1) at an analgesically active dose significantly depressed synaptic strength. Insets show
individual traces of field potentials recorded at indicated time points. Scale bars, 100 ms and 0.5 mV. B, Continuous intravenous
administration of naloxone hydrochloride (dashed black bar, 100 �g�kg �1�h �1) starting 60 min before buprenorphine injection
(black arrow, dosing as in A) inhibited buprenorphine-induced synaptic depression. C, Continuous intravenous infusion of the
peripherally restricted naloxone methiodide (dashed black bar, 20 mg�kg �1�h �1) starting 60 min before buprenorphine injection
(black arrow, dosing as in A) had no effect on buprenorphine-induced synaptic depression. D, Spinal superfusion with naloxone
hydrochloride (black bar, 100 �M) prevented synaptic depression induced by buprenorphine bolus injection (black arrow, dosing
as in A). E, Systemic administration of the selective �-opioid receptor antagonist CTOP (1 mg�kg �1) applied 60 min before
buprenorphine bolus injection (black arrow, dosing as in A) prevented synaptic depression. F, Similarly, systemic application of the
selective �1-opioid receptor antagonist naloxonazine (10 mg�kg �1), injected intraperitoneally 24 h before buprenorphine (black
arrow, dosing as in A), abolished depression of synaptic strength. For A–F, time courses of buprenorphine-treated animals are
shown in black circles. Data are expressed as mean � SEM. Statistics: A, B, D, E, F, Two-way ANOVA versus untreated controls
(open circles), followed by Bonferroni post hoc test; A: F(1,717) 	 437.8, p � 0.0001; B: F(1,531) 	 0.232, p 	 0.629; D:
F(1,607) 	 0.36, p 	 0.549; E: F(55,605) 	 0.6858, p 	 0.959; F: F(1,551) 	 1.148, p 	 0.285; C, two-way ANOVA versus
buprenorphine (open circles) followed by Bonferroni post hoc test; C: F(1,725) 	 9.672, p 	 0.0019.
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Results
Acute bolus application of buprenorphine has analgesic
effects but a 15,000-fold lower dose induces mechanical and
thermal hyperalgesia
In rodents, buprenorphine at a dose of 1500 �g�kg�1, which is
close to the median effective dose in rats obtained from tail-flick

experiments (Cowan et al., 1977), typi-
cally produces analgesia in behavioral as-
says (Christoph et al., 2005). In the
present study, intraperitoneal injection of
buprenorphine (1500 �g�kg�1) increased
response latencies to a high-intensity ra-
diant heat stimulus compared with
vehicle-treated animals for at least 6 h
(Fig. 1A). We next examined the re-
sponses to mechanical and thermal
stimuli before and after intraperitoneal in-
jection of buprenorphine at a 15,000-fold
lower dose (0.1 �g�kg�1). At this ultra-low
dose, buprenorphine significantly dimin-
ished the response latencies to a low-
intensity radiant heat stimulus compared
with vehicle-treated animals (Fig. 1B). At
24 h after injection, buprenorphine-
induced thermal hyperalgesia had vanished
(Fig. 1B). Buprenorphine also decreased the
response thresholds to von Frey filaments
compared with vehicle control (Fig. 1C). In
buprenorphine-treated animals, mechani-
cal hyperalgesia was dissolved 24 h after the
injection (Fig. 1C). Response values and sta-
tistics are shown in Table 2. Together, these
experiments demonstrate that buprenor-
phine induces qualitatively different effects
on nociception over a dose range spanning
four orders of magnitude.

At an analgesic dose systemic
buprenorphine depresses strength at
spinal C-fiber synapses via activation
of spinal naloxonazine-sensitive
�1-opioid receptors
We next investigated whether analgesia by
buprenorphine at 1500 �g�kg�1 intrave-
nous is associated with an effect on synap-
tic transmission in the spinal cord dorsal
horn. At this dose, buprenorphine signif-
icantly depressed the area of C-fiber-
evoked field potentials (to 68 � 11% of
baseline at 240 min, p 	 0.03 vs untreated
controls, n 	 9; Fig. 2A) after a single bo-
lus injection. Continuous intravenous in-
fusion of the broad-spectrum opioid
receptor antagonist naloxone hydrochlo-
ride (100 �g�kg�1�h�1�h�1) starting 60
min before buprenorphine injection and
lasting throughout the recording period
fully prevented synaptic depression
(108 � 18% of baseline at 240 min, p 	 1
vs untreated controls, n 	 6; Fig. 2B) until
the end of the recording period. In con-
trast, intravenous infusion of naloxone
methiodide (20 mg�kg�1�h�1), which

does not cross the blood–CNS barrier, did not prevent
buprenorphine-induced inhibition of synaptic strength (58 �
7% of baseline at 240 min, p 	 1 vs buprenorphine alone, n 	 6;
Fig. 2C). Spinal application of naloxone methiodide (1 mM),
however, fully blocked buprenorphine-induced synaptic depres-

Figure 3. Ultra-low-dose buprenorphine induces facilitation of strength at C-fiber synapses in the superficial spinal dorsal horn
via the activation of supraspinal naloxonazine-insensitive �-opioid receptors. In all graphs, areas of C-fiber-evoked field potentials
were normalized to baseline recording (dotted line) and plotted against time (minutes). A, Time course of the facilitation of
synaptic strength by ultra-low-dose buprenorphine (0.1 �g�kg �1) administered as a single intravenous bolus injection at time
point zero (black arrow). Insets show individual traces of field potentials recorded at indicated time points. Scale bars, 100 ms and
0.5 mV. B, Intravenous infusion of naloxone hydrochloride (dashed black bar, 100 �g�kg �1�h �1) starting 60 min before bu-
prenorphine injection (black arrow, dosing as in A) and lasting throughout the recording period prevented synaptic facilitation by
ultra-low-dose buprenorphine. C, Continuous intravenous infusion of naloxone methiodide (dashed black bar, 20 mg�kg �1�h �1)
starting 60 min before buprenorphine injection (black arrow, dosing as in A) had no effect on ultra-low-dose buprenorphine-
induced synaptic facilitation. D, Spinal superfusion with naloxone hydrochloride (black bar, 100 �M) throughout the recording
period failed to prevent synaptic facilitation by ultra-low-dose buprenorphine (black arrow, dosing as in A). E, Systemic adminis-
tration of CTOP (1 mg�kg �1) applied 60 min before ultra-low-dose buprenorphine bolus injection (black arrow, dosing as in A)
prevented synaptic facilitation. F, In contrast, naloxonazine (dosing as in A) had no effect on the facilitation of synaptic strength by
ultra-low-dose buprenorphine (black arrow, dosing as in A)-induced facilitation of synaptic strength. For A–F, time courses of
buprenorphine-treated animals are shown in black circles. Data are expressed as mean � SEM. Statistics: A, B, E, two-way ANOVA
versus untreated controls (open circles) followed by Bonferroni post hoc test; A: F(1,719) 	 364.3, p � 0.0001; B: F(1,528) 	 0.561,
p 	 0.454; E: F(1,548) 	 2.451, p 	 0.118; C, D, F, two-way ANOVA versus ultra-low-dose buprenorphine (open circles) followed
by Bonferroni post hoc test; C: F(1,719) 	 0.096, p 	 0.757; D: F(1,879) 	 12.78, p 	 0.0004; F: F(1,728) 	 0.108, p 	 0.742.
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sion in all 7 animals tested (data not shown). Likewise, when we
applied naloxone hydrochloride (100 �M) 60 min before bu-
prenorphine injection directly onto the spinal cord at the record-
ing site, systemic buprenorphine no longer depressed synaptic
strength (124 � 18% of baseline at 240 min, p 	 1 vs untreated
controls, n 	 7; Fig. 2D). Naloxone has been shown to also have
antagonistic effects on TLR4s (Hutchinson et al., 2008). The con-
tribution of these receptors to buprenorphine-induced effects on
synaptic strength can thus not be excluded at this point. We next
used CTOP to selectively block �-opioid receptors. Intravenous
bolus injection of CTOP (1 mg�kg�1) 60 min before buprenor-
phine fully prevented buprenorphine-induced inhibition of syn-
aptic strength (100 � 5% of baseline at 240 min, p 	 1 vs
untreated controls, n 	 7; Fig. 2E). Our data indicate that, despite
a reported low blood–CNS barrier permeability (Van Dorpe et
al., 2010), CTOP reached a sufficiently high concentration in the
CNS to block central �-opioid receptors under our experimental
conditions. We next used naloxonazine to selectively block �1-
opioid receptors. It has been reported that, initially, naloxonazine
might bind reversibly to other opioid receptor subtypes. There-
fore, it is commonly applied 24 h before treatment to secure �1

specificity (Hahn and Pasternak, 1982; Ling et al., 1986; Paster-
nak and Pan, 2013). A single intraperitoneal bolus injection of
naloxonazine (10 mg�kg�1) 24 h before buprenorphine admin-
istration fully prevented buprenorphine-induced depression of
synaptic strength (104 � 16% of baseline at 240 min, p 	 1 vs
untreated controls, n 	 6; Fig. 2F). Intravenous injection of nal-
oxonazine 60 min before buprenorphine administration revealed
the same results in all six animals tested (data not shown). Collec-
tively, these data suggest that buprenorphine-induced inhibition of
synaptic strength is mediated by spinal opioid receptors of the �1

subtype.

Facilitation of synaptic strength by ultra-low-dose
buprenorphine depends on supraspinal CTOP-sensitive but
naloxonazine-insensitive �-opioid receptors
We next studied the pronociceptive mechanisms of ultra-low-
dose buprenorphine. A single intravenous bolus injection of bu-
prenorphine at a dose of 0.1 �g�kg�1 immediately elicited a
slowly rising and long-lasting synaptic facilitation in the spinal
cord dorsal horn (to 209 � 21% of baseline at 240 min, p 	 0.001
vs untreated controls, n 	 9; Fig. 3A). Continuous intravenous
naloxone hydrochloride administration (100 �g�kg�1�h�1�h�1)
starting 60 min before buprenorphine injection and lasting
throughout the recording period abolished ultra-low-dose
buprenorphine-induced facilitation of synaptic strength (100 �
22% of baseline at 240 min, p 	 1 vs untreated controls, n 	 6;
Fig. 3B). In contrast, continuous intravenous infusion of nalox-
one methiodide (20 mg�kg�1�h�1) did not affect ultra-low-dose
buprenorphine-induced synaptic facilitation (204 � 29% of
baseline at 240 min, p 	 1 vs ultra-low-dose buprenorphine, n 	
6; Fig. 3C). Likewise, topical administration of naloxone hydro-
chloride (100 �M) onto the spinal cord 60 min before buprenor-
phine injection failed to prevent synaptic facilitation by ultra-
low-dose buprenorphine (165 � 26% of baseline at 240 min, p 	
1 vs ultra-low-dose buprenorphine, n 	 9; Fig. 3D). Together, our
data indicate that ultra-low-dose buprenorphine-induced facilita-
tion is independent of peripheral and spinal naloxone-sensitive re-
ceptors. Blockade of �-opioid receptors with CTOP (1 mg�kg�1)
injected intravenously 60 min before ultra-low-dose buprenor-
phine, however, abolished facilitation of synaptic strength (91 �

Figure 4. Mechanical and thermal hyperalgesia induced by ultra-low-dose buprenorphine
require activation of �-opioid receptors. Animals received an intraperitoneal injection of CTOP
or 0.9% sterile saline 60 min before intraperitoneal bolus injection of buprenorphine (black
arrow) under short isoflurane anesthesia. Control animals received CTOP intraperitoneally fol-
lowed by an intraperitoneal vehicle injection (black circles). A, Mean response thresholds to
radiant heat stimulation are plotted at different time points. Animals pretreated with systemic
CTOP (1 mg�kg �1) failed to develop thermal hyperalgesia upon ultra-low-dose buprenorphine
administration (0.1 �g�kg �1, open circles, n 	 9). Buprenorphine (0.1 �g�kg �1, black tri-
angle, n 	 7) reduced mean response latencies to heat stimulation of the hindpaw compared
with vehicle control animals (black circles, n 	 8). Response latencies in the vehicle control
group (black circles) remained stable. B, The mean response thresholds to probing with von Frey
filaments are plotted at different time points. Systemic injection of CTOP (dosing as in A, open
circles, n 	 9) fully prevented development of ultra-low-dose buprenorphine-induced me-
chanical hyperalgesia. Ultra-low-dose buprenorphine (dosing as in A, black triangle, n 	 7)
reduced mean von Frey thresholds compared with vehicle control (black circles, n 	 8). In the
control group, response thresholds remained stable (black circles). Statistics: A, B, two-way
ANOVA vs control group (black circles) followed by Bonferroni post hoc test; p- and F-values are
listed in Table 1. *p � 0.05, **p � 0.01, ***p � 0.001.
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10% of baseline at 240 min, p 	 1 vs untreated controls, n 	 6; Fig.
3E). Synaptic facilitation was also prevented by an intravenous bolus
injection of the �-opioid receptor antagonist CTAP (1 mg�kg�1) 60
min before ultra-low-dose buprenorphine administration in all
three animals tested (data not shown). In contrast, selective blockade
of �1-opioid receptors with naloxonazine (10 mg�kg�1) 24 h before
buprenorphine administration failed to impede ultra-low-dose
buprenorphine-induced synaptic facilitation (230 � 24% of base-

line at 240 min, p 	 1 vs ultra-low-dose bu-
prenorphine, n 	 6; Fig. 3F). Intravenous
injection of naloxonazine 60 min before bu-
prenorphine administration revealed the
same results in all six animals tested (data
not shown). Collectively, these data indicate
that ultra-low-dose buprenorphine induces
synaptic facilitation via activation of su-
praspinal CTOP-sensitive but naloxonazine-
insensitive �-opioid receptors.

Systemically applied CTOP abolishes
ultra-low-dose buprenorphine-induced
mechanical and thermal hyperalgesia
Because CTOP fully prevented ultra-low-
dose buprenorphine-induced synaptic fa-
cilitation, we next investigated whether
systemic blockade of �-opioid receptors
also affects mechanical and thermal hy-
peralgesia induced by ultra-low-dose
buprenorphine. Indeed, the increase in
withdrawal latency upon noxious heat
stimulation after ultra-low-dose bu-
prenorphine (0.1 �g�kg�1) administra-
tion was fully prevented by systemic
pretreatment with CTOP (1 mg�kg�1; Fig.
4A). Similarly, the same pretreatment
with CTOP completely inhibited ultra-
low-dose buprenorphine-induced reduc-
tion in paw withdrawal thresholds to
stimulation with von Frey filaments (Fig.
4B). Response values and statistics are
shown in Table 2. These data suggest that
ultra-low-dose buprenorphine-induced
mechanical and thermal hyperalgesia in-
volve the activation of CTOP-sensitive
�-opioid receptors.

Ultra-low-dose buprenorphine
activates descending
monoaminergic pathways
We next investigated whether descending
pathways arising from supraspinal areas
mediate the facilitating effects in the
spinal cord of systemically applied ultra-
low-dose buprenorphine. We surgically
disrupted descending pathways at the
C6 –C7 level by thermal cautery 3 h before
injecting buprenorphine. Spinalization
fully prevented synaptic facilitation by
ultra-low-dose buprenorphine (0.1
�g�kg�1; 115 � 7% of baseline at 240 min,
p 	 1 vs untreated controls, n 	 6; Fig.
5A). We have shown previously that de-
scending facilitation induced by fentanyl

or morphine is mediated by spinal 5-HT3Rs (Heinl et al., 2011).
To determine whether similar mechanisms account for ultra-
low-dose buprenorphine-induced facilitation of synaptic
strength, we blocked spinal 5-HT3Rs by topical application of
granisetron (1 mM), a selective 5-HT3R antagonist. However, this
treatment failed to affect synaptic facilitation by ultra-low-dose
buprenorphine (202 � 17% of baseline at 240 min, p 	 1 vs
ultra-low-dose buprenorphine, n 	 6; Fig. 5B). To determine

Figure 5. Facilitation of synaptic strength induced by ultra-low-dose buprenorphine involves activation of descending, mono-
aminergic pathways. In all graphs, areas of C-fiber-evoked field potentials were normalized to baseline recording (dotted line) and
plotted against time (minutes). A, Surgical disruption of descending pathways by spinalization at the cervical level 3 h before
buprenorphine injection (black arrow, 0.1 �g�kg �1) prevented development of synaptic facilitation. B, Continuous superfusion of
the 5-HT3R antagonist granisetron (black bar, 1 mM) starting 60 min before buprenorphine injection (black arrow, dosing as in A)
failed to prevent ultra-low-dose buprenorphine-induced synaptic facilitation. C, Continuous spinal superfusion with the antipsy-
chotic drug asenapine maleate (black bar, 5 �M) throughout the recording time inhibited synaptic facilitation induced by intra-
venous ultra-low-dose buprenorphine (black arrow, dosing as in A). D, E, Ultra-low-dose buprenorphine-induced facilitation of
synaptic strength was significantly reduced when asenapine (black bar, dosing as in A) was applied to the spinal cord 15 min (D) but
not 2 h after buprenorphine injection (E; black arrow, dosing as in A). F, Asenapine (black bar) had no effect on buprenorphine
(black arrow, 1500 �g�kg �1)-induced depression of synaptic strength. For A–D, Time courses of buprenorphine-treated animals
are shown in black circles. Data are expressed as mean � SEM. Statistics: A, C, two-way ANOVA versus untreated controls (open
circles) followed by Bonferroni post hoc test; A: F(1,551) 	 0.034, p 	 0.854; C: F(1,601) 	 0.521, p 	 0.47; B, D, E, two-way ANOVA
vs ultra-low-dose buprenorphine (open circles) followed by Bonferroni post hoc test; B: F(1,728) 	 14.84, p � 0.0001; D: F(1,722) 	
119.5, p � 0.0001; E: F(1,727) 	 34.49, p � 0.0001; F: two-way ANOVA vs analgesic-dose buprenorphine (open circles) followed
by Bonferroni post hoc test, F(1,723) 	 14.01, p 	 0.0002.
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whether ultra-low-dose buprenorphine
elicits the activation of other monoamine
receptors, we applied the broad-spectrum
serotonin, noradrenaline, dopamine, and
histamine receptor antagonist asenapine
(5 �M), which has no effect on ionotropic
5-HT3Rs, directly onto the spinal cord
dorsum. In the presence of asenapine,
ultra-low-dose buprenorphine failed to
facilitate synaptic strength, which re-
mained stable over the whole recording
period of 4 h (105 � 9% of baseline 240
min, p 	 1 vs untreated controls, n 	 6;
Fig. 5C). When asenapine was applied at
the spinal recording site 15 min after
ultra-low-dose buprenorphine bolus in-
jection, synaptic facilitation was signifi-
cantly reduced (two-way ANOVA vs
ultra-low-dose buprenorphine-treated
animals, p � 0.001) but not fully pre-
vented, although this did not reach statis-
tical significance at 240 min (two-way
ANOVA vs untreated controls, p � 0.001;
152 � 12% of baseline at 240 min, p 	
0.7038, n 	 6; Fig. 5D). In contrast, when
applied 2 h after ultra-low-dose bu-
prenorphine injection, asenapine no lon-
ger had any effect on the development of
synaptic facilitation (to 276 � 62% of
baseline at 240 min, p 	 1 vs ultra-low-
dose buprenorphine, n 	 6; Fig. 5E). This
finding suggests that, shortly after ultra-
low-dose buprenorphine injection,
monoamines are released from descend-
ing neurons, leading to synaptic facilita-
tion in the spinal dorsal horn. If the
analgesic dose of buprenorphine likewise
activated descending, monoaminergic, fa-
cilitating pathways, then one would ex-
pect that blocking descending facilitation unmasks the full
efficacy of inhibition. However, asenapine had no detectable ef-
fect on buprenorphine-induced depression of synaptic transmis-
sion (60 � 9% of baseline at 240 min, p 	 1 compared with the
analgesic dose of buprenorphine without asenapine, n 	 6; Fig.
5F). This suggests that the ultra-low dose but not the analgesic
dose of buprenorphine activates descending monoaminergic
pathways.

Ultra-low-dose buprenorphine-induced enhancement of
synaptic transmission is mediated by coactivation of spinal
5-HT2ARs, 5-HT2BRs, and 5-HT2CRs
One of the 5-HTR subtypes inhibited by asenapine is the 5-HT2R
(Shahid et al., 2009), which is subclassified into 5-HT2ARs, 5-HT2BRs,
and 5-HT2CRs (Hoyer et al., 1994). To evaluate the contribution
of these receptors to ultra-low-dose buprenorphine-induced fa-
cilitation of synaptic strength we applied the selective 5-HT2AR,
5-HT2BR, and 5-HT2CR antagonists 4F 4PP (200 �M), SB 204741
(100 �M), and RS 102221 (100 nM) onto the spinal cord at the
recording site either separately or combined. None of the three
drugs alone abolished ultra-low-dose buprenorphine-induced
synaptic facilitation (4F 4PP: 152 � 18% of baseline 240 min, p 	
1, n 	 6, Fig. 6A; SB 204741: 172 � 39% of baseline at 240 min,
p 	 1, n 	 6, Fig. 6B; RS 102221: 146 � 23% of baseline at 240

min, p 	 0.7544, n 	 6, Fig. 6C, all compared with ultra-low-dose
buprenorphine). Only the combined application of 4F 4PP, SB
204741, and RS 102221 completely inhibited facilitation of syn-
aptic strength by ultra-low-dose buprenorphine (114 � 21% of
baseline at 240 min, p 	 1 vs untreated controls, n 	 9; Fig. 6D).

Ultra-low-dose buprenorphine-induced hyperalgesia is
dependent on activation of spinal 5-HT2Rs
We next investigated whether 5-HT2R blockade also prevents
ultra-low-dose buprenorphine-induced thermal and mechanical
hyperalgesia. Intrathecal injection of the 5-HT2AR, 5-HT2BR, and
5-HT2CR antagonists 4F 4PP (2 mM), SB 204741 (1 mM), and RS
102221 (1 �M) 15 min before intraperitoneal injection of
buprenorphine at 0.1 �g�kg�1 fully prevented the increase in
withdrawal latency upon noxious heat stimulation induced by
ultra-low-dose buprenorphine injection (Fig. 7A). Similarly, in-
trathecal treatment with 5-HT2R antagonists completely inhib-
ited ultra-low-dose buprenorphine-induced reduction in paw
withdrawal thresholds to stimulation with von Frey filaments
(Fig. 7B). Response values and statistics are shown in Table 2.

5-HT2R activation induces calcium increase in dorsal
horn astrocytes
Because 5-HT2Rs are expressed on astrocytes in the spinal cord
(Maxishima et al., 2001), we next investigated whether activation

Figure 6. Ultra-low-dose buprenorphine facilitates strength at spinal C-fiber synapses via activation of descending serotoner-
gic pathways. In all graphs, areas of C-fiber-evoked field potentials were normalized to baseline recording (dotted line) and plotted
against time (minutes). A, Spinal application of the selective 5-HT2AR antagonist 4F 4PP (black bar, 200 �M) significantly reduced
facilitation of synaptic strength induced by ultra-low-dose buprenorphine (black arrow, 0.1 �g�kg �1). B, The selective 5-HT2BR
antagonist SB 204741 (black bar, 100 �M) significantly decreased ultra-low-dose buprenorphine-induced synaptic facilitation. C,
The selective 5-HT2CR antagonist RS 102221 (black bar, 100 nM) significantly reduced synaptic facilitation by ultra-low-dose
buprenorphine (black arrow, dosing as in A). D, Combined spinal application of 4F 4PP, SB 204741 and RS 102221 (black bar, dosing
as in A–C, respectively) completely prevented ultra-low-dose buprenorphine-induced facilitation of synaptic strength. For A–D,
time courses of buprenorphine-treated animals are shown in black circles. Data are expressed as mean � SEM. Statistics: A–C,
two-way ANOVA versus ultra-low-dose buprenorphine (open circles) followed by Bonferroni post hoc test; A: F(1,727) 	 151, p �
0.0001; B: F(1,726) 	 38.62, p � 0.0001; C: F(1,728) 	 110.2, p � 0.0001; D: two-way ANOVA vs untreated controls (open circles)
followed by Bonferroni post hoc test, F(1,718) 	 0.038, p 	 0.846.
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of 5-HT2ARs, 5-HT2BRs, and 5-HT2CRs has an effect on calcium
signaling in spinal astrocytes.

In a slice preparation of the rat lumbar spinal cord puff appli-
cation of the selective 5-HT2ARs, 5-HT2BRs, and 5-HT2CR ago-
nists TCB-2, BW 723C86, and CP 809101 (all 5 mM) in the
presence of tetrodotoxin to inhibit neuronal action potential fir-
ing, 11/16 astrocytes (n 	 16 cells in 9 experiments) exhibited
clear increases in Fluo-5F fluorescence intensity (range in ampli-
tude 20 –256% of baseline fluorescence). The mean increase in all
16 recorded astrocytes was 70 � 21% (Fig. 8B). In the presence of
the specific 5-HT2AR, 5-HT2BR, and 5-HT2CR antagonists 4F 4PP
(200 �M), SB 204741 (100 �M), and RS 102221 (100 nM), a clear
fluorescence increase was observed in only 3/17 astrocytes (n 	
17 cells in 8 experiments, range 23– 80% of baseline fluorescence
intensity). The mean fluorescence increase during inhibition of
5-HT2ARs, 5-HT2BRs, and 5-HT2CRs was 11 � 6% (Fig. 8B).
Both the number of responding cells (p 	 0.009) and the ampli-
tude of responses (p 	 0.003) were significantly reduced by the
specific 5-HT2AR, 5-HT2BR, and 5-HT2CR antagonists. These re-
sults demonstrate that astrocytes in the spinal dorsal horn re-
spond to 5-HT2R activation with a transient increase in the
intracellular concentration of free calcium.

Ultra-low-dose buprenorphine leads to an upregulation of the
astrocytic marker GFAP
The upregulation of the astrocytic marker GFAP and the micro-
glial marker Iba1 are frequently used to visualize activation of
these cells. Immunohistochemical staining revealed a significant
increase in normalized GFAP immunoreactivity in ultra-low-
dose buprenorphine- (0.1 �g�kg�1) compared with vehicle-
treated animals at 6 h after intraperitoneal bolus injection (315 �
25% vs 235 � 23%, p 	 0.03, n 	 9 animals, 12 slices/animal; Fig.
8D). The effect vanished 24 h after buprenorphine injection
(166 � 35% vs 185 � 38%, p 	 0.72, n 	 6; Fig. 8D). In contrast,
buprenorphine failed to affect normalized Iba1 immunoreactiv-
ity (data not shown).

Ultra-low-dose buprenorphine-induced enhancement of
synaptic transmission depends on spinal NMDARs and glial
cells
We next investigated whether metabolic blockade of spinal glial
cells affects ultra-low-dose buprenorphine-induced synaptic fa-
cilitation. Indeed, the application of the glial cell toxin fluoroci-
trate (10 �M) directly on the spinal dorsum entirely averted
synaptic facilitation after ultra-low-dose buprenorphine injec-
tion (0.1 �g�kg�1; 91 � 10% of baseline at 240 min, p 	 1 vs
untreated controls, n 	 6; Fig. 9A). In addition, when fluoroci-
trate was applied 2 h after ultra-low-dose buprenorphine injec-
tion, synaptic facilitation was fully reversed (98 � 5% at 240 min
p 	 1 vs untreated controls, n 	 6; Fig. 9B). D-serine is a glio-
transmitter and coagonist at NMDARs and may thereby influ-
ence synaptic transmission. After topical administration of
DAAO (1 U/mL), which oxidizes and inactivates D-serine, an
overall significant reduction of the curve was observed (two-way
ANOVA vs ultra-low-dose buprenorphine treated animals: p �
0.0001), although this did not reach statistical significance at the
240 min time point (150 � 17% of baseline at 240 min, Bonfer-
roni post hoc comparison: p 	 1 vs ultra-low-dose buprenor-
phine, n 	 6; Fig. 9C).

An increased D-serine release, for example, from spinal astro-
cytes induced by ultra-low-dose buprenorphine, could lead to
enhanced NMDAR activation and thereby to facilitation of
synaptic strength. Indeed, topical administration of the com-

Figure 7. Spinal 5-HT2R blockade fully prevents ultra-low-dose buprenorphine-induced hy-
peralgesia. Animals received an intrathecal injection of the 5-HT2AR,, 5-HT2BR, and 5-HT2CR
antagonists 4F 4PP, SB 204741, and RS 102 221 or 25% DMSO/NaCl vehicle 15 min before
intraperitoneal bolus injection of buprenorphine or saline (black arrow) under isoflurane anes-
thesia. Control animals received antagonists intrathecally followed by an intraperitoneal vehi-
cle injection (black circle). A, The mean response thresholds to radiant heat stimulation are
plotted at different time points. Ultra-low-dose buprenorphine (0.1 �g�kg �1, black triangle,
n 	 9) reduced mean response latencies to heat stimulation of the hindpaw compared with
control (black circles, n 	 8). Animals treated with intrathecally injected 5-HT2R antagonists 4F
4PP (2 mM), SB 204741 (1 mM), and RS 102221 (1 �M, open circles, n 	 9) failed to develop
hyperalgesia after ultra-low-dose buprenorphine injection. Response latencies in the control
group (black circles) remained stable. B, Mean response thresholds to probing with von Frey
filaments are plotted at different time points. Ultra-low-dose buprenorphine (dosing as in A,
black triangle, n 	 9) reduced mean von Frey thresholds compared with vehicle control (black
circles, n 	 8). Intrathecal injection of 5-HT2R antagonists (dosing as in A, open circles, n 	 9)
fully prevented development of ultra-low-dose buprenorphine-induced hyperalgesia. In the
control group, response thresholds remained stable (black circles). Statistics: A, B, two-way
ANOVA versus control group (black circles) followed by Bonferroni post hoc test; p- and F-values
are listed in Table 1. ***p � 0.001.
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petitive NMDAR antagonist D-AP5 (100
�M) abolished synaptic facilitation in-
duced by ultra-low-dose buprenor-
phine (118 � 5% of baseline 240 min,
p 	 1, compared with untreated con-
trols, n 	 6; Fig. 9D).

Discussion
The present study demonstrates that, at
an analgesic dose, buprenorphine elicited
depression of synaptic strength at spinal
C-fibers, which involved the activation of
spinal, naloxonazine-sensitive �1-opioid
receptors. In contrast, at an ultra-low
dose, buprenorphine induced facilitation
of synaptic strength at C-fibers in the dor-
sal horn. This required activation
of supraspinal, naloxonazine-insensitive
�-opioid receptors, descending seroto-
nergic pathways, and spinal glial cells.

Buprenorphine depresses strength at
spinal C-fiber synapses
Buprenorphine is a mixed opioid receptor
agonist/antagonist interacting with differ-
ent opioid receptor subtypes (Lutfy and
Cowan, 2004). Its analgesic action has
been associated with �-opioid receptor
activation because buprenorphine fails to
elicit analgesia in �-opioid receptor
knock-out mice (Lutfy et al., 2003; Ide et
al., 2004). It has, however, been contro-
versial whether buprenorphine exerts its
antinociceptive effects predominantly by
acting on spinal or supraspinal sites (Bry-
ant et al., 1983; Yamamoto et al., 2006). In
the present study, a single bolus injection
of a high dose of buprenorphine, which
induced robust analgesia in behaving an-
imals (Christoph et al., 2005; present
study), strongly and persistently de-
pressed C-fiber-evoked field potentials in
the dorsal horn. This depression was abol-
ished by pretreatment with either system-
ically or spinally applied naloxone
hydrochloride, by systemically applied
CTOP, or by systemically applied nalox-
onazine, a �1-opioid receptor antagonist
(Hahn and Pasternak, 1982; Hahn et al.,
1982; Ling et al., 1986). Without exclud-
ing any additional supraspinal compo-
nents, our results clearly suggest that
buprenorphine produces analgesia by ac-
tivating spinal �1-opioid receptors and
thereby depressing synaptic strength at
C-fibers.

Pronociceptive effects of ultra-low-dose
buprenorphine involve supraspinal
�-opioid receptors
The clinical use of opioids might be lim-
ited by the development of OIH. It has
been thought that buprenorphine would

Figure 8. Astrocyte signaling and increased activation state accompany ultra-low-dose buprenorphine effects. A, Im-
ages of a sample experiment illustrating calcium signaling in spinal dorsal horn astrocytes. Arrow in Alexa Fluor 594
(AF594) image illustrates one of the measured astrocytes. All other images are pseudocolored (see color scale bar on left)
indicating changes in F5F fluorescence intensity upon puff application of the 5-HT2AR, 5-HT2BR, and 5-HT2CR agonists (200
ms) 5 mM TCB-2, BW 723C86 and CP 809101). B, Average increase in F5F fluorescence intensity of all measured astrocytes
normalized to the baseline value (�F/F). Application of 5-HT2R agonists under control conditions is shown in black and
application of agonists in the presence of receptor antagonists (200 �M 4F 4PP, 100 �M SB 204741, 100 nM RS 102221) is
shown in red. C, D, Animals were injected with a single intraperitoneal bolus of buprenorphine (0.1 �g�kg �1) or saline
and perfused at 6 or 24 h after treatment. C, Immunoreactivity for the astrocyte-specific marker GFAP (green) and the
neuronal marker NeuN (magenta). D, Mean of GFAP intensity normalized to NeuN intensity in buprenorphine- and
vehicle-treated animals. Six hours after buprenorphine injection, GFAP immunofluorescence is increased compared with
control animals; 24 h after buprenorphine treatment, GFAP immunoreactivity levels are back to control again.
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not induce OIH. One recent study reported that an ultra-low
dose (0.1 �g�kg�1) of buprenorphine decreased tail-flick laten-
cies in rats by an unknown mechanism (Wala and Holtman,
2011). Here, ultra-low-dose buprenorphine induced mechanical
and thermal hyperalgesia in rats lasting for several hours after a
single bolus injection. At doses that are one or two orders of
magnitude higher than the dose used in the present study, bu-
prenorphine facilitates a C-fiber-evoked motor reflex (Guiri-
mand et al., 1995a; Guirimand et al., 1995b). Intrathecal
injections of low-dose buprenorphine also facilitate action po-
tential discharges of spinal dorsal horn convergent neurons
(Dickenson et al., 1990). The present data extend these findings
by showing that a single bolus injection of ultra-low-dose bu-
prenorphine induced a slowly rising and long-lasting facilitation
of synaptic strength at spinal C-fibers. Ultra-low-dose
buprenorphine-induced facilitation was abolished in the pres-
ence of systemic naloxone hydrochloride or CTOP, but was af-
fected by neither peripherally restricted nor spinally applied
naloxone, nor by systemically applied naloxonazine. This sug-
gests that ultra-low-dose buprenorphine-induced facilitation in-
volves the activation of supraspinal naloxone-sensitive but
naloxonazine-insensitive �-opioid receptors.

In addition to activating �-opioid re-
ceptors, opioids, including buprenor-
phine, have been shown to act on
nonopioid receptors such as TLR4 in a
naloxone-reversible manner (Hutchinson
et al., 2010b). In the CNS, these receptors
are predominantly expressed on glial cells
(Olson and Miller, 2004; Jack et al., 2005)
and their activation has been linked to
opioid-induced tolerance and hyperalge-
sia (Watkins et al., 2009; Hutchinson et
al., 2010a; Wang et al., 2012). Here, ultra-
low-dose buprenorphine-induced facil-
itation was, however, abolished by
intravenous application of the selective
�-opioid receptor antagonists CTOP
and CTAP. In addition, we could show
that ultra-low-dose buprenorphine-
induced mechanical and thermal hyperal-
gesia was fully prevented in animals in
which �-opioid receptors where systemi-
cally blocked by CTOP. Although they do
not rule out any additional effect of bu-
prenorphine at TLR4s or other nonopi-
oid receptors, our data clearly indicate
that �-opioid receptors are critically
involved in ultra-low-dose buprenor-
phine-induced facilitation of synaptic
strength.

Ultra-low-dose buprenorphine
activates descending
serotonergic pathways
Powerful descending pathways modulate
discharges of spinal nociceptive neurons
(Millan, 2002; Vanegas and Schaible,
2004; Heinricher et al., 2009; Sandkühler,
2009). Descending modulation has been
associated with both, opioid-induced an-
algesia as well as OIH (Mitchell et al.,
1998; Vanderah et al., 2001b; Gilbert and

Franklin, 2002; Xie et al., 2005). Descending facilitation involves
monoaminergic pathways. Here, surgical disruption of descend-
ing pathways and pharmacological blockade of spinal mono-
amine receptors by asenapine prevented ultra-low-dose
buprenorphine-induced facilitation. Asenapine was effective
when applied before or 15 min after buprenorphine injection, but
not at a later time point. This suggests that monoamines that are
released within the first minutes after an ultra-low-dose bu-
prenorphine treatment are sufficient to trigger facilitation at spi-
nal C-fiber synapses. The present data thus indicate that
descending facilitatory pathways contribute to the induction of
pain hypersensitivity and not just to its maintenance, as has been
suggested previously (Burgess et al., 2002).

Descending pathways are the major source of serotonin in the
spinal cord (Fields et al., 1991). In the spinal cord, the expression
of 5-HT1,2,3,6,7Rs has been demonstrated (Tecott et al., 1993; Hel-
ton et al., 1994; Gérard et al., 1996; Doly et al., 2005). Previously,
we showed that morphine- and fentanyl-induced descending fa-
cilitation at C-fiber synapses requires the activation of spinal
5-HT3Rs (Heinl et al., 2011). In contrast, blockade of spinal
5-HT3Rs did not affect ultra-low-dose buprenorphine-induced
facilitation in the present study. Serotonin also acts on spinal

Figure 9. Facilitation of strength at C-fiber synapses by ultra-low-dose buprenorphine depends on spinal glial cells, D-serine,
and the activation of spinal NMDARs. Areas of C-fiber-evoked field potentials were normalized to baseline recording (dotted line)
and plotted against time (minutes). A, The glial toxin fluorocitrate was applied topically to the spinal cord dorsum (black bar, 10
�M), which prevented facilitation of synaptic strength after bolus injection of ultra-low-dose buprenorphine (black arrow, 0.1
�g�kg �1). B, When fluorocitrate (black bar, dosing as in A) was applied to the spinal cord 2 h after ultra-low-dose buprenorphine
injection, synaptic facilitation was fully reversed. C, Spinal superfusion with DAAO (black bar, 1 U/mL) significantly reduced
synaptic facilitation induced by ultra-low-dose buprenorphine (black arrow, dosing as in A). D, Spinal superfusion with the
selective NMDAR antagonist D-AP5 (black bar, 100 �M) before bolus injection of ultra-low-dose buprenorphine (black arrow,
dosing as in A) prevented facilitation of synaptic strength. For A–D, time courses of buprenorphine-treated animals are shown in
black circles. Data are expressed as mean � SEM. Statistics: A, B, D, two-way ANOVA versus untreated controls (open circles)
followed by Bonferroni post hoc test; A: F(1,528) 	 18.52, p � 0.0001; B: F(1,127) 	 0.069, p 	 0.79; D: F(1,549) 	 2.54, p 	 0.111;
C, two-way ANOVA versus ultra-low-dose buprenorphine (open circles) followed by Bonferroni post hoc test; C: F(1,725) 	 163.7,
p � 0.0001.
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5-HT2ARs, 5-HT2BRs, and 5-HT2CRs, which are coupled to phos-
pholipase C and mobilize intracellular calcium (Barnes and
Sharp, 1999). Agonists of the 5-HT2AR and 5-HT2BR subtypes
potentiate transmission at spinal dorsal horn synapses (Hori et
al., 1996; Aira et al., 2010; Rahman et al., 2011), and activation of
these receptors may counteract opioid-induced depression of
C-fiber-evoked field potentials (Aira et al., 2012). Topical appli-
cation of 5-HT2AR and 5-HT2BR agonists TCB-2 and BW 723C86
induced long-lasting facilitation at spinal dorsal horn C-fiber
synapses resembling ultra-low-dose buprenorphine-induced fa-
cilitation in terms of time course and level of potentiation (data
not shown). Although activation of spinal 5-HT2ARs and
5-HT2BRs is apparently pronociceptive, the role of spinal
5-HT2CRs for nociception appears controversial. Their activation
has been associated with anti-allodynia in neuropathic rats
(Obata et al., 2001; Obata et al., 2004) and with the antinocicep-
tive effects of serotonin in the formalin test (Jeong et al., 2004).
Furthermore, 5-HT2CR agonists can significantly depress
C-fiber-evoked field potentials in both sham-operated and
spinal-nerve-ligated animals (Aira et al., 2010). Conversely, sys-
temic administration of mixed 5-HT2A/C antagonists has been
shown to inhibit C-fiber-evoked responses of deep dorsal horn
neurons potently, suggesting pronociceptive effects of spinal
HT2CRs (Rahman et al., 2011). Here, selective blockade of
5-HT2ARs, 5-HT2BRs, or 5-HT2CRs with their respective antago-
nists reduced and combined application abolished facilitation of
synaptic strength induced by ultra-low-dose buprenorphine.
Therefore, intrathecal application of all three 5-HT2R antagonists
also fully prevented ultra-low-dose buprenorphine-induced
thermal and mechanical hyperalgesia, further supporting the
pronociceptive potency of these receptor subtypes.

Spinal glial cells are required for ultra-low-dose
buprenorphine-induced synaptic facilitation
5-HT2Rs are expressed by neurons and astrocytes in situ and in
culture (Hirst et al., 1998; Maxishima et al., 2001; Zhang et al.,
2010). Here, activation of 5-HT2ARs, 5-HT2BRs, and 5-HT2CRs
with selective agonists led to an increase in astrocytic calcium
signaling in spinal cord slices that was significantly inhibited by
the respective receptor antagonists. Emerging lines of evidence
suggest that activation of spinal glial cells contribute to neuronal
hyperexcitability after opioid exposure (Watkins et al., 2009; Ji
et al., 2013). Here, blockade of spinal glial cells with the unspe-
cific glial cell inhibitor fluorocitrate prevented ultra-low-dose
buprenorphine-induced facilitation of synaptic strength. In ad-
dition, when fluorocitrate was applied to the spinal cord 2 h after
ultra-low-dose buprenorphine, synaptic facilitation was fully re-
versed. Ultra-low-dose buprenorphine further led to an upregu-
lation of the astrocytic marker GFAP (but not of the microglial
marker Iba1) compared with vehicle-treated animals. This is con-
sistent with a recent study suggesting that astrocytes but not
microglia are activated upon administration of ultra-low-dose mor-
phine (Sanna et al., 2015). These data suggest a role of spinal glial
cells, putatively astrocytes, in both the initiation and maintenance of
buprenorphine-induced descending facilitation. Activated astro-
cytes may release gliotransmitters that modulate synaptic transmis-
sion (Santello et al., 2012). For example, the gliotransmitter D-serine
has been implicated in the development of morphine tolerance
(Chen et al., 2012). In our experiments, degradation of D-serine by
DAAO reduced ultra-low-dose buprenorphine-induced facilita-
tion of C-fiber-evoked field potentials. D-serine acts as coagonist
on NMDARs (Schell et al., 1995; Schell et al., 1997; Mothet et al.,
2000), which have been linked previously to ultra-low-dose

buprenorphine-induced hyperalgesia (Wala and Holtman,
2011). Activation of spinal NMDARs was indeed required for
ultra-low-dose buprenorphine-induced facilitation.

The present study revealed two opposite, dose-dependent ef-
fects of buprenorphine on synaptic transmission in the spinal
dorsal horn. At analgesic doses, buprenorphine depressed synap-
tic transmission at C-fibers by the activation of spinal �1-opioid
receptors. However, a 15,000-fold lower dose of buprenorphine
facilitated strength at spinal C-fiber synapses and induced the
development of thermal and mechanical hyperalgesia. This im-
plicates the activation of supraspinal CTOP-sensitive �-opioid
receptors and descending serotonergic pathways acting on spinal
5-HT2ARs, 5-HT2BRs, and 5-HT2CRs located on neurons, astro-
cytes, or both. D-serine, for example, that could be released from
astrocytes after activation of astrocytic 5-HT2ARs, 5-HT2BRs, and
5-HT2CRs, might facilitate NMDAR activation and initiate a rise in
[Ca2�]I, which culminates in an increase in synaptic strength.
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