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Pain is a complex experience composed of sensory and affective components. Although the neural systems of the sensory component of pain
have been studied extensively, those of its affective component remain to be determined. In the present study, we examined the effects of
corticotropin-releasing factor (CRF) and neuropeptide Y (NPY) injected into the dorsolateral bed nucleus of the stria terminalis (dlBNST) on
pain-induced aversion and nociceptive behaviors in rats to examine the roles of these peptides in affective and sensory components of pain,
respectively. In vivo microdialysis showed that formalin-evoked pain enhanced the release of CRF in this brain region. Using a conditioned place
aversion (CPA) test, we found that intra-dlBNST injection of a CRF1 or CRF2 receptor antagonist suppressed pain-induced aversion. Intra-
dlBNST CRF injection induced CPA even in the absence of pain stimulation. On the other hand, intra-dlBNST NPY injection suppressed pain-
induced aversion. Coadministration of NPY inhibited CRF-induced CPA. This inhibitory effect of NPY was blocked by coadministration of a Y1

or Y5 receptor antagonist. Furthermore, whole-cell patch-clamp electrophysiology in dlBNST slices revealed that CRF increased neuronal
excitability specifically in type II dlBNST neurons, whereas NPY decreased it in these neurons. Excitatory effects of CRF on type II dlBNST
neurons were suppressed by NPY. These results have uncovered some of the neuronal mechanisms underlying the affective component of pain
by showing opposing roles of intra-dlBNST CRF and NPY in pain-induced aversion and opposing actions of these peptides on neuronal excit-
ability converging on the same target, type II neurons, within the dlBNST.

Introduction
Pain is a complex experience consisting of sensory and affective
components. Although the neural systems of the sensory compo-
nent of pain have been studied extensively, those of the negative
affective component are only beginning to be understood. Re-
cently, some behavioral studies using a conditioned place para-
digm have revealed neural mechanisms underlying the negative
affective component of pain. Johansen et al. (2001) reported the
crucial role of the anterior cingulate cortex in conditioned place
aversion (CPA) induced by the intraplantar injection of formalin.
We reported that the central amygdaloid nucleus and basolateral

amygdaloid nucleus (BLA) were differently involved in intra-
plantar formalin-induced and intraperitoneal acetic acid-
induced CPA (Tanimoto et al., 2003). In addition to these brain
areas, we found that the excitotoxic lesions of the bed nucleus
of the stria terminalis (BNST) reduced pain-induced aversion
without reducing nociceptive behaviors (Deyama et al., 2007).
Moreover, we recently demonstrated that noradrenergic neu-
rotransmission within the ventral part of BNST mediated the
negative affective component of pain (Deyama et al., 2008,
2009, 2011).

The dorsolateral part of the BNST (dlBNST) is densely inner-
vated with corticotropin-releasing factor (CRF)-containing fi-
bers (Sakanaka et al., 1986; Morin et al., 1999) and expresses CRF
receptors (Van Pett et al., 2000). Intra-BNST CRF has been im-
plicated in negative affective states, such as anxiety, fear, and
aversion. Intra-BNST infusion of CRF has been shown to elicit
anxiety-associated behaviors in the elevated plus maze test
(Sahuque et al., 2006) and to enhance startle responses (Lee and
Davis, 1997). Furthermore, it has been reported that intra-BNST
administration of CRF produced CPA (Sahuque et al., 2006).
However, the role of CRF-mediated neurotransmission within
the dlBNST in the negative affective component of pain remains
unclear.

Received Sept. 7, 2012; revised Jan. 30, 2013; accepted Feb. 7, 2013.
Author contributions: K. Kaneda, M.Y., and M.M. designed research; S.I., T.H., A.O., R.T., K. Koseki, T.N., and C.M.

performed research; S.I., K. Kaneda, and M.M. analyzed data; S.I., K. Kaneda, and M.M. wrote the paper.
This study was supported by a grant for Interdisciplinary Project for Psychosomatological Research in Hokkaido

University; a Grant-in-Aid for Scientific Research (B) from the Japan Society for the Promotion of Science (JSPS)
(M.M., 23300130); a Grant-in-Aid for Young Scientists (B) from JSPS (S.I., 22790239); Health Labour Sciences
Research Grant (research on chronic pain) from the Ministry of Health, Labour, and Welfare (M.M.); and grants from
the Hoansha Foundation (M.M.) and Naito Foundation (M.M.).

The authors declare no competing financial interests.
Correspondence should be addressed to Masabumi Minami, Department of Pharmacology, Graduate School of

Pharmaceutical Sciences, Hokkaido University, Sapporo 060-0812, Japan. E-mail: mminami@pharm.hokudai.ac.jp.
DOI:10.1523/JNEUROSCI.4278-12.2013

Copyright © 2013 the authors 0270-6474/13/335881-14$15.00/0

The Journal of Neuroscience, April 3, 2013 • 33(14):5881–5894 • 5881



Neuropeptide Y (NPY)-containing fibers are also observed in
the dlBNST (Walter et al., 1991), and its receptors, Y1, Y2, Y4, and
Y5 subtypes, are expressed in this brain region (Parker and
Herzog, 1999). Although a large body of literature exists on the
anxiolytic and anti-aversive effects of NPY (Heilig, 1995; Kask et
al., 1997; Nakajima et al., 1998; Gutman et al., 2008), the role of
this peptide in pain-induced aversion remains to be determined.

In this study, we examined the effects of intra-dlBNST injec-
tion of CRF and NPY on pain-induced aversion and nociceptive
behaviors to examine the roles of these peptides in affective and
sensory components of pain, respectively, and revealed their op-
posing roles in the negative affective component of pain. Further-
more, whole-cell patch-clamp electrophysiology in dlBNST slices
showed opposing actions of these peptides on neuronal excitabil-
ity specifically in type II dlBNST neurons.

Materials and Methods
Animals. Male Sprague Dawley rats (Japan SLC) (180 –280 g or 20 to 50 d
old) were used for the behavioral or electrophysiological experiments,
respectively. The rats were maintained at a constant ambient tempera-
ture (22 � 1°C) under a 12 h light/dark cycle with food and water avail-
able ad libitum. All experiments were performed with the approval of the
Institutional Animal Care and Use Committee at Hokkaido University.

Drugs. NBI27914 (a selective CRF1 receptor antagonist), antisauvagine-30
(AS-30; a selective CRF2 receptor antagonist), and L-152,804 (a selective
NPY Y5 receptor antagonist) were purchased from Tocris Bioscience. CRF
was purchased from Peptide Institute or Bachem AG. NPY and BIBP3226 (a
selective NPY Y1 antagonist) were from Abgent and Bachem AG, respec-
tively. Tetrodotoxin (TTX) was from Wako Pure Chemical Industries and
SR95531, ZD7288, and kynurenic acid were from Sigma.

For the behavioral experiments, AS-30 was dissolved in PBS, pH 7.4,
containing 0.1% bovine serum albumin (BSA; Sigma). NBI27914 was
dissolved in dimethylsulfoxide (DMSO), then diluted with PBS contain-
ing 0.1% BSA; the solution contained DMSO at a final concentration of
8.4%. The final concentration of these antagonists was 0.3 nmol/0.5 �l or
1.0 nmol/0.5 �l. NPY was dissolved in PBS containing 0.1% BSA at a
concentration of 0.1 nmol/0.5 �l or 0.3 nmol/0.5 �l. CRF was dissolved
in saline containing 0.1% BSA and 0.03% acetic acid, then mixed with
PBS containing 0.1% BSA at a ratio of 2:1. The final concentration of CRF
was 0.1 nmol/0.6 �l or 0.3 nmol/0.6 �l. When the effects of NPY in the
presence or absence of NPY antagonists on CRF-induced CPA were ex-
amined, CRF solution was mixed with these drugs dissolved in PBS con-
taining 0.1% BSA at a ratio of 2:1. L-152,804 was dissolved in DMSO,
then diluted with PBS containing 0.1% BSA; the solution contained
DMSO at a final concentration of 16.7%.

For the electrophysiological experiments, the stock solutions for CRF
and NPY were prepared at concentrations of 1 mM in H2O containing
0.1% BSA. The stock solutions for NBI27914 and AS-30 were prepared at
a concentration of 300 �M in DMSO and in H2O containing 0.1% BSA,
respectively. The stock solutions for BIBP3226 and L-152,804 were pre-
pared at a concentration of 1 mM in H2O and in DMSO, respectively. The
stock solution for ZD7288 was prepared at a concentration of 10 mM in
H2O. These stock solutions were stored at –30°C until use. Before bath
application, these stock solutions were diluted to final concentrations
with normal Ringer’s solution containing 0.01% BSA. We confirmed that
bath application of DMSO alone at the final concentration (0.1%) did
not affect either membrane potential or input resistance (data not
shown).

In vivo microdialysis. In vivo microdialysis was performed using a pep-
tide microdialysis system (AtmosLM; Eicom). Under sodium pentobar-
bital anesthesia (50 mg/kg, i.p.), each rat was implanted unilaterally with
a microdialysis guide cannula (outer diameter, o.d.; 0.72 mm, PEG-6;
Eicom) 1.0 mm above the dlBNST (– 0.3 mm rostral, 1.7 mm lateral, 5.5
mm ventral to bregma) (Paxinos and Watson, 1998). After surgery, rats
were housed individually in cages. One day after the implantation of the
guide cannula, microdialysis experiments were performed in unanesthe-
tized and freely moving rats. Microdialysis probes (dialysis membrane:

1000 kDa molecular weight cutoff polyethylene membrane, length 1.0
mm; o.d., 0.44 mm; PEP-6 – 01; Eicom) were inserted through the guide
cannula and continuously perfused with Ringer’s solution (Na � 147 mM,
K � 4 mM, Ca 2� 2.3 mM, and Cl � 155.6 mM) containing 0.15% BSA at a
flow rate of 10 �l /min. The rats were then placed in a Plexiglas chamber
(30 � 30 � 35 cm: width � length � height) for the 2 h preconditioning
period. After the preconditioning period, the flow rate was changed to 1
�l/min. After an additional stabilization period of 1 h, 11 15 min dialy-
sates were collected in polypropylene tubes at 4°C. The first three samples
were taken as baseline samples. Immediately after collection of the last
baseline sample, each rat was administered an intraplantar injection
(right hindpaw) of 100 �l of 2% formalin. Dialysate samples were stored
at –20°C. CRF concentrations in the samples were measured using a
competitive enzyme immunoassay kit (Phoenix Pharmaceuticals).

Surgery and microinjection. Under sodium pentobarbital anesthesia
(50 mg/kg, i.p.), rats were implanted bilaterally with 25 gauge stainless
steel guide cannulae (o.d., 0.5 mm; inner diameter, i.d., 0.22 mm) 1.5
mm above the dlBNST (– 0.3 mm rostral, 1.7 mm lateral, 5.0 mm ventral
to bregma) or lateral ventricle (– 0.3 mm rostral, 1.4 mm lateral, 2.7 mm
ventral to bregma) (Paxinos and Watson, 1998). After surgery, rats were
housed individually in plastic cages with woodchip bedding, allowed to
recover for at least 5 d, and handled for 1–2 min each day for 3 consecu-
tive days before behavioral experiments. For microinjection, 33 gauge
stainless steel injection cannulae (o.d., 0.2 mm; i.d., 0.08 mm) were in-
serted bilaterally into the guide cannulae. The injection cannulae pro-
truded 1.5 mm from the tip of the guide cannulae to reach the dlBNST or
lateral ventricle. Injection cannulae were attached to a microinjection
pump (CMA) via PE 8 polyethylene tubing. Drug or vehicle was admin-
istrated bilaterally in a volume of 0.5– 0.6 �l/side at a rate of 0.5 �l/min,
and the injection cannulae were left in place for an additional 1 min after
microinjection to prevent backflow.

Conditioned CPA. CPA tests were conducted as described previously
(Deyama et al., 2007, 2008, 2009). A shuttle box composed of two equal-
sized compartments (30 � 30 � 30 cm) with distinct visual and tactile
cues (one compartment was black with a smooth floor, and the other was
white with a textured floor) under dim illumination (25 � 5 lux at the
center of the box) was used for a 4 consecutive day experimental proce-
dure. On day 1 (habituation session) and day 2 (preconditioning ses-
sion), rats explored the two compartments ad libitum for 900 s; the time
spent in each compartment during the exploring period was measured
automatically (KN-80; Natsume Seisakusho). Rats that spent �80%
(�720 s) of the total time (900 s) in one side on day 2 or showed a
difference of �200 s in the time spent in one side between days 1 and 2
were eliminated from subsequent procedures. Additionally, after behav-
ioral tests, histological analyses were performed, and data from rats with
misplacement of both or either of the bilateral microinjection cannulae
were eliminated from statistical analyses. Both before and after such
eliminations, no significant difference ( p � 0.05 (n � 353) and p � 0.05
(n � 197), respectively) was observed between the time spent in the black
(442.6 � 6.3 s and 445.8 � 7.1 s, respectively) and white (457.4 � 6.3 s
and 454.2 � 7.1 s, respectively) compartments, indicating the absence of
any significant bias in compartment preference before conditioning.

Formalin-induced CPA was used to evaluate the affective component
of pain (Johansen et al., 2001; Tanimoto et al., 2003; Johansen and Fields,
2004; Deyama et al., 2008, 2011). In this CPA test, we used a bias-like
protocol (Tzschentke, 1998). Specifically, we designated the compart-
ment in which each rat spent more time (�450 s) on day 2 (precondi-
tioning session) as each animal’s pain-paired compartment. This type of
protocol was successfully used to examine the CPA induced by opioid
withdrawal (Kosten, 1994; Rafieian-Kopaei et al., 1995; Nakagawa et al.,
2005) and by visceral and somatic pain (Tanimoto et al., 2003; Deyama et
al., 2007, 2008, 2009). On day 3 (conditioning session), place condition-
ing was performed as follows. In the vehicle control session (conducted
between 08:00 and 12:00), each rat was given an intraplantar injection of
saline (100 �l) into the left hindpaw and then immediately confined in
the nonpain-paired compartment for 1 h. After at least 4 h, in the pain-
conditioning session (conducted between 14:00 and 18:00), each rat was
injected with NBI27914 (0.3 nmol/side or 1 nmol/side), AS-30 (0.3
nmol/side or 1 nmol/side), NPY (0.1 nmol/side or 0.3 nmol/side), or
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vehicle into the bilateral dlBNST or lateral ventricle. At 10 min after the
intra-dlBNST injection, the rats were given an intraplantar injection of
2% formalin (100 �l) into the right hindpaw and then confined in the
pain-paired compartment for 1 h. On day 4 (test session), each rat was
allowed to explore the two compartments ad libitum, and the time spent
in each compartment during the exploring period (900 s) was recorded
automatically. CPA scores were calculated by subtracting the time spent
in the pain-paired compartment during the test session from the time
spent in this compartment during the preconditioning session.

In the experiments investigating intra-dlBNST CRF-induced aversion
(a 6 consecutive day experimental protocol), we designated the compart-
ment in which the rat spent more time (�450 s) on day 2 (precondition-
ing session) as the drug-paired compartment for each animal. On days
3–5, place conditioning was performed over 3 consecutive days as fol-
lows. The rats were divided into two groups (Groups 1 and 2). In the
morning session (conducted between 08:00 and 12:00), rats in Group 1
were given an intra-dlBNST injection of drugs or vehicle and were im-
mediately confined in the drug-paired compartment for 30 min. On the
other hand, rats in Group 2 were confined in the nondrug-paired com-

partment for 30 min without being given an
intra-dlBNST injection. In the afternoon ses-
sion (conducted between 13:00 and 18:00), rats
in Group 1 were confined in the nondrug-
paired compartment for 30 min without being
given an intra-dlBNST injection, and rats in
Group 2 were given an intra-dlBNST injection
of drugs or vehicle and were immediately con-
fined in the drug-paired compartment for 30
min. On day 6, in the test session, each rat was
allowed to explore the two compartments
freely, and the time spent in each compartment
during the exploring period (900 s) was re-
corded. CPA scores were calculated as in the
CPA test for pain-induced aversion.

Formalin test. Formalin-induced nocicep-
tive behaviors were examined to evaluate the
sensory component of pain (Johansen et al.,
2001; Tanimoto et al., 2003; Johansen and
Fields, 2004; Deyama et al., 2008, 2011). Each
rat was placed in a Plexiglas cylinder (30 cm
diameter; 30 cm height) for 30 min to acclima-
tize it to the experimental environment. Drugs
or vehicle were injected bilaterally into the
dlBNST of each rat, and the animals were re-
turned to the cylinder. At 10 min after the
intra-dlBNST injection, the rats were given an
intraplantar injection of 2% formalin (100 �l)

into the right hindpaw and immediately returned to the cylinder. The
amount of time the rat spent lifting, licking, shaking, or biting the in-
jected paw was measured for each 5 min period over 60 min. Measure-
ment of nociceptive behaviors was done live by an observer blind to the
treatment conditions. Nociception was quantified using a rating scale
method by assigning weights to the following categories of nociceptive
behaviors: category 0 � weight is evenly distributed among all paws;
category 1 � injected paw is lifted; and category 2 � injected paw is
licked, shaken, or bitten. The nociceptive score was calculated for each 5
min (300 s) period using the following formula: nociceptive score �
[{time (s) spent with lifting the injected paw} � 1 � {time (s) spent with
licking, shaking, or biting the injected paw} � 2]/300 (s).

Histology. After the in vivo microdialysis experiments and behavioral
tests, histological analyses were performed. Rats were decapitated, and
brains were removed rapidly and frozen in powdered dry ice. Coronal
sections (50 �m) including the BNST were prepared with a cryostat,
thaw-mounted onto slides, stained with thionine, and examined under a
microscope (�40). Data from the rats with extensive tissue damage,
misplacement of the microdialysis probes, or misplacement of both or
either of the bilateral injection cannulae were excluded from statistical
analyses.

Slice preparation for electrophysiology. Rats were decapitated under iso-
flurane anesthesia, and the brains were quickly removed and submerged
in ice-cold artificial CSF containing the following (in mM): 130 NaCl, 3.5
KCl, 1.1 KH2PO4, 1.0 CaCl2, 6.0 MgCl2, 30 NaHCO3, 10 glucose, and 2
kynurenic acid, saturated with 95% O2/5% CO2. Coronal slices (250 �m
thick) containing the BNST region were prepared using a microslicer
(VT1200S; Leica). Slices were incubated in a chamber containing normal
Ringer’s solution containing the following (in mM): 125 NaCl, 2.5 KCl,
1.25 NaH2PO4, 2.0 CaCl2, 1.0 MgCl2, 26 NaHCO3, and 25 glucose, sat-
urated with 95% O2/5% CO2 at 33–35°C for 0.5 h, and then placed at
room temperature for �0.5 h before recording.

Recording procedures for electrophysiology. Slices were placed in a re-
cording chamber on an upright microscope (BX-51WI; Olympus) and
continuously superfused with normal Ringer’s solution (34°C) saturated
with 95% O2/5% CO2 at a flow rate of 1–1.5 ml/min. Pipettes were pulled
from thin-walled borosilicate glass capillaries with a micropipette puller
(Model P-1000; Sutter Instrument). Tip resistance was 5– 8 M� when
pipettes were filled with an internal solution containing the following (in
mM): 150 KOH, 2 MgCl2, 10 KCl, 0.2 EGTA, 2 Na2-ATP, 0.3 Na2-GTP, 10
HEPES, and 0.1 spermine. The pH was adjusted to 7.3–7.4 with gluconic

Figure 1. The placements of the tips of the microdialysis probes (A) and microinjection cannulae (B–E). B, NBI27914 1.0 nmol,
closed circles; 0.3 nmol, open circles; AS-30 1.0 nmol, closed triangles; 0.3 nmol, open triangles; vehicle, open rhomboids. C, NPY
0.3 nmol, closed squares; 0.1 nmol, open squares; vehicle, open rhomboids. D, CRF 0.3 nmol, closed circles; 0.1 nmol, open circles;
vehicle, open rhomboids. E, CRF, closed circles; CRF�NPY, closed squares; CRF�NPY�BIBP3226, open reversed triangles;
CRF�NPY� L-152,804, open triangles. The illustrations of coronal sections were taken from the atlas of Paxinos and Watson
(1998); 0.2, – 0.26, – 0.4, and – 0.8 indicate distances (mm) from bregma.

Figure 2. Effects of intraplantar injection of formalin (n � 7) on extracellular CRF levels in
the dlBNST were examined. The arrow indicates the time point of intraplantar injection. Data
are expressed as means � SEM the percentage baseline control value, calculated as an average
of three consecutive dialysates before intraplantar injection. ##p � 0.01 compared with the
value just before intraplantar injection (Newman–Keuls post hoc test).
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acid. Recordings were obtained from dlBNST
neurons visualized with infrared video mi-
croscopy (model IR-1000; Dage-MTI). Be-
cause dlBNST neurons have been categorized
into three distinct types (Hammack et al.,
2007), we first identified cell types by assessing
the membrane potential responses to hyperpo-
larizing and depolarizing current injections.
To monitor hyperpolarizing responses, we set
the initial membrane potential at – 60 mV and
incremental currents (400 ms) ranging from 0
to �360 pA were injected. To monitor depo-
larizing and firing responses, we set the initial
membrane potential at – 80 mV, and incre-
mental currents (400 ms) ranging from 0 to
160 pA were injected. Neurons that exhibited a
depolarizing sag in response to hyperpolariz-
ing current injection and a regular firing pat-
tern in response to depolarizing current
injection were classified as type I. Neurons that
exhibited a depolarizing sag in response to hy-
perpolarizing current injection and burst fir-
ings in response to both the termination of the
hyperpolarizing current injections and depo-
larizing current injections were classified as
type II. Neurons that exhibited no depolarizing
sag in response to hyperpolarizing current in-
jection and a regular firing pattern in response
to depolarizing current injection were classi-
fied as type III. Neurons were excluded from
analyses if the amplitude of the action poten-
tial, which was determined as the difference be-
tween threshold and the peak, was �30 mV.
Data were acquired with a Multiclamp 700B
amplifier and the pClamp10 software (Molec-
ular Devices).

Measurement of membrane potentials and in-
put resistance. The initial membrane potentials
were set to approximately –70 mV (– 69.32 �
0.23 mV, n � 50) by injecting negative or pos-
itive currents. To inhibit action potential-
induced synaptic transmission, 500 nM TTX
was added to superfused Ringer’s solution. To
monitor the changes in membrane potentials, a
window with a 1 s duration was placed every
5 s, and the average membrane potential within
the window was determined. To monitor
changes in input resistance, input resistance
was calculated by measuring the change in membrane potential evoked
by a negative current (– 80 pA, 200 ms) every 5 s. Then, the membrane
potentials and input resistance during a 1 min period were calculated by
averaging 12 of these values. After confirming stable membrane poten-
tials and input resistance for �3 min, 1 �M CRF or 1 �M NPY was
perfused through the recording chamber for 2 min except for the exper-
iment shown in Figure 8, where NPY was perfused until the end of the
experiment. In experiments assessing the effects of antagonists for CRF
or NPY receptors on CRF- or NPY-induced change in membrane poten-
tials, the antagonists were perfused for �10 min before bath application
of CRF or NPY to the end of the experiments. Membrane potentials and
input resistance were measured in the periods of 0 –3 min before and
13–16 min after drug application. The latter period was chosen because
the effects of CRF and NPY emerged gradually and became maximal in
this period in most of the neurons tested. The effects of drugs were
evaluated by comparing the average values observed during these two
periods.

Analyses of steady-state membrane current–voltage relationships.
Steady-state membrane current–voltage ( I–V) relationships were exam-
ined in type II dlBNST neurons. Cells were voltage clamped at –70 mV in
the presence of 1 �M TTX. To assess the I–V relationship, we used a

voltage ramp protocol described in a previous study (Hara and Nakaya,
1997) with some modifications. Briefly, the membrane potential was first
depolarized to 0 mV and then hyperpolarized to –120 mV at a rate of 0.1
mV/ms every 20 s. The current responses observed during the falling
phase from –30 mV to –120 mV were used for I–V relationship analyses.
Changes in net currents caused by a 2 min bath application of CRF or
NPY were determined by subtracting the current responses to the voltage
ramp in the periods of 0 –3 min before drug application from those of
13–16 min after drug application. In some experiments, effects of NPY
on I–V relationships were examined in the presence of ZD7288.

To measure holding currents, a window with a 1 s duration was placed
every 20 s, and the average holding current within the window was de-
termined. To monitor the changes in input resistance, input resistance
was calculated by measuring the change in the holding current evoked by
voltage steps (–5 mV, 30 ms) every 20 s. Holding currents and input
resistance were measured in the periods of 0 –3 min before and 13–16
min after drug application. The effects of drugs were evaluated by com-
paring the average values observed at these two periods.

Measurement of firing activity. To measure changes in firing activity,
current-clamp recordings without current injection were carried out. To
inhibit GABAA receptor-mediated and ionotropic glutamate receptor-
mediated synaptic transmission, 10 �M SR95531 and 1 mM kynurenic

Figure 3. A–D, Effects of intra-dlBNST injection of NBI27914 (A, C, vehicle, n � 7; 0.3 nmol, n � 8; 1.0 nmol, n � 7) or AS-30
(B, D, vehicle, n � 6; 0.3 nmol, n � 6; 1.0 nmol, n � 7) on formalin-induced CPA. Data are expressed as means � SEM. The
columns show the time spent in the pain-paired compartment in the preconditioning (white columns) and test (black columns)
sessions (A, B). ##p � 0.01 compared with the preconditioning session (paired t test). The columns show the CPA scores (C, D).
#p � 0.05 compared with vehicle-injected rats (Newman–Keuls post hoc test). E, Effects of intra-dlBNST injection of vehicle (n �
11), NBI27914 (0.3 nmol, n � 6; 1.0 nmol, n � 7), or AS-30 (0.3 nmol, n � 6; 1.0 nmol, n � 6) on formalin-induced nociceptive
behaviors. Data are expressed as means � SEM.
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acid, respectively, were added to superfused Ringer’s solution. To analyze
firing activity, a window with 2.5 s duration was placed every 5 s, and the
numbers of spikes in 36 windows were counted during 3 min. After
counting basal firing activities, 1 �M CRF was perfused through the re-
cording chamber for 2 min in the presence or absence of 1 �M NPY. NPY
was perfused from 7.5 to 11 min before CRF application to the end of the
experiments. Firing activities were measured during a period of 0 –3 min
before the application of peptides and 17–20 min after CRF application.
The latter period was chosen because maximum firing activities were
observed in this period in most of the neurons tested. The effects of drugs
were evaluated by comparing the average values observed during these
periods.

Statistical analyses. Data are expressed as means � SEM. In vivo
microdialysis data were assessed using one-way repeated-measures
ANOVA followed by the Newman–Keuls post hoc test. Time spent in the
pain- or drug-paired compartment during preconditioning and test ses-
sions in the CPA test was analyzed using within-group paired t tests. CPA
scores were analyzed using one-way ANOVA followed by the Newman–
Keuls post hoc test or Student’s t test for comparisons among more than
two groups or between two groups, respectively. Two-way repeated-
measures ANOVA was used for the data from measurements of nocice-
ptive behaviors. Electrophysiological data were analyzed using the paired
t test, Student’s t test, or one-way repeated-measures ANOVA followed
by the Newman–Keuls post hoc test. Statistical analyses were performed
using IBM SPSS statistics v.20.0.0 or using GraphPad Prism v.6.00
(GraphPad Software); p values � 0.05 were considered to indicate statis-
tically significant differences.

Results
Histology
After the in vivo microdialysis experiments and behavioral tests,
histological analyses were performed. Data from rats with correct
placements of the microdialysis probe (Fig. 1A) and of the bilat-
eral microinjection cannulae (Fig. 1B–E) were used for the statis-
tical analyses.

Pain-induced CRF release within the dlBNST
The averaged baseline concentration of CRF in the dialysates was
6.8 � 0.5 pg/15 �l. Intraplantar injection of formalin produced a
transient increase in extracellular CRF levels within the dlBNST
(Fig. 2). One-way repeated-measures ANOVA demonstrated a
significant effect of the formalin injection (F(10,76) � 4.50, p �
0.001, n � 7). A significant increase in the CRF level was observed
at 15–30 min after the formalin injection (186 � 14%; p � 0.01
compared with the last baseline sample (–15 to 0 min), Newman–
Keuls post hoc test).

Effects of intra-dlBNST injection of CRF receptor antagonists
on formalin-induced CPA and nociceptive behaviors
To determine the role of CRF-mediated neurotransmission
within the dlBNST in the affective component of pain, the effects
of bilateral intra-dlBNST injection of NBI27914 (CRF1 receptor
antagonist) and AS-30 (CRF2 receptor antagonist) on formalin-
induced CPA were examined. In the intra-dlBNST vehicle-
injected rats, the time spent in the pain-paired compartment
during the test session (374 � 33 and 391 � 18 s in Fig. 3A,B,
respectively) was significantly shorter (t � 4.55 (df � 6), p � 0.01
and t � 4.91 (df � 5), p � 0.01, respectively, paired t test) than the
time during the preconditioning session (529 � 19 and 538 �
29 s). In the intra-dlBNST NBI27914 (0.3 and 1 nmol/side)-
injected rats, no significant difference (t � 2.19 (df � 7), p � 0.05
and t � 1.82 (df � 6), p � 0.05, respectively, paired t test) was
observed in the time spent in the pain-paired compartment be-
tween the test (480 � 50 and 508 � 41 s, respectively) and the
preconditioning (551 � 28 and 546 � 32 s, respectively) sessions.

Also, in the intra-dlBNST AS-30 (0.3 and 1 nmol/side)-injected
groups, no significant difference (t � 1.56 (df � 5), p � 0.05 and
t � 1.51 (df � 6), p � 0.05, respectively, paired t test) was ob-
served in the time spent in the pain-paired compartment between
the test (475 � 20 and 502 � 24 s, respectively) and the precon-
ditioning (533 � 32 and 535 � 24 s, respectively) sessions. CPA
scores showed dose-dependent attenuation of formalin-induced
CPA by intra-dlBNST injection of these antagonists. As shown in
Figure 3, C and D, one-way ANOVA indicated a significant

Figure 4. A, B, Effects of intra-dlBNST injection of vehicle (n � 8) or NPY (0.1 nmol, n � 7;
0.3 nmol, n � 7) on formalin-induced CPA. Data are expressed as means � SEM. The columns
show the time spent in the pain-paired compartment in the preconditioning (white columns)
and test (black columns) sessions (A). ##p � 0.01 compared with the preconditioning session
(paired t test). The columns show CPA scores (B). #p � 0.05 compared with vehicle-injected
rats (Newman–Keuls post hoc test). C, Effects of intra-dlBNST injection of vehicle (n � 6) or NPY
(0.1 nmol, n � 5; 0.3 nmol, n � 7) on formalin-induced nociceptive behaviors. Data are
expressed as means � SEM.
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difference among groups (NBI27914,
F(2,19) � 3.87, p � 0.05 and AS-30,
F(2,16) �5.96, p�0.05). Post hoc comparisons
revealed that NBI27914 at a dose of 1 nmol/
side (37.6 � 20.7 s; p � 0.05), but not 0.3
nmol/side(71.3�32.5s;p�0.05),andAS-30
at doses of 0.3 and 1 nmol/side (58.3 � 20.8 s,
p � 0.05 and 33.3 � 22.1 s, p � 0.05, respec-
tively) attenuated formalin-induced CPA sig-
nificantly compared with the vehicle-injected
group(155�34sand147�30, respectively).

Because the dlBNST is located close to
the lateral ventricle, it was possible that
drugs leaking to the lateral ventricle might
act on brain regions other than the
dlBNST and suppress formalin-induced
CPA. Thus, off-site control experiments
were performed by injecting these antag-
onists into the lateral ventricle at a dose of
1 nmol/side. In the intracerebroventricu-
larly injected NBI27914 and AS-30 groups
(n � 7 each), the time spent in the pain-
paired compartment during the test ses-
sion (382 � 23 and 452 � 29 s,
respectively) was significantly shorter (t �
4.91 (df � 6), p � 0.01 and t � 3.61 (df �
6), p � 0.05, respectively, paired t test)
than the time during the preconditioning
session (482 � 8 and 535 � 20 s, respec-
tively). Thus, these results showed no
suppressing effects of intracerebroven-
tricularly administered NBI27914 and
AS-30 on formalin-induced CPA, sug-
gesting that the dlBNST was the likely site
of action of these antagonists in sup-
pressing formalin-induced CPA.

To examine whether intra-dlBNST injection of NBI27914 or
AS-30 per se produced conditioned place preference (CPP) or CPA,
these drugs (1 nmol/side) were injected into the bilateral dlBNST in
the absence of intraplantar formalin injection. In both the intra-
dlBNST NBI27914- and AS-30-injected groups (n � 6 and n � 7,
respectively), no significant difference (t � 1.06 (df � 5), p � 0.05
and t � 0.12 (df � 6), p � 0.05, respectively, paired t test) was
observed in the time spent in the drug-paired compartment between
the test (491 � 22 and 487 � 33 s, respectively) and preconditioning
(509 � 28 and 491 � 10 s, respectively) sessions. CPA scores were
18.3 � 17.3 and 4.14 � 33.5 s, respectively, which were not signifi-
cantly different (t � 0.21 (df � 9), p � 0.05 and t � 0.51 (df � 11),
p � 0.05, respectively, Student’s t test) from the CPA score of the
vehicle-injected group (23.8 � 19.2 s, n � 5 and 28.7 � 34.8 s, n � 6,
respectively). These data showed that neither CPP nor CPA was
induced by the intra-dlBNST injection of these antagonists, indicat-
ing that these drugs have no motivational effect by themselves when
injected into the dlBNST at these doses.

As shown in Figure 3E, intra-dlBNST injection of
NBI27914 (0.3 nmol/side or 1 nmol/side) or AS-30 (0.3 nmol/
side or 1 nmol/side) did not affect formalin-induced nocicep-
tive behaviors compared with the vehicle-injected group.
Two-way repeated-measures ANOVA revealed no significant
effect of these drugs (F(4,31) � 1.05; p � 0.05) and no signifi-
cant interaction between the drugs and time (F(44,341) � 0.89;
p � 0.05). These results showed that intra-dlBNST injection of

neither NBI27914 nor AS-30 affected the sensory component
of pain.

Effects of intra-dlBNST injection of NPY on
formalin-induced CPA and nociceptive behaviors
The effects of intra-dlBNST injection of NPY (0.1 and 0.3 nmol/
side) on formalin-induced CPA were examined. In the intra-
dlBNST vehicle-injected and NPY (0.1 nmol/side)-injected
groups, the time spent in pain-paired compartment during the
test session (408 � 23 and 438 � 33 s, respectively) was signifi-
cantly shorter (t � 3.81 (df � 7), p � 0.01 and t � 4.20 (df � 6),
p � 0.01, respectively, paired t test) than the time during the
preconditioning session (553 � 29 and 527 � 22 s, respectively;
Fig. 4A). In the intra-dlBNST NPY (0.3 nmol/side)-injected
group, no significant difference (t � 0.57 (df � 6), p � 0.05,
paired t test) was observed in the time spent in the pain-paired
compartment between the test (504 � 24 s) and preconditioning
(520 � 13 s) sessions. CPA scores showed dose-dependent atten-
uation of formalin-induced CPA by intra-dlBNST injection of
NPY (Fig. 4B). One-way ANOVA indicated a significant differ-
ence among groups (F(2,19) � 4.51, p � 0.05). Post hoc compari-
sons revealed that NPY at a dose of 0.3 nmol/side (15.7 � 27.3 s,
p � 0.05), but not 0.1 nmol/side (89.0 � 21.2 s), attenuated
formalin-induced CPA significantly compared with the vehicle-
injected group (145 � 38.0 s).

The effects of off-site control injections of NPY (0.3 nmol/side)
into the lateral ventricle on formalin-induced CPA were examined.
In the intracerebroventricular NPY-injected group (n � 7), the time

Figure 5. Effect of intra-dlBNST injection of NPY on CRF-induced CPA. A, B, Effects of intra-dlBNST injection of vehicle (n � 10) or CRF
(0.1 nmol, n � 10; 0.3 nmol, n � 11) were examined using a place conditioning paradigm. Data are expressed as means � SEM. A, The
columns show the time spent in the drug-paired compartment in the preconditioning (white columns) and test (black columns) sessions.
#, ###p�0.05,0.001comparedwiththepreconditioningsession(pairedttest).B,ThecolumnsshowCPAscores. #p�0.05comparedwith
vehicle-injected rats (Newman–Keuls post hoc test). C, D, Effects of intra-dlBNST injection of NPY in the presence or absence of subtype-
selective NPY antagonists on CRF-induced CPA (CRF, n � 10; CRF � NPY, n � 10; CRF � NPY � BIBP3226, n � 11; CRF �N PY �
L-152,804, n�12). C, The columns show the time spent in the drug-paired compartment in the preconditioning (white columns) and test
(black columns) sessions. ##, ###p � 0.01, 0.001 compared with the preconditioning session (paired t test). D, The columns show CPA
scores. ##p�0.01 compared with CRF alone-injected rats; *p�0.05 compared with CRF�NPY-injected rats (Newman–Keuls post hoc
test).
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spent in the pain-paired compartment during the test session was
448 � 30 s, which was significantly shorter (t � 3.13 (df � 6), p �
0.05, paired t test) than the time during the preconditioning session
(553 � 25 s). This result showed no suppressing effect of intracere-
broventricularly administered NPY on formalin-induced CPA, sug-
gesting that the dlBNST was the likely site of action of this peptide in
suppressing formalin-induced CPA.

To examine whether intra-dlBNST injection of NPY per se
produced CPP or CPA, NPY (0.3 nmol/side) was injected into the
bilateral dlBNST in the absence of intraplantar formalin injec-
tion. In the intra-dlBNST NPY-injected group (n � 5), no signif-
icant difference (t � 0.42 (df � 4), p � 0.05, paired t test) was
observed in the time spent in the drug-paired compartment be-
tween the test (501 � 40 s) and preconditioning (488 � 10 s)

sessions. The CPA score (–13.4 � 32.3 s) was not significantly dif-
ferent (t � 0.09 (df � 7), p � 0.05, Student’s t test) from that of the
vehicle-injected group (–18.3 � 41.5 s, n � 4). These findings
showed that neither CPP nor CPA was induced by the intra-dlBNST
injection of NPY, indicating that this peptide has no motivational
effect by itself when injected into the dlBNST at this dose.

As shown in Figure 4C, intra-dlBNST injection of NPY (0.1
nmol/side or 0.3 nmol/side) did not affect formalin-induced no-
ciceptive behaviors compared with the vehicle-injected group.
Two-way repeated-measures ANOVA revealed no significant ef-
fect of intra-dlBNST NPY (F(2,15) � 0.22; p � 0.05) and no sig-
nificant interaction between the drugs and time (F(22,165) � 0.48;
p � 0.05). These results showed that intra-dlBNST injection of
NPY did not affect the sensory component of pain.

Figure 6. Effects of CRF on membrane potential and input resistance in three types of dlBNST neurons. A, Representative traces from current-clamp recordings in type I (top), type II (second row),
and type III (third row) dlBNST neurons, and type II dlBNST neurons in the presence of NBI27914 (300 nM) � AS-30 (300 nM) (bottom). B, C, Effects of CRF (1 �M, 2 min) on membrane potential (B)
and input resistance (C) in type I (n � 5; top), type II (n � 5; second row), and type III (n � 5; third row) dlBNST neurons, and type II dlBNST neurons in the presence of NBI27914 � AS-30 (n �
5; bottom). Left, Time courses of membrane potential (B) and input resistance (C). Right, Averaged membrane potential (B) and input resistance (C) in the period of pre-CRF (0 –3 min) and post-CRF
(16 –19 min) application. Gray symbols and lines show data obtained from individual neurons, and black symbols and lines show averaged data obtained from five neurons. Data are expressed as
means � SEM. *p � 0.05, **p � 0.01 compared with pre-CRF application (paired t test).
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Effect of intra-dlBNST injection of NPY on CRF-induced CPA
Sahuque et al. (2006) reported that intra-BNST administration of
CRF produced a dose-dependent CPA. First, we confirmed the
induction of CPA by the intra-dlBNST injection of CRF. As
shown in Figure 5A, in rats injected with CRF at doses of 0.1 and
0.3 nmol/side, the time spent in the drug-paired compartment
during the test session (434 � 49 and 399 � 34 s, respectively) was
significantly shorter (t � 2.64 (df � 9), p � 0.05 and t � 6.50
(df � 10), p � 0.001, respectively, paired t test) than the time
during the preconditioning session (534 � 21 and 558 � 13 s,
respectively). CPA scores revealed a dose-dependent induction of
CPA by intra-dlBNST injection of CRF (Fig. 5B). One-way
ANOVA indicated a significant difference among groups (F(2,28) �
4.15, p � 0.05). Post hoc comparisons showed that CRF at a dose of

0.3 nmol/side (160 � 25 s, p � 0.05), but not 0.1 nmol/side (99.4 �
38.2 s, p � 0.05), significantly induced CPA compared with the
vehicle-treated group (15.1 � 44.1 s).

Next, the effect of coadministration of NPY on CRF-induced
CPA was examined. In the rats simultaneously injected with CRF
(0.3 nmol/side) and NPY (0.3 nmol/side), no significant difference
(t � 0.40 (df � 9), p � 0.05, paired t test) was observed in the time
spent in the drug-paired compartment between the test (496 � 34 s)
and preconditioning (510 � 18 s) sessions (Fig. 5C). Coadministra-
tion of NPY with CRF significantly (t � 3.43 (df � 18), p � 0.01,
Student’s t test) reduced the CPA score (14.0 � 35.3 s) compared
with the CRF alone-injected group (167.7 � 87.2 s; Fig. 5D).

To examine whether intra-dlBNST repeated injections of
NPY per se produced CPP or CPA, NPY (0.3 nmol/side; n � 6)

Figure 7. Effects of NPY on membrane potential and input resistance in three types of dlBNST neurons. A, Representative traces from current-clamp recordings in type I (top), type II (second row),
and type III (third row) dlBNST neurons, and type II dlBNST neurons in the presence of BIBP3226 (1 �M) � L-152,804 (1 �M) (bottom). B, C, Effects of NPY (1 �M, 2 min) on membrane potential (B)
and input resistance (C) in type I (n � 6; top), type II (n � 8; second row), and type III (n � 5; third row) dlBNST neurons, and type II dlBNST neurons in the presence of BIBP3226 � L-152,804 (n �
6; bottom). Left, Time courses of membrane potential (B) and input resistance (C). Right, Averaged membrane potential (B) and input resistance (C) in the period of pre-NPY (0 –3 min) and post-NPY
(16 –19 min) application. Gray symbols and lines show data obtained from individual neurons, and black symbols and lines show averaged data obtained from 5– 8 neurons. Data are expressed as
means � SEM. *p � 0.05, **p � 0.01 compared with pre-NPY application (paired t test).
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was administered into the bilateral dlBNST in the absence of
CRF over 3 d. No significant difference (t � 0.48 (df � 5), p �
0.05, paired t test) was observed in the time spent in the drug-
paired compartment between the test (524 � 19 s) and precon-
ditioning (516 � 21 s) sessions. The CPA score (– 8.00 � 16.8 s)
was not significantly different (t � 0.39 (df � 14), p � 0.05,
Student’s t test) from that of the vehicle-injected group (15.1 �
44.1 s, n � 10). These data showed that neither CPP nor CPA was
induced by intra-dlBNST repeated injections of NPY alone, indi-
cating that NPY had no motivational effect by itself when repeat-
edly injected into the dlBNST at this dose.

To identify the receptor subtype(s) involved in the inhibitory
effect of NPY on CRF-induced CPA, the effects of coadministration
of BIBP3226 (Y1 selective antagonist) or L-152,804 (Y5 selective an-
tagonist) were examined. In the groups coadministered
BIBP3226 (3.0 nmol/side) or L-152,804 (3.0 nmol/side) in addi-
tion to CRF and NPY, significant differences (t � 4.68 (df � 10), p �
0.001 or t � 3.71 (df � 11), p � 0.01, respectively, paired t test) were
observed in the time spent in the drug-paired compartment be-
tween the test (412 � 35 or 407 � 35 s, respectively) and precon-
ditioning (546 � 16 or 521 � 16 s, respectively) sessions (Fig. 5C).
CPA scores of these groups (134 � 29 or 114 � 31 s, respectively)
increased significantly (t � 2.67 (df � 19), p � 0.05 or t � 2.15 (df �
20), p � 0.05, respectively, Student’s t test) compared with the score
of the group injected with CRF and NPY (14.0 � 35.3 s) (Fig. 5D).

Effects of CRF and NPY on membrane potentials in
dlBNST neurons
Effects of CRF and NPY on the membrane potentials in dlBNST
neurons were examined using a whole-cell patch-clamp tech-
nique in slice preparations. First, we examined the effects of a 2
min bath application of 1 �M CRF on membrane potentials in
dlBNST neurons (Fig. 6). In type I neurons, CRF did not affect
the membrane potential (– 69.74 � 0.55 and –70.76 � 0.99 mV in
the periods before and after CRF application, respectively; t �
0.86 (df � 4), p � 0.05, paired t test; Fig. 6B, top), and the input
resistance was not changed (301.0 � 29.5 and 311.4 � 40.2 M�
in the periods before and after CRF application, respectively; t �
0.50 (df � 4), p � 0.05, paired t test; Fig. 6C, top). On the other
hand, CRF depolarized membrane potentials gradually in all of
the type II neurons tested (n � 5). CRF application significantly
changed the membrane potential from – 69.97 � 0.90 mV to
– 65.33 � 0.56 mV (t � 7.59 (df � 4), p � 0.01, paired t test; Fig.
6B, second row). The input resistance in the postdrug period
(327.0 � 26.8 M�) was significantly higher than that in the pre-
drug period (277.4 � 26.0 M�; t � 2.79 (df � 4), p � 0.05, paired
t test; Fig. 6C, second row). The CRF-induced depolarization and
increase in input resistance were not observed in the presence of
CRF receptor antagonists (300 nM NBI27914 � 300 nM AS-30),
indicating that these changes were mediated by activation of CRF
receptors (– 69.59 � 0.71 and –70.99 � 1.10 mV before and after
CRF application, respectively; t � 1.66 (df � 4), p � 0.05, paired
t test; Fig. 6B, bottom; 228.9 � 18.5 and 234.5 � 14.3 M� before
and after CRF application, respectively; t � 0.41 (df � 4), p �
0.05, paired t test; Figure 6C, bottom). Although CRF increased
the input resistance in type III neurons slightly, but significantly
(270.6 � 67.0 and 300.5 � 73.6 M� in the periods before and
after CRF application, respectively; t � 3.71 (df � 4), p � 0.05,
paired t test; Fig. 6C, third row), the membrane potential was not
affected by CRF (–70.14 � 0.95 and – 69.05 � 1.35 mV in the
periods before and after CRF application, respectively; t � 1.20
(df � 4), p � 0.05, paired t test; Fig. 6A,B, third row) in this type
of neurons.

Next, we investigated the effects of a 2 min bath application of 1
�M NPY on the membrane potentials in dlBNST neurons (Fig. 7). In
type I neurons, NPY did not affect either the membrane potential
(–69.89 � 0.66 and –69.78 � 1.44 mV in the periods before and
after NPY application, respectively; t � 0.06 (df � 5), p � 0.05,
paired t test; Fig. 7A,B, top), and the input resistance (270.2 � 10.1
and 288.5 � 16.4 M� in the periods before and after NPY applica-
tion, respectively; t � 1.82 (df � 5), p � 0.05, paired t test; Fig. 7C,
top). On the other hand, NPY hyperpolarized membrane potentials
gradually in all of the type II neurons tested (n � 8). NPY application
significantly changed membrane potential from –68.91 � 0.59 to
–73.05 � 1.06 mV (t � 5.39 (df � 7), p � 0.01, paired t test; Fig. 7B,
second row). The input resistance in the postdrug period (254.9 �
28.5 M�) was significantly larger than that in the predrug period
(223.7 � 19.5 M�; t � 3.15 (df � 7), p � 0.05, paired t test; Fig. 7C;
second row). In the presence of NPY receptor antagonists (1 �M

BIBP3226 � 1 �M L-152,804), NPY did not affect either the mem-
brane potentials (–68.75 � 0.56 and –69.35 � 0.56 mV before and
after NPY application, respectively; t � 0.82 (df � 5), p � 0.05,
paired t test; Fig. 7B, bottom) or the input resistance (287.5 � 16.9
and 307.9�28.9 M�before and after NPY application, respectively;
t � 1.41 (df � 5), p � 0.05, paired t test; Fig. 7C, bottom), suggesting
that the effects of NPY were mediated via NPY receptors. In type III
neurons, NPY did not affect either the membrane potential
(–69.94 � 0.96 and –69.61 � 1.77 mV in the periods before and
after NPY application, respectively; t � 0.29 (df � 4), p � 0.05,
paired t test; Fig. 7B, third row) or the input resistance (387.8 � 49.2
and 376.2 � 52.5 M� in the periods before and after NPY applica-
tion, respectively; t � 0.68 (df � 4), p � 0.05, paired t test; Fig. 7C,
third row).

The opposing effects of CRF and NPY on the membrane po-
tential in type II dlBNST neurons allowed us to examine the
effects of NPY on CRF-induced depolarization (Fig. 8). As seen in
Figure 8, A and B, in type II neurons, significant hyperpolariza-
tion was observed after NPY application (– 68.20 � 0.43 and
–70.46 � 0.75 mV in the periods before and after NPY applica-
tion, respectively; p � 0.05, compared with the pre-application of
drugs (Control), one-way repeated measured ANOVA (F(2,8) �

Figure 8. Inhibitory effects of NPY on CRF-induced depolarization in type II dlBNST neurons. A,
Representative trace from current-clamp recording in a type II dlBNST neuron. The effects of the
peptides were evaluated in the periods indicated by shading (Control, 0 –3 min before NPY applica-
tion; NPY, 0 –3 min before CRF application; NPY�CRF, 12–15 min after CRF application). B, C, Effects
of CRF on membrane potential (B) and input resistance (C) in the presence of NPY. Gray symbols and
lines show data obtained from individual neurons (n � 5), and black symbols and lines show aver-
aged data obtained from five neurons. *p � 0.05 compared with control (Newman–Keuls post hoc
test).
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4.83, p � 0.05) with Bonferroni’s post hoc
test, n � 5;Figure 8B). In the presence of
NPY, CRF did not depolarize the mem-
brane potential in type II neurons
(–70.46 � 0.75 and –71.06 � 0.83 mV in
the periods before and after CRF applica-
tion, respectively; Fig. 8B). We occasion-
ally observed a transient excitation after
CRF application in the presence of NPY
(Fig. 8A). However, the depolarization
was very small and did not persist over
	16 min, where CRF usually exhibits
maximal depolarization in the absence of
NPY. The input resistance was also unal-
tered by CRF in the presence of NPY
(316.1 � 59.8 and 328.0 � 54.3 M� in the
periods before and after CRF application,
respectively; Fig. 8C).

Conductances associated with the
actions of CRF and NPY in type II
dlBNST neurons
To investigate the conductances underly-
ing the actions of CRF and NPY, we stud-
ied the effects of these peptides on the
steady-state I–V relationships in type II
neurons by applying a voltage ramp pro-
tocol. As shown in Figure 9, A and B, CRF-
induced net currents in individual
neurons were heterogeneous: CRF de-
creased net currents in some neurons
(n � 4, Fig. 9A, left, B, black traces), while
the increase in net currents was observed
in other neurons (n � 6; Fig. 9A, right, B, gray traces). Thus, we
classified these neurons into two groups and designated them as
type IIa and type IIb. The averaged current trace of type IIa neu-
rons revealed that the reversal potential of this current was ap-
proximately –95 mV (–94.4 � 3.9 mV, n � 4), which is close to
the potassium equilibrium potential (–109.3 mV) calculated
from the Nernst equation under our experimental conditions
(Fig. 9C, left). On the other hand, the CRF-induced increased
currents reversed the polarity at approximately –50 mV (–55.9 �
6.1 mV, n � 6) with a clear outward rectification in type IIb
neurons, suggesting a contribution of nonselective cationic con-
ductance (Takano et al., 1996; Yang and Ferguson, 2002; Murai
and Akaike, 2005; Kaneko et al., 2008) (Fig. 9C, right). CRF sig-
nificantly increased negative holding currents (–58.92 � 8.54 and
– 67.77 � 9.63 pA before and after CRF application, respectively;
t � 2.80 (df � 9), p � 0.05, paired t test; Fig. 9D, upper), whereas
the input resistance was not affected by CRF (339.9 � 36.3 and
342.5 � 39.1 M� before and after CRF application, respectively;
t � 0.31 (df � 9), p � 0.05, paired t test; Fig. 9D, lower). These
results suggest that at least two conductances might be associated
with the CRF-induced depolarization. We observed the different
effects of CRF on changes in input resistance between voltage-
and current-clamp recordings. Voltage-clamp recordings were
obtained from four type IIa and six type IIb neurons, which ex-
hibited increased and decreased input resistance after CRF appli-
cation, respectively. Thus, the apparent net change in input
resistance seemed to be unchanged. On the other hand, in
current-clamp recordings (Fig. 6), averaged input resistance was
increased following CRF application. Although we did not deter-
mine the cell classes (IIa or IIb) in the current-clamp recording

experiment, based on the changes in input resistance observed in
individual neurons, it might be possible that the recorded neu-
rons included four type IIa and one type IIb neurons.

On the other hand, NPY-induced net currents in individual
neurons were similar in all of the neurons tested: NPY decreased
net currents in all recorded neurons (n � 8, Fig. 10A,B). This
result suggests that type II neurons cannot be classified according
to the response to NPY. In other words, both type IIa and IIb
neurons may respond to NPY in the same manner. NPY-induced
change in the net currents was accompanied by significantly re-
duced negative holding currents (– 62.64 � 10.06 and –54.81 �
10.12 pA before and after NPY application, respectively; t � 4.05
(df � 7), p � 0.01, paired t test; Fig. 10C, upper) and increased
input resistance (304.3 � 30.3 and 359.9 � 48.6 M� before and
after NPY application, respectively; t � 2.37 (df � 7), p � 0.05,
paired t test; Fig. 10C, lower). The averaged trace exhibited that
the current associated with NPY reversed the polarity approxi-
mately – 60 mV (– 60.4 � 6.0 mV, n � 8; Fig. 10B), suggesting a
contribution of multiple conductances to the action of NPY. One
of the candidate conductances is hyperpolarization-activated
current (Ih), the suppression of which has been shown to be crit-
ical for NPY-induced hyperpolarization in the BLA (Giesbrecht
et al., 2010). Thus, we tested this hypothesis by using Ih blocker
ZD7288 (Fig. 10D–F). Bath application of 10 �M ZD7288 alone
elicited significant hyperpolarizing currents (–31.72 � 8.62 and
–11.43 � 6.70 pA in the periods 0 –3 min before and 7–10 min
after ZD7288 application, respectively; t � 3.66 (df � 7), p �
0.01, paired t test, n � 8) and increased input resistance
(482.21 � 36.7 and 744.9 � 124.6 M� in the periods 0 –3 min
before and 7–10 min after ZD7288 application, respectively; t �

Figure 9. Conductances associated with the action of CRF in the type II dlBNST neurons. A, Representative steady-state current
responses to voltage ramp pulses from –30 to –120 mV recorded from type IIa (left) and type IIb (right) neurons in the periods of
pre-CRF (gray) and post-CRF (black) application (1 �M, 2 min). The insets show the subtraction of the currents (CRF-induced net
currents). Axis titles in A apply in the insets. B, Traces of CRF-induced net currents in four type IIa (black) and six type IIb (gray)
neurons. C, Average traces of CRF-induced currents in type IIa (n � 4, left) and type IIb (n � 6, right) neurons. Gray shadows
represent SEM. Vertical dashed lines show the reversal potential. D, Effects of CRF on the holding currents at –70 mV (upper) and
the input resistance (lower). Gray lines represent the data obtained from individual neurons (n � 10), and black symbols and lines
show the averaged data obtained from 10 neurons. *p � 0.05 compared with pre-CRF application (paired t test).
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2.75 (df � 7), p � 0.05, paired t test, n � 8), indicating that Ih

constitutively depolarizes membrane potentials in type II neu-
rons. In the presence of ZD7288, NPY did not affect either the
holding currents (–11.07 � 8.92 and –16.54 � 7.40 pA before and
after NPY application, respectively; t � 1.47 (df � 7), p � 0.05,
paired t test; Fig. 10F, upper) or the input resistance (662.9 � 95.8
and 791.8 � 183.9 M� before and after NPY application, respec-
tively; t � 2.05 (df � 7), p � 0.05, paired t test; Fig. 10F, lower). In
the presence of ZD7288, the reversal potential of NPY-associated
currents shifted to a more negative potential (– 85.3 � 6.2 mV,
n � 8; Fig. 10E) compared with the reversal potential in the
absence of ZD7288 (– 60.4 � 6.0 mV). These results indicate that
NPY-induced hyperpolarization was mediated primarily by sup-
pression of Ih in type II dlBNST neurons. The remaining
ZD7288-resistant component, which showed a negative slope
conductance with the reversal potential of approximately – 85
mV, might be mediated, at least in part, by closing potassium
channels.

Effects of CRF and NPY on the firing activity in type II
dlBNST neurons
The effects of CRF and NPY on the firing activity in type II
dlBNST neurons were examined. A 2 min bath application of 1
�M CRF gradually depolarized membrane potentials, as observed

in the above experiments, and then in-
duced spikes (Fig. 11A), which persisted
over 30 min. The number of spikes signif-
icantly increased from 12.2 � 7.1 spikes/
1.5 min in the period before CRF
application to 206.8 � 68.1 spikes/1.5 min
in the period after CRF application (t �
3.35 (df � 5), p � 0.05, n � 6, paired t test;
Fig. 11B). On the other hand, NPY tended
to suppress the firing activity (Fig. 11C).
The number of spikes decreased from
28.5 � 26.5 in the period before NPY ap-
plication to 15.0 � 12.3 spikes/1.5 min in
the period during NPY application (Fig.
11D). In the presence of NPY, no signifi-
cant increase in the spikes was observed
after the application of 1 �M CRF (35.8 �
30.8 spikes/1.5 min; t � 0.21 (df � 5), p �
0.05 vs control (before NPY application)
and t � 0.62 (df � 5), p � 0.05 vs NPY
alone (during NPY application), n � 6,
paired t test; Figure 11D).

Discussion
In the current study, using a conditioned
place paradigm and an in vivo microdialy-
sis technique, we demonstrated that en-
hanced neurotransmission via CRF
receptors within the dlBNST plays a key
role in the negative affective component
of pain. Additionally, we showed that
intra-dlBNST injection of NPY sup-
pressed pain-induced CPA. To our
knowledge, these findings are the first re-
ported providing evidence of the oppos-
ing roles of CRF and NPY within the
dlBNST in the negative affective compo-
nent of pain. We also demonstrated that
intra-dlBNST CRF injection produced
CPA even in the absence of formalin-

evoked noxious stimulation and that coadministration of NPY
suppressed CRF-induced CPA. These results suggest that NPY
injected into the dlBNST may suppress formalin-induced CPA
through inhibition of CRF-mediated neurotransmission.

Behavioral studies using a CPA test have successfully elucidated
the neural substrates and mechanisms underlying the affective com-
ponent of pain (Johansen et al., 2001; Tanimoto et al., 2003; Deyama
et al., 2008). Because this test was based on associative learning be-
tween a noxious stimulus-induced aversive affect and a neutral en-
vironmental context, whether the attenuation of CPA was due to
impairment of associative learning or suppression of the primary
aversive affect is difficult to determine. In the present study, we dem-
onstrated that intra-dlBNST CRF injection produced CPA even in
the absence of formalin-induced noxious stimulus. This indicates
that the activation of CRF receptors within the dlBNST is sufficient
to produce the negative affective states. Therefore, the attenuation of
CPA by inhibition of intra-dlBNST CRF-mediated neurotransmis-
sion may be due to the reduction of the primary aversive affect.

To investigate the cellular mechanisms of CRF-induced CPA and
the counteracting effect of NPY, we examined the effects of CRF and
NPY on neuronal excitability in dlBNST neurons. Interestingly, we
found that only type II, not type I or III, neurons responded to both
CRF and NPY in the dlBNST. Bath application of CRF depolarized

Figure 10. Conductances associated with the action of NPY in the type II dlBNST neurons. A, D, Representative steady-state
current responses to voltage ramp pulses from –30 to –120 mV recorded from type II neurons in the periods of pre-NPY (gray) and
post-NPY (black) (1 �M, 2 min) application in the absence (A) or presence (D) of ZD7288 (10 �M). The insets show the subtraction
of the currents (NPY-induced net currents). Axis titles in A and D apply in the insets. B, E, Average traces of NPY-induced currents
in type II neurons in the absence (B; n � 8) or presence (E; n � 8) of ZD7288. Gray shadows represent SEM. Vertical dashed lines
show the reversal potential. C, F, Effects of NPY on the holding currents at –70 mV (upper) and the input resistance (lower). Gray
lines represent the data obtained from individual neurons, and black symbols and lines show the averaged data obtained from
eight neurons. *p � 0.05, **p � 0.01 compared with pre-NPY application (paired t test).
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membrane potentials significantly in type II neurons. In contrast,
NPY-induced hyperpolarization in type II neurons. Additionally,
coapplication of NPY extinguished the CRF-induced depolariza-
tion. Similar results were observed in firing activities of type II
dlBNST neurons. Specifically, CRF increased firing activities of type
II neurons significantly, and coapplication of NPY suppressed them.
These results demonstrated opposing effects of CRF and NPY at the
cellular level, as observed at the behavioral level. These counteracting
effects of CRF and NPY on neuronal excitability in type II dlBNST
neurons may explain the opposing roles of these peptides in the
negative affective component of pain.

Analyses of I–V relationships in the absence and presence of
CRF demonstrate that there may be at least two classes of type II
dlBNST neurons. The steady-state current in type IIa neurons
was reduced by CRF and reversed its polarity at approximately
–95 mV, suggesting the involvement of potassium channels.
Jedema and Grace (2004) reported the direct action of CRF on
locus ceruleus neurons, increasing neuronal excitability by de-
creasing a potassium conductance in a cAMP-dependent man-
ner. A similar mechanism may be involved in the depolarizing
effect of CRF on type IIa dlBNST neurons. On the other hand,
CRF increased steady-state current and its reversal potential was
approximately –50 mV in type IIb neurons, implying the contri-
bution of nonselective cation current (Takano et al., 1996; Yang
and Ferguson, 2002; Kaneko et al., 2008). In support of this hy-
pothesis, CRF has been reported to activate nonselective cationic
conductances in the pituitary grand (Takano et al., 1996). The
reversal potentials observed in the type IIa and IIb neurons were
slightly deviated from the predicted (–109.3 mV for potassium
current) or reported (�– 45 mV for nonselective cation current)
(Takano et al., 1996; Ito and Dulon, 2002; Yang and Ferguson,
2002; Kaneko et al., 2008) values, suggesting that both channels
express in both type IIa and IIb neurons with different levels,

rather each channel exclusively expresses in either type IIa
or IIb neurons. Further studies are necessary to characterize
the detailed physiological properties of these two types of
neurons.

NPY hyperpolarized type II dlBNST neurons with an increase
in input resistance. I–V relationship analyses revealed that NPY
reduced steady-state currents, the reversal potential of which was
approximately – 60 mV, indicating suppression of cationic
conductance(s). Consistent with this finding, ZD7288, an Ih

blocker, inhibited the hyperpolarizing effect of NPY and
shifted the reversal potential of NPY-associated currents to-
ward a more negative potential, demonstrating that NPY-
induced hyperpolarization was mediated by blocking Ih

channels. Similar hyperpolarizing effect of NPY via inhibition
of Ih channels has been reported in BLA pyramidal neurons
(Giesbrecht et al., 2010).

A previous study suggested that the majority of type II BNST
neurons were GABAergic interneurons, which may innervate
output neurons within the BNST (Hammack et al., 2007). Thus,
CRF-induced activation of type II neurons could result in the
inhibition of output neurons. Indeed, in the ventrolateral BNST,
Dumont and Williams (2004) demonstrated that activation of
neurons exhibiting a depolarizing sag (type I or II neurons) en-
hanced GABAA-IPSC in the output neurons projecting to the
ventral tegmental area (VTA). Georges and Aston-Jones (2001,
2002) have reported that the BNST sends excitatory drive to VTA
dopaminergic neurons. Recently, we have demonstrated that this
excitatory drive from the BNST to VTA dopaminergic neurons is
mainly composed of two GABAergic neurons (Kudo et al., 2012).
Specifically, most VTA-projecting BNST neurons are GABAergic
neurons, which preferentially innervate VTA GABAergic neu-
rons. Therefore, activation of VTA-projecting BNST output neu-
rons is predicted to promote VTA dopaminergic neuron activity
through a disinhibition mechanism. Pain-induced increase in
CRF release within the BNST may activate the type II BNST neu-
rons, which could suppress VTA-projecting BNST output neu-
rons, thereby attenuating the excitatory drive from the BNST to
the VTA dopaminergic neurons. The attenuation of VTA dopa-
minergic neuron activity through this mechanism may be in-
volved in pain-induced aversion. In support of this hypothesis, it
has recently been reported that optogenetic inhibition of VTA
dopaminergic neurons causes CPA (Tan et al., 2012).

Although several lines of evidence suggest the critical role of CRF1

receptors in CRF-induced negative emotion such as anxiety and fear,
there is still continued controversy over the role of CRF2 receptors in
these emotional states (Takahashi, 2001; Bale and Vale, 2004). Re-
garding the BNST, Sahuque et al. (2006) reported that anxiety-like
behaviors induced by the intra-BNST CRF injection were prevented
by coadministration of a CRF1, but not a CRF2, receptor antagonist.
On the other hand, either CRF1 or CRF2 receptor antagonist pre-
vented CPA induced by intra-BNST CRF injection, consistent with
our current results showing that both CRF1 and CRF2 receptor an-
tagonists suppressed pain-induced CPA. These findings suggest that
distinct neuronal pathways may be involved in different negative
emotional states such as anxiety and aversion. Further studies using
neuronal pathway-specific methods such as optogenetic approaches
are necessary to address this issue.

A large body of literature suggests that anxiolytic and anti-
aversive effects of NPY are mediated primarily by Y1 receptors
(Heilig, 1995; Kask et al., 1997; Nakajima et al., 1998; Primeaux et al.,
2005). Additionally, there are reports that Y5 receptors also mediate
the suppression of negative affect (Sørensen et al., 2004). In contrast,
Y2 receptors have been reported to mediate negative emotions, such

Figure 11. Effects of CRF on firing activity of type II dlBNST neurons in the absence (A, B; n �
6) and presence (C, D; n � 6) of NPY. A, C, Representative traces (36 overlaid) from current-
clamp recordings in type II dlBNST neurons before and after application of peptides. B, D, Effects
of CRF and NPY on the number of spikes in type II dlBNST neurons. Gray symbols and lines show
data obtained from individual neurons, and black symbols and lines show averaged data ob-
tained from six neurons. *p � 0.05 compared with pre-CRF application control (paired t test).
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as anxiety (Nakajima et al., 1998; Sajdyk et al., 2002). Thus, in the
present study, we examined the involvement of Y1 and Y5 subtypes
in the inhibitory effect of intra-dlBNST NPY on CRF-induced CPA
and found that both Y1 and Y5 receptors play important roles in this
effect of NPY. In this study, we revealed the heterogeneity of type II
dlBNST neurons. Further electrophysiological experiments using
Y1- and Y5-specific agonists are needed to clarify the neuronal pop-
ulations expressing these receptors.

Increasing data have demonstrated opposing effects of CRF and
NPY. Intracerebroventricular injection of Y1 receptor antagonist
BIBP3226 induced an anxiogenic effect in the elevated plus maze test
in rats, which was blocked by pretreatment with a nonselective CRF
receptor antagonist (Kask et al., 1997). Sajdyk et al. (2006) reported
that urocortin I, a CRF receptor agonist, injected into the BLA-
induced CPA, which was reversed by coadministration of NPY. Elec-
trophysiological analysis revealed opposing actions of CRF and NPY
on the excitability of BLA neurons (Giesbrecht et al., 2010). In the
ventrolateral BNST, it has been reported that NPY and CRF have
opposite modulating effects on GABAA-IPSC (Kash and Winder,
2006). The present study has added pain-induced aversion to the list
of negative emotional states in which opposing effects of CRF and
NPY play important roles.

Further studies are necessary to determine the neuronal circuits
involved in the induction of negative affect associated with pain
stimulation, and the molecular mechanisms operating the ion chan-
nels involved in the opposing actions of CRF and NPY on dlBNST
neuronal excitability. Nevertheless, we have uncovered some of the
neuronal mechanisms underlying the negative affective component
of pain by showing the opposing roles of intra-dlBNST CRF and
NPY in pain-induced aversive behaviors and the opposing actions of
these peptides on neuronal excitability converging on the same tar-
get, type II neurons, within the dlBNST.
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