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HYSIOLOGICAL AND MORPHOLOGICAL PROPERTIES OF, AND
FFECT OF SUBSTANCE P ON, NEURONS IN THE A7

ATECHOLAMINE CELL GROUP IN RATS
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bstract—The A7 catecholamine cell group consists of nor-
drenergic (NAergic) neurons that project to the dorsal horn
f the spinal cord. Here, we characterized their morphology
nd physiology properties and tested the effect of substance
 (Sub-P) on them, since the results of many morphological
tudies suggest that A7 neurons are densely innervated by
ub-P-releasing terminals from nuclei involved in the de-
cending inhibitory system, such as the lateral hypothalamus
nd periaqueductal gray area. Whole cell recordings were
ade from neurons located �200 �m rostral to the trigeminal
otor nucleus (the presumed A7 area) in sagittal brainstem

lices from rats aged 7–10 days. After recording, the neurons
ere injected with biocytin and immunostained with antibody
gainst dopamine-�-hydroxylase (DBH). DBH-immunoreac-
ive (ir) cells were presumed to be NAergic neurons. They had
 large somata diameter (�20 �m) and relatively simple den-
ritic branching patterns. They fired action potentials (AP)
pontaneously with or without blockade of synaptic inputs,
nd had similar properties to those of NAergic neurons in
ther areas, including the existence of calcium channel–
ediated APs and a voltage-dependent delay in initiation of

he AP (an indicator of the existence of A-type potassium
urrents) and an ability to be hyperpolarized by norepineph-
ine. Furthermore, in all DBH-ir neurons tested, Sub-P caused
epolarization of the membrane potential and an increase in
euronal firing rate by acting on neurokinin-1 receptors. Non-
BH-ir neurons with a smaller somata size were also found in

he A7 area. These showed great diversity in firing patterns
nd about half were depolarized by Sub-P. Morphological
xamination suggested that the non-DBH-ir neurons form

Corresponding author. Tel: �886-4-24730022x11813; fax: �886-
-24757412.
-mail address: hwy@csmu.edu.tw (H.-W. Yang).
bbreviations: ACSF, artificial cerebrospinal fluid; AP, action potential;
P5, DL-2-amino-5-phosphonopentanoic acid; A7, A7 catecholamine
ell group; DAB, 3,3=-diaminobenzidine; DBH, dopamine-�-hydroxy-

ase; DNQX, 6,7-dinitroquinoxaline-2,3-dione; HRP, horseradish per-
xidase; ir, immunoreactive; LC, locus coeruleus; LH, lateral hypothal-
mus; mGluR, metabotropic glutamate receptor; Mo5, trigeminal mo-
or nucleus; NAergic, noradrenergic; NE, norepinephrine; NK-1,
eurokinin-1; PAG, periaqueductal gray area; PB, phosphate buffer;
h, rheobase; Rn, neuronal input resistance; RT, room temperature;
VM, rostroventromedial medulla; SD, Sprague–Dawley; SM-Sub-P,

Sar9, Met (O2)11]-substance P; Sub-P, substance P; TH, tyrosine
ydroxylase; TPBS, 0.3% Triton X-100 in phosphate-buffered saline;
a
RP, transient receptor potential; TTX, tetrodotoxin; Vm, resting mem-
rane potential; �, membrane time constant.

306-4522/08$32.00�0.00 © 2008 Published by Elsevier Ltd on behalf of IBRO.
oi:10.1016/j.neuroscience.2008.03.011

1020
ontacts with DBH-ir neurons. These results provide the first
escription of the intrinsic regulation of membrane proper-
ies of, and the excitatory effect of Sub-P on, A7 area neu-
ons, which play an important role in pain regulation. © 2008
ublished by Elsevier Ltd on behalf of IBRO.

ey words: antinociception, locus coeruleus, noradrenergic,
orepinephrine, NK-1 receptor, pain.

orepinephrine (NE), one of the most important neuro-
al modulators in the brain, is known to be involved in

he regulation of many brain functions (Aston-Jones and
ohen, 2005), including pain modulation (Pertovaara,
006). Activation of �-2 receptors in the dorsal spinal cord
y intrathecal injection of NE or �-2 receptor agonists
esults in dramatic analgesia in rats (Reddy and Yaksh,
980; Kuraishi et al., 1985; Danzebrink and Gebhart, 1990;
akano and Yaksh, 1992). However, there are no norad-
energic (NAergic) neurons in the dorsal horn of the spinal
ord, and it is suggested that the principal sources of
Aergic innervation are the locus coeruleus (LC) (also

eferred to as the A6 cell group) and the A7 catecholamine
ell group (A7) area, located, respectively, in the dorsome-
ial and dorsolateral pons (Westlund and Coulter, 1980;
lark and Proudfit, 1991a; Jones, 1991; Proudfit and
lark, 1991; Kwiat and Basbaum, 1992). Direct stimulation
f the A7 area results in an antinociceptive effect which is
locked by intrathecal injection of �-2 receptor antago-
ists, showing that this area plays an important role in

ntrinsic analgesia mediated by NE acting on �-2 receptors
t the spinal cord level (Burnett and Gebhart, 1991; Yeo-
ans et al., 1992; Holden et al., 1999).

The intrinsic NAergic pain regulatory system in the
pinal cord has only low tonic activity (Dennis et al., 1980),
uggesting synaptic drives are needed for activation of this
ystem. One possible source of synaptic drives for A7 cell
roup activation is the collateral branches of the spinotha-

amic tract. It has been shown that peripheral noxious
timuli can enhance NE release in the dorsal spinal cord
Takagi et al., 1979; Tyce and Yaksh, 1981), suggesting
he existence of reciprocal connections between the A7
ell group and the collateral branches of the ascending
pinothalamic tracts that might form a negative feedback
ystem that suppresses the ascending pain signal by caus-

ng NE release at the spinal level. NAergic neurons in the
7 area also receive innervation from many of the de-
cending endogenous analgesia systems, including fibers
rom the lateral hypothalamus (LH), periaqueductal gray

rea (PAG), and rostroventromedial medulla (RVM) (Yeo-

mailto:hwy@csmu.edu.tw
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ans and Proudfit, 1990, 1992; Clark and Proudfit, 1991b;
olden and Proudfit, 1998; Bajic et al., 2001; Holden et al.,
002). The antinociception induced by stimulation of these
uclei is significantly attenuated by intrathecal injection of
2-receptor antagonists, suggesting the involvement of NE

n the analgesia produced by stimulation of these descend-
ng inhibitory pathways (Jensen and Yaksh, 1986; Aimone
t al., 1987; Iwamoto and Marion, 1993; Peng et al., 1996).
aken together, these morphological and in vivo pharma-
ological studies suggest that the A7 area is an important
art of the endogenous analgesia system and that many
ther components of this system may exert their antinoci-
eptive effect by controlling the excitability of NAergic neu-
ons in the A7 area, thus changing NE levels in the dorsal
pinal cord and modulating nociceptive afferents.

In spite of their important role in modulating nociceptive
fferents in the CNS, the intrinsic properties and regulation
f the neurons and the local neuronal circuit in the A7 area
ave not been systemically investigated. It has been
hown that substance P (Sub-P) is one of the principal
eurotransmitters released from axonal terminals of the
H, PAG, and RVM into the A7 catecholamine cell group
Holden and Proudfit, 1998; Bajic et al., 2001; Holden et
l., 2002); however, physiological evidence for the effect of
ub-P on neurons in the A7 area is limited. In the present
tudy, we first made whole cell recordings from neurons in
he A7 area and characterized their firing and membrane
roperties, then examined the effect of Sub-P on them.
ome of the preliminary results have been presented in
bstract form (Min et al., 2004).

EXPERIMENTAL PROCEDURES

nimals and i.m. injection of True Blue for
otoneuron labeling

he use of animals in this study was approved by the Ethical
ommittee for Animal Research of the National Taiwan University.
very effort was made to minimize the number of animals used
nd their suffering. Sprague–Dawley (SD) rat pups of both sexes,
ged 7–10 days, were used.

Three rat pups were used for trigeminal motor nucleus (Mo5)
abeling. They were anesthetized with 5% isoflurane, then 3%
rue Blue (Sigma, USA) in saline was injected into the masseter
uscle. After approximately 24 h, brainstem slices were prepared
nd fixed and immunohistochemical studies performed as de-
cribed below.

reparation of brainstem slices

he preparation of brainstem slices in this study was very similar
o that described previously (Min et al., 2003). Briefly, SD rat pups
ere anesthetized with isoflurane and decapitated. The brain was

apidly exposed and chilled with ice-cold artificial cerebrospinal
uid (ACSF), then sagittal brainstem slices (300 �m thick), com-
rising the A7 area, Mo5 and surrounding regions, were cut with
vibroslicer (Campden, Loughborough, UK). In most cases, only

ne slice was obtained from one hemisphere of brainstem. The
CSF contained (in mM): NaCl 105, KCl 5, MgSO4 1.3, NaHCO3

4, NaH2PO4 1.2, CaCl2 2, and glucose 10, with the pH adjusted
o 7.4 by gassing with 95% O2/5% CO2. The slices were kept in an
nterface-type chamber at room temperature (RT) (24–25 °C) for

t least 90 min to allow recovery. c
isualization of neurons in the A7 area and whole
ell patch clamp recording

lices were transferred to an immersion-type recording chamber
ounted on an upright microscope (BX51WI, Olympus Optical
o., Ltd., Tokyo, Japan), equipped with a water-immersion objec-

ive (40�) and a Normaski optic system. Recordings were made
rom neurons located about 200 �m rostral to the anterior border
f Mo5 with patch pipettes, using procedures described by Stuart
t al. (1993). Unless otherwise specified, only one neuron was
ecorded per slice. The patch pipettes were pulled from borosili-
ate glass tubing (1.5 mm outer diameter, 0.5 mm wall thickness;
arner Instruments Corporation, Hamden, CT, USA), and had a

esistance of about 3 M� when filled with internal solution. The
nternal solution contained (in mM): potassium gluconate 131,
GTA 2, MgCl2 5, Hepes 40, ATP 3; GTP 0.3 and biocytin 10, with

he pH adjusted to 7.2 with KOH and the osmolarity to 300 mOsm.
ll recordings were made at RT (25–27 °C). Once whole cell

ecordings were obtained, the patch amplifiers (Axopatch 1D;
xon Instruments Inc.; Union City, CA, USA) were set to current
lamp mode and the bridge was balanced by adjusting the serial
esistance compensation of the amplifiers. Neurons were only
ccepted for further study if the membrane potential (Vm) was at

east �45 mV without applying a holding current and the action
otential (AP) was able to overshoot 0 mV. Signals were low-pass
ltered at a corner frequency of 2 kHz and digitized at 10 kHz
sing a Micro 1401 interface running Signal and Spike2 software
rovided by Cambridge Electronic Design (Cambridge, UK).

illing of recorded neurons with biocytin
nd immunohistochemistry

eurons were filled by passive diffusion of biocytin from the patch
ipette during the recording period. After recording, the pipettes
ere withdrawn and the slices left in the recording chamber for 30
in to allow biocytin transport within the dendrites and axon. The
rain slices were then transferred to 4% paraformaldehyde
Merck, Frankfurt, Germany) in 0.1 M phosphate buffer (PB), pH
.4, for fixation overnight at 4 °C, then were subjected to histo-

ogical procedures for visualization of biocytin-filled neurons with-
ut further sectioning. The slices were incubated for 1 h at RT in
.3% Triton X-100 in phosphate-buffered saline (TPBS) contain-

ng 10% normal goat serum and 2% bovine serum albumin, then
vernight at 4 °C with a mixture of AMCA–avidin D (dilution:1/250;
ector Laboratories, Burlingame, CA, USA) and monoclonal
ouse antibody against rat dopamine-�-hydroxylase (DBH) (dilu-

ion: 1/1300; Chemicon, Temecula, CA, USA) in TPBS. In the
xperiments in Fig. 1, polyclonal rabbit antibody against rat ty-
osine hydroxylase (TH) (dilution: 1/1000; Chemicon, Temecula,
A, USA) was also included. The slices were then incubated for
h at RT with tetramethyl rhodamine–conjugated horse antibody

gainst mouse IgG (Jackson, ImmunoResearch Lab. Inc., West
rove, PA, USA). In the experiments in Fig. 1, fluorescein isothio-
yanate (FITC)-conjugated goat antibody against rabbit IgG
Jackson, ImmunoResearch Lab, Inc., PA, USA) was also in-
luded in the incubation solution. The slices were washed at least
hree times (10 min per wash) with TPBS between incubation
teps. Biocytin-filled neurons were examined for binding of anti-
BH and TH antibodies and photographed on an Olympus BX-50
uorescent microscope (Olympus Optical Co., Ltd.).

nalysis of the membrane properties and
lectrophysiological data

nly neurons confirmed as being within the A7 area (located
bout 200–300 �m rostral to Mo5 and surrounded by a cluster of
BH-immunoreactive (ir) neurons) (see Fig. 1) were used for

urther physiological and morphological analysis. Once a whole

ell recording was obtained, the resting membrane potential (Vm)
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as determined, then a small amount of hyperpolarizing current
as injected to hold the Vm at ��70 mV and stop spontaneous
ring. The neuronal input resistance (Rn) was taken as the slope
f the linear portion of the current–voltage relationship plot (see
sterisks in online Supplemental Fig. 1A2), constructed from the
ransmembrane responses to different current injection. The am-
litude of the AP was taken as the voltage difference from Vm to
he highest point of the AP evoked by depolarizing current pulses,
nd the minimum current intensity required to evoke an AP was
aken as the rheobase (Rh) (online Supplemental Fig. 1B). The
alf-width (HW) of the AP was taken as the time interval between
he rising and falling phases of the AP at the level of the half-
mplitude (online Supplemental Fig. 1B). For the membrane time
onstant (�), an averaged transmembrane response to a 0.5 ms
yperpolarizing current pulse, given at 500–1000 pA, was ob-

ig. 1. Neuronal cell types in the A7 area. (A) Merged images of Mo
nti-DBH antibodies (red: TRITC) considered to be the A7 and A5 cate
nd rostral to Mo5. The horizontal and vertical arrows indicate the ro
erves as the scale, which is 125 �m. (B) High-power micrograph of
icrograph of the same area stained with anti-TH antibodies (labeled w

hey are all NAergic. (D) IR-DIC image of a living brain slice showing the
tructures, such as the 7th nerve (7n) and mesencephalic 5 tract (me5
audal (D) orientation of the slice, and their lengths also serve as the
t high power. Note the existence of large (cells 1 and 2) and small (c
F) and injected with biocytin. (G, H) DBH immunostaining (G) and bio
euron (cell 2), labeled with AMCA is DBH-ir. The other large neuron (cell
re not. Scale bars�50 �m (B, C); 20 �m (E–H).
ained from at least 1000 sweeps (see inset in online Supple- P
ental Fig. 1C). The natural logarithm of the decay of this
otential with time was plotted, voltage changes within the first
ms of the current pulses being ignored. The linear portion of

he plot was determined by eye (see arrows in online Supple-
ental Fig. 1C), and the best-fit straight line to the intervening
ata points fitted by the method of least squares using Origin
oftware (see straight line in online Supplemental Fig. 1C). The
alue of � was given by the time taken for the voltage to decay
o 1/e of its initial value.

Current pulses were applied to examine the firing pattern of
eurons. Spontaneous firing and the effect of Sub-P and NE were
ecorded and analyzed using Spike2 software. The effect of Sub-P
n the firing rate was estimated as (Rb�Ra)�100%/(Rb�Ra),
here Ra and Rb are the firing rates calculated before and during
pplication of Sub-P or [Sar9, Met (O )11]-Substance P (SM-Sub-

d by i.m. injection of True Blue (blue) and cells immunostained with
e cell groups. Note that the A5 and A7 areas are, respectively, ventral
and caudal (D) orientation of the slice. The length of the arrows also
ea (dotted square in A) showing 27 DBH-ir neurons. (C) High-power
. Note that all 27 DBH-ir neurons shown in B are also TH-ir, suggesting
locations of Mo5 and the presumed A7 area at low power. Neighboring
o labeled. The horizontal and vertical arrows show the rostral (R) and
ich is 125 �m. (E, F) IR-DIC images of the presumed A7 area shown
d 4) neurons in this area, with a large neuron (cell 2) being recorded
idin–D-AMCA (H) staining after recording, showing that the recorded
n the IR-DIC image is DBH-ir, while the two small neurons (cells 3 and 4)
5 labele
cholamin
stral (R)
the A7 ar
ith FITC)
relative

), are als
scale, wh
ells 3 an
cytin–av
2

), a neurokinin-1 (NK-1) receptor agonist.
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All chemicals used for ACSF and pipette solution preparation
ere from Merck; picrotoxin, strychnine, Sub-P and NE were from
igma (St. Louis, USA); and DL-2-amino-5-phosphonopentanoic
cid (AP5), 6,7-dinitroquinoxaline-2,3-dione (DNQX), nimodipine,
P67580, SM-Sub-P and tetrodotoxin (TTX) were from Tocris-
ookson (Bristol, UK).

nalysis of the morphological data

n some slices after electrophysiological recording, the following
odifications were made to our normal histological procedure for

iewing biocytin-filled neurons so that the fine structure of the filled
eurons could be revealed for morphological measurement and
econstruction. Firstly, after fixation, the slices were treated with
% H2O2 in PB for 20 min to quench endogenous peroxidase.
econdly, in addition to AMCA–avidin D and anti-DBH antibody, a
mall amount of ABC kit solution (dilution: 1/500 Vector Labora-
ories) was added to the primary antibody cocktail, and the slices
ncubated overnight at 4 °C in this cocktail. Both the ABC complex
nd AMCA–avidin D bind to the biocytin used, so the recorded
eurons were labeled with both AMCA and horseradish peroxi-
ase (HRP). Thirdly, following fluorescent microscopy, the slices
ere incubated overnight at 4 °C with biotinylated HRP (solution B
f the ABC kit; dilution 1/500) to saturate the bound avidin with
iotin and maximize the intensity of HRP labeling in the recorded
eurons. Fourthly, 3,3=-diaminobenzidine (DAB; Sigma) was used
s chromogen; the slices were incubated with a solution of 0.5
g/ml of DAB and 0.0003% H2O2, then were mounted on gelatin-

oated slides, dehydrated with graded concentrations of alcohol,
nd covered with DPX for microscopy. The recorded neurons
ere examined, photographed and reconstructed using an Olym-
us BX-50 microscope and a camera lucida drawing tube (SZX-
A, Olympus Optical Co., Ltd.). The drawings of the reconstructed
iocytin-filled neurons were digitized using a PC-based scanner,
nd measurements made of the soma minimum and maximum
iameters, the dendrite segment length and the branching of the
xonal collaterals using NIH-Image software (downloaded from
he National Institutes of Health website http://www.nih.gov).

All data are expressed as the mean�standard error of the
ean; the paired-test or Mann-Whitney U test was used for sta-

istical comparisons.

RESULTS

ecording from neurons in the A7 area

hen sagittal brainstem slices prepared from the brain of
at pups injected with 3% True Blue in the masseter mus-
le were stained with antibodies against DBH and TH, two
opulations of neurons staining for both DBH and TH were

dentified in the rostral and ventral borders of Mo5 (Fig.
A–C). Since no neurons staining only for TH were seen,
hese results indicated that these two groups of neurons
ere mostly NAergic and not dopaminergic. They were
resumed to be, respectively, the A7 and A5 cell groups,

ocated rostrally and ventrally to Mo5 (Paxinos and Watson,

able 1. Membrane and spike properties of neurons in the A7 catech

Vm (mV) Rn (M�) Rh

BH-ir �55�2 (N�26) 526�41* (N�26) 10
on-DBH-ir �53�1 (N�22) 1147�152* (N�22) 5

P�0.05, significant difference using the Mann-Whitney test.
HW, half-width; Rh, minimum amount of current injection required f
998; Min et al., 2007). In living slices, using IR-DIC micros- fi
opy video, two types of neurons could be identified in the A7
rea by the diameter of their somata (Fig. 1D–F). Immuno-
taining showed that the neurons with the larger somata
iameter were DBH-ir, whereas those with the smaller so-
ata diameter were not (Fig. 1E–H; Fig. 6). These results

how the existence of large NAergic principal neurons and
mall non-NAergic interneurons in the A7 area.

hysiological properties of the non-NAergic
eurons in the A7 area

embrane and spike property measurements were made
rom 26 NAergic neurons and 22 non-NAergic interneurons in
6 slices cut from 27 animals; the results are summarized in
able 1. No significant differences were found between the

wo groups of neurons in most of the parameters exam-
ned, except for Rn, Rh and � (Mann-Whitney U test). The
Aergic neurons had a significantly smaller Rn, higher Rh
nd shorter � than the non-NAergic interneurons. These re-
ults are consistent with the morphological measurements,
hich showed that the averaged somata diameter, defined
s (maximum�minimum diameter)/2, of the NAergic neurons
as �1.7 times greater than that of the non-NAergic inter-
eurons (22�0.7 �m vs. 13�2.1 �m; P�0.01, Mann-Whit-
ey U test).

Since previous in vitro studies on NAergic neurons in
he LC and subcoeruleus nuclei (Williams et al., 1984;
rown et al., 2006) used a more physiological temperature
f around 35 °C, it was important to consider possible
ffects of recording temperature (RT vs. 35 °C) when
omparing the present data with those from previous stud-

es. To address the possible effect of recording tempera-
ure (RT vs. 35 °C) on membrane and firing properties of
7 neurons, another 12 DBH-ir neurons from six slices
ere recorded at 35 °C (Table 2) and the results com-
ared. Membrane properties, such as the Rn and Rh, and
he rate of spontaneous firing of A7 neurons, were signif-
cantly different from those recorded at RT; these differ-
nces can be attributed to the overall higher enzyme and
ransporter activity and slight increase in soma diameter
averaged somata diameter: 25�0.4 mm).

A further 37 non-NAergic interneurons obtained from
2 slices from six animals were recorded for firing pattern
nalysis. They showed a large diversity in firing pattern
nd could be grouped into five categories based on the two
riteria of whether they showed spontaneous firing and/or
howed voltage sag/rebound AP in response to injection of
hyperpolarizing current pulse (Fig. 2F). Six of the 37

howed both voltage sag/rebound AP (see arrow and as-
erisk in Fig. 2A) and spontaneous firing, and were classi-

cell group at room temperature

� (ms) Amp (mV) HW (ms)

26) 32�3* (N�6) 110�2 (N�26) 3.0�0.1 (N�26)
22) 58�7* (N�5) 106�2 (N�22) 2.9�0.2 (N�22)

rging action potentials; Amp, action potential amplitude.
olamine

(pA)

3�4* (N�

2�4* (N�
ed as Type A interneurons (Fig. 2A). Another 15 also

http://www.nih.gov
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howed sag/rebound AP, but did not fire spontaneously,
nd six of these showed spike adaptation in response to
epolarizing current injection (see arrowhead in Fig. 2B);
hose showing spike adaptation were classified as Type B
nterneurons (Fig. 2B) and those without spike adaptation
ere classified as Type C interneurons (Fig. 2C). The re-
ained 16 neurons did not show voltage sag/rebound-AP; 3

howed spontaneous firing and were classified as Type D
Fig. 2D), while the other 13 did not and were classified as
ype E interneurons (Fig. 2E). No significant difference was

ound in Rn, Rh and � between these different groups of
on-NAergic interneurons (Mann-Whitney U test).

hysiological properties of the NAergic
eurons in the A7 area

he firing pattern of the NAergic neurons was highly con-
tant. More than half of the recorded NAergic neurons fired
Ps spontaneously. The mean firing rate for nine neurons

n normal ACSF was 0.28�0.11 Hz. In some neurons,
urst firing was noted in some periods of recording (Fig.
A). When a drug cocktail containing 10 �M DNQX, 50 �M
P5, 100 �M picrotoxin and 1 �M strychnine was added to

he ACSF to completely block both excitatory and inhibitory
ynaptic transmission, the mean firing rate for 16 neurons
as increased to 0.53�0.09 Hz, suggesting that the intrin-
ic membrane properties of the NAergic neurons in the A7
rea allow spontaneous firing, which is modulated by
ynaptic inputs on to these neurons. In response to
njection of a hyperpolarizing current pulse of high inten-
ity, the NAergic neurons showed no voltage sag/rebound
P (see online Supplemental Fig. 1A). When the Vm was
eld at ��75 mV, two obvious features seen in all NAergic
eurons recorded were the appearance of a marked delay

n the initiation of an AP upon injection of a depolarizing
urrent pulse, and, once excited, the firing of a train of APs
ith a regular interval and without any sign of AP adapta-

ion (Fig. 3B). When a depolarizing current pulse of long
uration was injected into the neurons to increase the firing
ate, a delay in AP initiation was also seen after termination
f a further applied hyperpolarizing current pulse (Fig.
C1). It is notable that the delay time of AP initiation was
ighly voltage-dependent (Fig. 3C2).

orphological properties of the neurons
n the A7 area

n order to obtain better images clearly showing the mor-
hology of the recorded neurons, after immunofluorescent

abeling and fluorescence microscopy, we incubated the
lices with HRP-conjugated biotin, then detected bound

able 2. Membrane and spike properties of neurons in the A7 catech

Vm (mV) Rn (M�) Rh (pA

BH-ir �58�3 (N�12) 274�16* (N�12) 99�3*

P�0.05, significant difference comparing to data obtained at room t
HW, half-width; Rh, minimum amount of current injection required f
RP using DAB as chromogen. Fig. 4 shows two exam- (
les of the resultant staining, which clearly revealed the
endritic arbors, axonal trajectory and somatic morphology
f the NAergic neurons. Quantitative morphological data
ere obtained from 10 NAergic neurons with a total of 44
endrites. The NAergic neurons had an averaged number
f 4.7�0.4 primary dendrites (range 2 to 6). On average,
hese dendrites branched 2�0.2 times (range 0 to 5), and
he averaged lengths of the dendritic segment and den-
ritic path were 101�6 and 214�9 �m, respectively
range 16–310 �m and 44–526 �m, respectively). Axonal
rborization was also clearly identified in some of the
nalyzed neurons, including the two examples shown in
ig. 4 (in red). In general, the axons of the NAergic neu-
ons ran dorsally and caudally toward the medulla (Fig. 4).
n all cases in which the axon was identified, a number of
aricosities could be clearly identified in the A7 area (see

nsets a5 and b3 in Fig. 4). In three cases, axonal terminals
ere also identified in Mo5, indicating that the NAergic
eurons of the A7 catecholamine cell group also projected
o Mo5 (see Min et al., 2007).

The presence of varicosities of NAergic neurons in the A7
rea suggested the possibility of autoregulation of NAergic
eurons. We confirmed this possibility by showing that appli-
ation of 10 �M NE resulted in hyperpolarization of the Vm in
ll 18 NAergic neurons tested (Fig. 5A and B). The mean
mplitude of hyperpolarization by 10 �M NE was 14.1�1.6
V (Fig. 5C). In the 10 neurons that showed spontaneous

ring, the firing rate was almost completely suppressed by
E (Fig. 5A and D). The mean firing rate for these 10 neurons
as 0.62�0.15 Hz, which was decreased to 0.04�0 0.03 Hz
y NE (P�0.00l; paired t-test) and recovered to 0.64�0.2 Hz
fter washout (Fig. 5D). The effect of NE on the Rn was
ested in six NAergic neurons; the Rn was 509�57 M� in
ontrol conditions, decreased to 362�32 M� in the presence
f NE (P�0.001, paired t-test) and recovered to 477�59 M�
fter washout (Fig. 5B and E). NE also reduced the excitabil-

ty of NAergic neurons, because they stopped firing even
hen the Vm was held at the resting level, as in the control
onditions (compare traces i, ii, and iv in Fig. 5B).

In some experiments, both NAergic neurons and non-
Aergic interneurons in the same slice were recorded and
lled with biocytin (Fig. 6), allowing us to examine morpho-
ogically possible interactions between these two types of
eurons. In the 22 pairs of NAergic and non-NAergic in-
erneurons examined, contacts of the axon of the non-
Aergic interneurons on the dendrites or soma of the
Aergic neurons were found in 14 cases; Fig. 6 shows a

ypical example. A pair of neurons, one larger than the
ther, was recorded and labeled (inset a). DBH immuno-
taining confirmed that only the large neuron was DBH-ir

cell group at 35 °C

� (ms) Amp (mV) HW (ms)

63�4* (N�9) 99�3* (N�26) 1.4�0.1* (N�12)

re using the Mann-Whitney test.
rging action potentials; Amp, action potential amplitude.
olamine

)

(N�26)

emperatu
insets b, c), and subsequent HRP staining using DAB as
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hromogen revealed the entire morphology of the two
eurons (inset d). The dotted square in the reconstruction
hows a dendrite of the NAergic neuron (arrowheads in inset

ig. 2. Firing patterns of non-NAergic interneurons. (A–E) Typical exa
anel, the top trace is a long period of recording without any current in
epolarizing and hyperpolarizing current injection, and the bottom sect
and D show spontaneous firing. Types A, B and C show voltage sag

hows spike adaptation in response to depolarizing current injection, as
f the different types of non-NAergic interneurons.
) running parallel to an axonal branch of the non-NAergic n
nterneuron (arrows in e), with physical contacts between the
wo neurons (white circles in e). These results suggest pos-
ible synaptic connections between the NAergic neurons and

the firing properties of each type of interneuron in the A7 area. In each
r drug application, the middle two traces are the voltage responses to
s the polarity and intensity of the injected current. Note that only types
und AP, indicated by an arrow and asterisk, respectively. Type B also
d by the arrowhead. (F) Diagram summarizing the firing characteristics
mples of
jection o
ion show
and rebo
indicate
on-NAergic interneurons.
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ffect of Sub-P on neurons in the A7 area

e then tested the responses of neurons in the A7 area to
ath application of Sub-P. Depolarization of the Vm and an

ncrease in firing rate were observed in all six NAergic
eurons tested under blockage of synaptic inputs; a typical
xample is shown in Fig. 7A. The mean firing rate was

ncreased from 0.52�0.26 to 2.34�0.18 Hz (n�six cells;
�0.005, paired t test) by 0.2 �M Sub-P. The percentage
hange in the firing rate was calculated (see Experimental

ig. 3. Firing properties of NAergic neurons. (A) Recording of sponta
arked by asterisks, which was sometimes very prominent, as shown

B) Membrane voltage responses to different intensities of depolarizing
he delay in initiation of the AP (arrows in B1–B3). Initiation of the AP
C) Voltage response of a NAergic neuron to injection of a long dep
ifferent intensity superimposed in the middle of the depolarizing cu

njection). Note the delay in AP initiation after hyperpolarizing current
urrent injected, the longer the delay time. C2 shows results from six
sterisks in C1) versus delay time, showing the voltage-dependence
rocedures) and used to create a dose-response curve o
Fig. 7B). The estimated EC50 for the effect of Sub-P was
8 nM. The effects of 0.2 �M Sub-P were mimicked by
.2 �M SM-Sub-P, an NK-1 receptor agonist, which in-
reased the firing rate of the NAergic neurons from
.46�0.33 Hz to 3.22�0.29 Hz (n�7 cells, P�0.005,
aired t-test); a typical example is shown in Fig. 7C. The
ffect of SM-Sub-P was significantly attenuated by 10 �M
P67580, an NK-1 receptor blocker (Fig. 7D). When slices
ere first perfused with RP67580 for more than 1 h, the effect

ing activity of a NAergic neuron. Note the appearance of burst firing
ht trace, a recording made 60 min after the activity shown on the left.
njection (shown in the bottom panel) in another NAergic neuron. Note
delay was only seen when a high intensity current was injected (B4).
current pulse (50 pA) plus shorter hyperpolarizing current pulses of
se (Cl, traces i–iii; the lowest trace shows the paradigm of current
(indicated by the dotted line), and that the higher the intensity of the
plot of Vm during hyperpolarizing current injection (indicated by the
delay.
neous fir
on the rig
current i
without

olarizing
rrent pul
injection
cells as a
f SM-Sub-P was completely blocked in two of three neurons
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ested. To reduce the time of exposure of slices to
MSO (vehicle for RP67580), in another seven experi-

ig. 4. Morphology of NAergic neurons. (A, B) Camera lucida drawing
howing the morphology of two NAergic neurons, with the soma and
endrites in black and the axonal arbors in red. Insets a1–a3 show

mmunostaining results confirming the reconstructed cell is DBH-ir (a1:
iocytin filling; a2: DBH immunostaining; a3: merged image). Insets a4
nd b2 show photographs of the same recorded neurons stained with
AB as chromogen. Note the fine structure of the filled neurons, such
s the axonal varicosities, shown in insets a5 and b3 (arrows). The

ocation of these axonal varicosities is indicated by the dotted square
n the camera lucida drawing, which is near the soma of the recorded
euron. Insets a6 and b1 are camera lucida drawings at low power to

ndicate the spatial relationship between the recorded NAergic neu-
ons and Mo5. Note the axons run dorsocaudally in both cases. Scale
ars�50 �m (main reconstruction in A, B and a1–a4); 10 �m (a5, b3);
00 �m (a6, b1); 25 �m (b2).
ents, RP67580 was added to the ACSF only 10 –15 S
in before application of SM-Sub-P. In this case,
P67580 partially blocked (55.7% of control levels) the
ffect of SM-Sub-P, as 0.2 �M SM-Sub-P still increased

he firing rate of NAergic neurons from 0.48�0.38 Hz to
.18�0.34 Hz (n�7 cells, P�0.067, paired t-test). This
ight be due to the fact that RP67580 is hydrophobic
nd 10 –15 min is not sufficient for it to penetrate the
lice. However, when expressed as the percentage
hange in firing rate, the effect of SM-Sub-P on the firing
ate after 15 min treatment with RP67580 (41.8�7.1%
ncrease, n�7) was significantly less than the effect in the
ontrol (75�8% increase, n�7; P�0.05; Mann-Whitney U
est). Fig. 7E shows the summarized results for the effect of
ub-P and SM-Sub-P on the mean firing frequency of
Aergic neurons and the attenuating effect of RP67580

pooling the data for 1 h and 15 min perfusion). The above
esults showed that the Sub-P was acting on NK-1 receptors.
he increase in the neuronal firing rate caused by Sub-P was
ccompanied by a slight decrease in the Rn (Fig. 7F), al-

hough the effect was not significant (95.2�4.1% of control;
�5, P�0.058, paired t-test).

Sub-P caused membrane depolarization in some, but
ot all, non-NAergic interneurons. It caused membrane
epolarization in two of six type A interneurons, one of six
ype B interneurons, four of nine type C interneurons, one
f three type D interneurons and 7 of 13 type E interneu-
ons tested. Fig. 8 shows typical example of recordings
ade in two type C (Fig. 8A) and two type E (Fig. 8B)

nterneurons, in each case with one responding and one
ot responding to Sub-P.

DISCUSSION

n this study, we provide the first description of the elec-
rophysiological and morphological properties of neurons
f the A7 catecholamine cell group and of the possible
utoregulation of the NAergic neurons. We also provide
vidence for a role of Sub-P, acting at NK-1 receptors, in
odulating the Vm and firing rate of A7 neurons, results

onsistent with those of morphological studies showing
hat A7 neurons were innervated by a large number of
ub-P-ir axonal terminals from the RVM, PAG and LH. In
ddition, many types of presumed interneurons displaying
ifferent physiological properties were found in the A7
rea. Interestingly, the axonal terminals of these presumed

nterneurons were found to make contacts with DBH-ir
eurons, showing that there are intimate interactions be-
ween non-NAergic interneurons and NAergic neurons in
he A7 area.

euron identification

n the present study, all neurons included in data analyses
ere located rostral to Mo5 (see Min et al., 2007). In rats,
ccording to Paxinos and Watson (1998) and many
ther authors (Dahlström and Fuxe, 1964; Westlund and
oulter, 1980; Kwiat and Basbaum, 1990), this region
orresponds to the A7 catecholamine cell group; it is also
alled the Kölliker-Fuse nucleus (Nag and Mokha, 2004).

ince the A7 area is close to Mo5 and more than 500 �m
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ateral to the LC and the thickness of our slices was
00 �m, it is unlikely that the recorded neurons in our study
ere in the LC.

hysiological and morphological properties of
Aergic neurons in the A7 area

ll the DBH-ir neurons, presumed to be NAergic neurons,
ecorded in this study had distinct physiological properties,
ncluding lacking a depolarizing voltage sag/rebound AP in
esponse to injection of a hyperpolarizing current pulse,
enerating Ca2�-mediated APs with an amplitude over-
hooting 0 mV (see online Supplemental Fig. 2), having a
rominent A-type potassium current (IA) characterized by a
oltage-dependent delay in the initiation of the first AP after
njection of a depolarizing current pulse (Burdakov and
shcroft, 2002; Burdakov et al., 2004) and being hyperpo-

ig. 5. Effect of NE on NAergic neurons. (A) Bath application of 10 �M
pontaneous firing in a NAergic neuron. (B) A hyperpolarizing current p
pplication of NE caused hyperpolarization of the Vm and a reduction
hen depolarizing current (Ihold) was applied to hold the Vm at the resti

esponse to a 40 pA current pulse was reduced (indicating a decrease i
trace iii). The effect of NE was completely recovered after a 10 min
yperpolarization (C), spontaneous firing (D) and the Rn (E). Each do
he mean�standard error.
arized by NE. They had a somata size of 20–25 �m. All of e
hese features are compatible with those of neurons in the
C and subcoeruleus nuclei, which have all the physiolog-

cal properties mentioned above and a medium to large
omata size (long axis 25–30 �m) (Williams et al., 1984;
rown et al., 2006).

ffect of Sub-P on neurons in the A7 area

revious studies have demonstrated that NAergic neurons
n the A7 area receive Sub-P-releasing nerve terminals
rom neurons in the RVM (Yeomans and Proudfit, 1990,
992), ventrolateral PAG (Bajic et al., 2001) and LH
Holden et al., 2002). Antinociception can be directly in-
uced by microinjection of Sub-P into the A7 catechol-
mine cell group (Yeomans and Proudfit, 1992) and this
ay result from activation of NAergic neurons by Sub-P,
s direct synaptic contacts between Sub-P-releasing ter-
inals and NAergic neurons have been identified at the

izontal bar) causes hyperpolarization of the Vm and completely blocks
pA was applied to estimate the Rn (trace i) in a NAergic neuron; bath

mbrane voltage response to hyperpolarizing current pulses (trace ii).
decrease in the Rn and neuronal excitability was seen, as the voltage
there was no spontaneous firing (indicating a decrease in excitability)

ut (trace iv). (C–E) Summarized results for the effect of NE on Vm
represents the data for one neuron and the symbol and solid line are
NE (hor
ulse of 40
in the me

ng level, a
n Rn) and

wash-o
lectron microscopic level (Proudfit and Monsen, 1999;
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ajic et al., 2001). Consistent with this, there is immuno-
istochemical evidence for the expression of NK-1 recep-
ors on NAergic neurons (Chen et al., 2000). In line with
hese observations, all NAergic neurons tested were ex-
ited by application of Sub-P and this effect was mimicked
r blocked, respectively, by an NK-1 receptor agonist or
ntagonist, showing that Sub-P was acting predominantly
t NK-1 receptors. Since the effect of Sub-P was tested
nder blockage of synaptic inputs, this suggests a postsyn-
ptic effect, which is consistent with the observation that
K-1 receptors are expressed in TH-ir neurons in the A7
rea (Chen et al., 2000). Although the effect was not
ignificant, depolarization of the Vm by Sub-P was asso-
iated with a slight decrease in the Rn in NAergic neurons,
uggesting that opening of cationic channels is involved in
he effect of Sub-P (see also Oh et al., 2003). Since the
K-1 receptor is coupled to Gq/11 protein and since there

s evidence that transient receptor potential (TRP) –like
hannels are activated by effectors following activation of

q/11 protein (Clapham, 2003; Oh et al., 2003; Moran et
l., 2004), the excitatory effect of Sub-P on neurons in the
7 area might be due to the opening of TRP channels by
K-1 receptor activation.

In the present study, the effect of Sub-P was transient,

ig. 6. Morphological evidence for possible synaptic connections betw
ucida drawing of a NAergic neuron (in black) and a non-NAergic
iocytin–AMCA–avidin-D labeling of the two recorded neurons (a), DBH
ut the small cell (2) is not. Inset d shows subsequent staining with b

ucida drawing. Inset e shows a high power micrograph of the dotted s
he non-NAergic neuron (black arrows) and the dendrite of the NAergic
s it started decaying before washout of Sub-P. This might 2
e ascribed to the rapid desensitization of NK-1 receptors
Simmons, 2006) and/or to the downregulation of the tar-
eted ion channels, both of which could be mediated by
urther downstream signaling effectors of the Gq/11-IP3
ignaling pathway. For example, it has been reported that
anonical TRPC channels activated by group I metabo-
ropic glutamate receptors (mGluRs) are downregulated by
rotein kinase C activated by G q/11-IP3 signaling following

he activation of group I mGluRs (Venkatachalam et al.,
003; Trebak et al., 2005). Another possible explanation
or the transient effect of Sub-P could be the hyperpolar-
zing effect of NE on NAergic neurons, which is not only
bserved in the A7 area (this study), but also in the LC and
ther NAergic neurons (Williams et al., 1984; Lee et al.,
998; Grandoso et al., 2005; Brown et al., 2006). NE could
e released from NAergic neurons excited by Sub-P,
hich could then counteract the excitatory effect of Sub-P
n NAergic neurons. The hyperpolarization by NE was
ested under blockage of synaptic inputs, again showing a
ostsynaptic effect. This hyperpolarizing effect of NE has
een reported to act via �-2 receptors in NAergic neurons

n the LC or other subcoeruleus nuclei (Williams et al.,
984; Lee et al., 1998; Grandoso et al., 2005; Brown et al.,

rgic and non-NAergic neurons in the A7 area. Main diagram: Camera
(dendrites and soma in blue and axon in red). Insets a–c show
staining (b) and the merged image (c). Note the large cell (1) is DBH-ir,
RP, which provides better resolution of the fine structure for camera
d reveals clear physical contacts (white arrows) between the axon of
arrowheads). Scale bars�50 �m, except in inset e, where it is 10 �m.
een NAe
neuron
immuno
iocytin-H
006).
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on-NAergic (non DBH-ir) neurons in the A7 area

n the LC, NAergic neurons are packed at a high density in
he core of the nucleus, with some GABAergic interneu-
ons surrounding the pericerulear dendritic zone (Aston-
ones et al., 2004). In the A7 area, however, the density of
Aergic neurons was much lower. Furthermore, small-

ig. 7. Effect of Sub-P on NAergic neurons. (A) Examples of recordin
nd after 2 min of washout (right). Note the marked increase in firing r

nstant frequency (A1). (B) The effect of Sub-P is dose-dependent. Th
.2 �M (six cells). (C) The NK-1 receptor agonist, meSr-Sub-P, also c
ffect of Sub-P on a NAergic neuron is significantly attenuated by inclu
esults of the effect of Sub-P and meSr-Sub-P on the mean firing freq
epresents a different NAergic neuron. (F) With TTX and Cd2� added
n of a NAergic neuron. A hyperpolarizing current pulse of 40 pA was

he Vm at the resting level during application of Sub-P (middle trace).
ized (�10–15 �m) non-NAergic interneurons were distrib- s
ted randomly between the NAergic neurons. Anatomical
nd pharmacological studies have suggested that these
mall non-NAergic interneurons might be GABAergic and
hat some might feed tonic inhibition to NAergic neurons
Holden et al., 1999; Nusier and Proudfit, 2000; Bajic et al.,
001). It is proposed that these GABAergic neurons are

from a NAergic neuron in normal ACSF (left), 0.2 �M Sub-P (middle)
d by Sub-P when the entire time-course of recording is presented as
are the mean�S.E.M. for four cells at each concentration, except for
marked increase in firing rate of NAergic neurons. (D) The excitatory
M RP67580, an NK-1 receptor blocker, in the ACSF. (E) Summarized
NAergic neurons and the attenuating effect of RP67580. Each circle
SF to block the AP, Sub-P does not cause a significant change in the
to estimate the Rn and a hyperpolarizing current was applied to hold
gs made
ate cause
e results
auses a
ding 10 �
uency of
to the AC

applied
ubject to inhibitory control by enkephalin released from
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eurons in the RVM and ventrolateral PAG. Activation of
he RVM and ventrolateral PAG would relieve the tonic
nhibition of NAergic neurons in the A7 area, which, in turn,
ould increase NE release in the dorsal spinal cord and

esult in modulation of pain (Holden et al., 1999; Nusier
nd Proudfit, 2000; Bajic et al., 2001). Our morphological
ata are in support of this argument, as contacts between
endrites (or soma) of NAergic neurons and axonal vari-
osities of non-NAergic interneurons were identified in 14
f 22 paired NAergic and non-NAergic neurons recorded in
he same slices.

In addition to GABA, glycine is a principal inhibitory
eurotransmitter in the brainstem and spinal cord. More-
ver, these two fast synaptic transmitters have been shown

o be co-released from single inhibitory terminals in the spinal
ord and brainstem (Yang et al., 1997; Jonas et al., 1998;
ussier et al., 2002). In our preliminary study, we found that
oth spontaneous and evoked inhibitory synaptic currents
ere mediated by GABA and glycine in NAergic neurons in

he A7 area (Yang and Min, 2004). This raises the possi-
ilities that non-NAergic neurons in the A7 area could be
ABAergic and/or glycinergic and that some could be
xcitatory, i.e. glutamatergic. Based on the firing patterns,

ig. 8. Effect of Sub-P on type C and type E non-NAergic interneurons.
n the right was recorded in normal ACSF and is shown at high speed.
ot seen in the type E neuron (right trace in B). None of the four neurons
euron were depolarized (upper left traces in A and B), while the other t
he non-NAergic interneurons recorded in the A7 area w
ould be grouped into five types, suggesting the existence
f functional diversity. Information about the neurotrans-
itter release profile of different functional types of inter-
euron is important in understanding local neuronal control

n the A7 area and the mechanism underlying the anti-
ociceptive effect of the A7 catecholamine cell group at the

evel of the local neuronal circuit. Most studies that have
xplored the role of the A7 catecholamine cell group in
odulating antinociception have examined the response
f behaving animals to noxious stimulation upon stereo-
axic lesion or chemical excitation (e.g. stereotaxic injec-
ion of Sub-P) of the A7 catecholamine cell group (Yeo-
ans and Proudfit, 1992; Holden et al., 1999). Neverthe-

ess, stereotaxic lesion or chemical excitation made to A7
atecholamine cell group would not only cause lesion or
xcitation of NAergic neurons, but also of local non-
Aergic interneurons. Since there are possible synaptic
onnections between local non-NAergic interneurons and
Aergic neurons, it is important to verify whereas the
hange in response to noxious stimulation upon lesion or
xcitation of the A7 catecholamine cell group is caused
irectly by the lesion/excitation of NAergic neurons or of
on-NAergic interneurons that make synaptic connection

cordings from two type C (A) and two type E (B) interneurons. The trace
voltage sag/rebound AP of the type C neuron (right trace in A), which is

spontaneously. Upon application of Sub-P, one type C and one type E
d type E neurons were not (lower left traces).
(A, B) Re
Note the
ith NAergic neurons. For example, the present data
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howed that, in every type of interneuron tested, some
nterneurons responded to application of Sub-P and, in all
f these, Sub-P caused depolarization of the Vm and an

ncrease in firing rate; it is therefore possible that the
reviously reported antinociceptive effect of stereotaxic

njection of Sub-P into the A7 catecholamine cell group
ight have resulted from excitation of NAergic neurons or

nterneurons by Sub-P. For a better understanding of this
ssue, systematic investigations are required to define in

ore detail the neuronal subtypes of non-NAergic neu-
ons, the properties of possible synaptic connections be-
ween these interneurons and NAergic neurons and the
ossible effect of Sub-P and other endogenous opioid
eptides on these synaptic connections.
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