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Synaptic interaction between GABAergic terminals and substance P

receptor-positive neurons in rat spinal superficial laminae

TAO Yuan-Xiang®, LI Yun-Qing®, ZHAQ Zhi-Qi*

1

( Shanghai Institute of Physiology, Chinese Academy of Sciences , Shanghai 200031 , China;
3Department of Anatomy , The Fourth Military Medical University, Xi-an 710032, China)

KEY WORDS GABA; substance P receptors; synaptic
transmission; colocalization; spinal cord

ABSTRACT

ATM: To identify synaptic relationship between 7¥-
aminobutyric acid (GABA )-containing terminals and sub-
stance P receptor-positive neurons in the superficial dorsal
hom of rat spinal cord. METHODS: A combination of
preembedding immunoperoxidase staining for substance P
receptor with postembedding immunogeld staining for
GABA was employed. RESULTS; Intense substance P
receptor-expressing neurons were concentrated in medial
half of the lamina 1 and the outer lamina T of the
spinal cord. Under electron microscopy, substance P re-
ceptor immunoreactivity was found mainly in perikarya
and dendrites, and deposited along neuronal membranes,
in Golgi complex, in rough endoplasmic reticulum and on
the surface of mitochondria with patch- or granular-like
staining. The double-labeling studies revealed that sub-
stance P receptor-expressing dendrites received symmetric
synaptic contacts from axonal terminals labeled with im-
munogold particles indicating GABA. GABA also co-lo-
calized with substance P receptors in the dendrites.
CONCLUSION: The synaptic contact between GABA-
containing terminal and substance P receptor-expressing
neuron provided important morphological evidence for
previous pharmacological studies concerning antinocicep-
tive function of GABA in the spinal cord.
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INTRODUCTION

Accumulating evidence has indicated that the spinal
cord contains not only transmission pathway of nocicep-
tive information but also modulating circuits of nocicep-
tive information. y-Aminobutyric acid ( GABA), an
important inhibitory neurotransmitter, plays a key role in
modulating nociceptive information via pre- and post-
synaptic inhibition in the spinal cord” ~*).  Substance P
(SP) is believed to be an important signaling molecule in
the spinal transmission of nociceptive information™ , In-
trathecal administration of the GABA receptor agonists
significantly attenuated neuronal activity induced by nox-
ious stimulation and exogenous SP, which was completely
reversed by the GABA receptor antagomistst®~ ", It is
likely that GABA-containing neurons may modulate the
activity of SP receptor-expressing neurons in the spinal
cord. SP receptor-expressing neurons have been demon-
strated to locate mainly in the superficial laminae of the
spinal dorsal hom'®~ '), at the sites of predominant dis-
tribution of GABA-containing neurons'' ~®) . Here, we
provide the morphologic evidence that there is a synaptic
contact between GABA-containing terminal and SP recep-
tor-expressing neuron in the superficial laminae of the
dorsal horn.

MATERIALS AND METHODS

Experiments were performed on male Sprague-Daw-
ley rats (n =8, 230 - 280 g, Grade I, Certificate No
005, Shanghai Animal Center, Chinese Academy of Sci-
ences). Under deep anesthesia with sodium pentobarbi-
tal (60 mg/kg, ip), the animals were perfused transcar-
dially with 100 mL of 0.01 mol/L phosphated-buffered
saline (PBS, pH 7.4), followed by 400 mL of a fixative
containing 1 % paraformaldehyde, 2 % ghtaradehyde,
and 0.1 % picric acid in 0.1 mol/L phosphate buffer
(PB, pH 7.4). The lumbar segment was removed,
postfixed in the sare fixative for 4 h, and cut into 50 pm
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thick transverse sections on a vibrotome. The sections
were processed immunocytochemically with the use of the
affinity-purified antibody against substance P receptor
(SPR) (gift from Dr N Mizuno) . The sections were in-
cubated sequentially with (1) 1 mg/L rabbit ant-SPR
IgG diluted in PBS containing 3 % normal goat serum at
4 C for 48 b, (2} goat biotinylated anti-rabbit antibody
(1:200, Vector) for 1 h at 37 C, and (3} avidin-biotin-
peroxidase complex (1:100, Vector) at 37 T for 1 h.
The immunoreactivity was visualized by incubating in the
Tris-HCI buffer containing 0.05 % 3, 3-diaminobenzidine
and 0.01 % H;O;.

For electron microscopy, sections were postfixed
with 1 % osmium tetraoxide in 0.1 mol/L PB at room
temperature for 45 min, and dehydmted in graduated
ethanol, and finally embedded in Epon. The ultrathin
sections were mounted on Formvar-coated nickel grids,
and then immunostained for GABA. The grids were
washed with Tris-buffered 0.9 % saline containing
0.2 % Triton X-100 (TBST, pH 7.6), and then incu-
bated with a mouse anti-GABA serum {1: 1500, Sigma,
St Louis, MO, USA) ovemnight al room temperature.
After being rinsed twice with TBST {(pH 7.6) for 30
min, the grids were transferred into TBST (pH 8.2),
and then incubated with a goat anti-mouse IgG-conjugated
to 10 nm gold panticles {Sigma) diluted at 1:20 with
TBST (pH 8.2) at room temperature for 2 h.  Finally,
the ultrathin sections were counterstained with uranyl ac-
etale and lead citrate. The observation was made with
Phillips CM-100 electron microscope.

In the control experiments, when the SPR and
GABA antibodies were omitted or replaced with normal
rabbit or mouse serum, no immunoreactivity was de-
tectable .

RESULTS

In the lumbar cord segments, dense population of
SPR-expressing neurons was found mainly in lamina |
and the outer lamina [[, particularly in their medial
parts. The most common type of SPR-expressing neu-
rons had fusiform cell bodies and extensive rostrocaudal
dendritic trees, which were typically confined to lamina
[ and the outer portion of lamina Il , and occasionally
reached the inner portion of lamina 11 and lamina ] .
In contrast, the inmer lamina [l contained very few SPR-
positive neurons, but it contained a lot of SPR-expressing
processes that derived from SPR-expressing neurons in

lamina | and the outer lamina Il , and the deep laminae
of the dorsal hom. A few SPR-expressing neurons were
sparsely distributed in the deep laminae. These neuronal
processes often extended dorsally into the superficial lami-
nae (Fig I).

Electron microscopic observation was made on the
ultrathin sections obtained from the superficial laminae of
the dorsal horn.  SPR immunoreactivity was observed to
locate in perikarya and dendrites. In perikaya, im-
munoreactivity deposited along neuronal membranes, in
Golgi complex, in rough endoplasmic reticulum and on
the surface of mitochondria with patch- or granular-like
staining. The nucleus was never stained. SPR im-
munoreactivity was most encountered in the dendritic pro-
files (Fig 2~4). Immunoreactivity was distributed in a
disconnected fashion along the dendrite membrane, and
deposited not only in posisynaptic sites but also in non-
synaptic areas. Synaptic contacts onto thesc SPR-ex-
pressing dendrites were asymmetrical and/or symmetrical
(Fig2-4). The presynaplic terminals exhibited numer-
ous clear and/or a few dense core vesicles ones. The
dense core vesicles were located near or away from the
synaptic junction membrane .

Postembedding immunogold staining for GABA
showed that a lot of GABA-containing terminals were
found in the superficial laminae of the dorsal hom, most
of which formed synaptic contacts with the dendrites, and
some with neuronal bodies and axonal terminals.
GABA-containing terminals contained pleomorphic vesi-
cles with/without varying number of dense core vesicles.
[mmunogold particles coding for GABA were randomly
distributed over extrasynaptic membranes, and only a few
were found close to the synapses (Fig 3,4). GABA-
containing terminals were observed to synapse with SPR-
expressing dendrites (Fig 3,4). A few GABA-contain-
ing dendrites were also seen in the superficial laminae,
some of these dendnies received synaptic contacts from
axonal terminals. It was found that GABA-containing
dendrites were also positive for SPR (Fig 5).

DISCUSSION

In conformity with the previous studies!® =197, the
present data showed that SP receptor immunoreactivity
was distributed mainly in the superficial laminae of the
spinal cord, where GABA-containing neurons were pre-
dominantly located!! ~*.  The overlap of SP receptor
with GABA in the superficial laminae suggests that there
is an interaction between GABA and SP.
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Fig1. The dsribution of substance P (SPR) inummorenctivity in rat spimal dorsal horm.  Note that the SPR-positive
neurons are Jocated ominly in the medial part of laminaes 1. x 100,

Fig 2. A subutunce P receptor (SPR)-positive dendrite (D) recelving synaptic contact (arrow} from unstained termi-
nuls {A) of the rat spinal dorsal horn. = 28 500.

Fig3. An axonal terminal (A}, containing many GABA-labelled gold grunules, synapiing | arrow) with an SPR-posi-
thve dendrite (D} of a spinal dorsal horn neuron of the rat. = 53 00

Fig4. Ao monal terminal (A), containing a few GABA-labelled gold granules, synapsing { mrow) with an SPR-posi-
tive denudriie (1D} of a spinal dorsal hom neuron of the mt. = 65 000,

Fig5. A SPR-positive dendrite {D1) positive for GABA-Isbelled gold grmules, showing oo-localization of SPR and

GABA. Another SPR-positive demdrite (D2) in negative for GARA-lahelled gold granules.

GABA exens ils actioms viu GARA, and GABAp receptor
subtypes. Both types of GABA receptors are located on
the presymapiic primary afferent fibers and on the posisy-
naptic neurons and dendrites within the spinal cord!"'+'¥) .
Therefime, GABA exerts regulatory effects in transmission
of spinal noxious stimulation via pre- and post-synaptic
mechanisms. The previous phamacological studies
showed that intrathecal administration of GABA or s re-
ceptor agonists abolished pain behaviors induced by ex-
ogenou SPOS)_ This suggests that GABA-containing
neurons probably establish inhibitory postsynaptic connec-
tionk in (he neuroms receiving SP terminale in the spinal
cord, The present results demonstrated for first time that

% 49 000.

GABA-containing axonal tetminals synapsed with SP re-
ceptor-expressing  dendrites in the superficinl lanmmac,
which provides strong morphological evidence for the
pharmacological results mentioned™*’, Further studies
indicated that GABA, receplor agonist, muscimol, sclec-
tively blocked nociception involving excitatory amino acid
receptors' ) whereas GABAy agonist, baclofen, selective-
by blockud SP spinal sctivity'®) . Comhined with the pre-
sent data, it is likely that GABAg receptors but nol
GABA, roceplors co-kocaies with SP reeeptors in spimal
cond peurons.,

Another important finding in the present observations
is the co-localization of GABA with SP receptors in the
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dendrites,
laminae originate mainly from the primary afferents
is tndicated that GABA-containing neurons in the superfi-
cial laminae may receive inputs from the primary afferent
fibers containing SP. This result further supports our
previous observations that SP receptor antagonist, span-
tide, blocked the release of GABA triggered by capsaicin
in the spinal dorsal hom!").

Since SP-expressing fibers in the superficial
(13] -
, 1t
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