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IMMUNOCYTOCHEMICAL LOCALISATIONS OF THE OREXIN-A WITH
CALBINDIN D AND NITRIC OXIDE SYNTHASE IN THE RAT SPINAL CORD
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Summary: Orexin (hypocretin) is synthesized by neurones in the lateral hypothalamus and is reported to regulate the
food intake. energy metabolism and endocrine control. The aim of this study was to investigate and compare the
distributions of orexin-A- with calbindin D- and neuronal nitric oxide synthase-containing neurones in the spinal cord of
adult Wistar rats using immunocytochemistry. The orexin-A immunoreactive fibres and terminals are observed in the
superficial dorsal horn. Calbindin D and neuronal nitric oxide synthase positive cells and processes are also distributed in
the supertficial dorsal horn. Although calbindin D and neuronal nitric oxide synthase cell populations with the orexin-A
fibres are concentrated in the superficial dorsal horn. there was rarely co-localization or direct anatomic contact between
orexin-A and other two markers in this region. These findings may suggest that the actions of the orexins with calbindin
D and nitric oxide on the food intake. neuroendocrine functions and pain modulation are mediated via independent
mechanisms. Thus nitric oxide is a diffusible molecule and could potentially affect the activity of orexin neurones via a
non-synaptic mechanism. Calbindin D expressing neurons that were separate populations of small Islet cells in the
superficial dorsal horn. are probably excitatory interreurons.
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Ratlarin omuriliginde oreksin-A ile kalbindin D ve noronal nitrik oksit sentetazin
immunositokimyasal lokalizasyonlar

Ozet: Oreksin (hipokretin) hipotalamusun lateralindeki sinir hiicrelerinde sentezlenen, endokrin kontrol, enerji
metabolizmasi ve besin maddesi alimini diizenleyen bir noropeptitdir. Bu calismanin amaci Wistar rat'in omuriliginde
oreksin-A ile kalbindin D ve noronal nitrik oksit sentetazin dagilimlarim immunositokimyasal metotla aragtirmak ve
mukayese etmektir. Orexin-A'nin immunoreaktif fibril ve sonlanmalari dorsal kornunun yiizeysel kisimlarinda gozlendi.
Kalbindin D ve néronal nitrik oksit sentetaza ait sinir hiicre ve uzantilan da aym bdlgede goriildii. Kalbindin D ve
noronal nitrik oksit sentetaza ait dorsal kornudaki hiicre gruplari oreksin-A fibrilleriyle dorsal kornunun yiizeysel
kisimlarinda konsantre olmalarina ragmen, oreksin-A ile diger iki sinir isaretleyicilerin birbirleriyle ayni sinir hiicresinde
(ko-ckspres) veya anatomik olarak herhangi bir baglantinin nadiren oldugu belirlendi. Bu bulgular oreksinler ile
kalbindin D ve nitrik oksitin besin maddesi alimi. noroendokrin fonksiyonlar ve agr1 modulasyonu iizerine olan
islevlerinin bagimsiz birtakim olaylar aracih@iyla yapildigimi gosterir. Bununla birlikte, nitrik oksit diffuze olabilen bir
molekiil olup. sinaptik olmayan mekanizmalar aracth@iyla oreksin ndronlarinin aktivitelerini etkileyebilir. Dorsal
kornunun yiizeysel kisimlarinda kiiciik islet hiicreleri halinde bulunan ve kalbindin D'yi ifade eden sinir hiicreleri farkh
bir grup olup, muhtemelen eksitator ara ndronlardir.

Anahtar Sozciikler: Oreksin; nitric oksit: kalbindin D; hipotalamus: beslenme, agri, omurilik.

INTRODUCTION

Orexin-A (Orx-A) and orexin-B (Orx-B) (also
known as  hypocretin-l  and  hypocretin-2,
respectively), are recently discovered neuropeptides
that are synthesized in the lateral hypothalamic
neurones. Orx-A and orx-B are derived from a single
prepro-peptide and activate two closely related
G-protein-coupled receptors'. Several morphological
studies have shown that orexins-like
immunoreactivity is highly specifically present in
varies regions of the hypothalamus, particularly lateral
hypothalamus (LHA)'-. In contrast to the localization
of orexins-containing cell bodies in the hypothalamus,
the orexins-containing fibres and terminals are widely
distributed in the hypothalamus, cerebral cortex,
thalamus. brainstem and spinal cord>’. suggesting that
orexinergic neurones have widespread connections
with other regions of the brain*® including a strong
distribution to the lamina (L) I-II of the spinal

cord’¢8-, This provides morphological evidence for a
wide spectrum of the physiological roles of
orexins-containing neurones. Additionally, orexins are
suggested to be associated with the regulation of food
intake, energy balance, neuroendocrine functions.
sleep-wake cycle and glucose homeostasis'®. There
have been many studies on the distribution of
orexins-containing perikarya and fibres in many
mammals. However, little is known about the
morphological characteristics of orexinergic neurones
in the superficial dorsal horn of the spinal cord.

Calbindin-D28k (CaB), a calcium binding protein is
isolated from the brain'?. In neurohistological studies.
the immunocytochemical detection of these proteins
provides an excellent tool to study the histology and
neurochemical character of specific subsets of
neurones in the dorsal horn of the spinal cord''-'5. The
superficial dorsal horn, which contains many
peptidergic neurones, mainly receives nociceptive
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information. Nitric oxide (NO) is a highly reactive
free radical gas and is predicted to act as a second
messenger in the control of important biological
functions, like cell-mediated immunological response
and synaptic transmission'®. NO is produced from
L-arginine by the enzyme NO synthase (NOS), which
appears in distinct isoforms. NOS isoform in the brain
is called neuronal form (type-1) (nNOS) and is
calcium-calmodulin dependent'’. NO participates in
great variety of neuronal functions including the
modulation of food intake, wakefulness, endocrine
system and pain perception'®!?. NO production may
affect certain hypothalamo-hypophyseal peptidergic
systems. The generation of oxytocin and vasopressin
increases in hypothalamic magnocellular neurones,
which is accompanied by an up-regulation of the
intracellular NOS activity in these neurones?.

The similar physiological roles and overlapping
localization between orx-A and CaB, or nNOS in
superficial dorsal horn raise the possibility that the
orexin system may interact with the NO system in
functional activities. Different morphological types of
neurones have been identified in LI of the rat?!. This
has lead to the suggestion that superficial laminae are
heavily involved in the processing of primary afferent
nociceptive and thermoreceptive activity**. The four
LI neurone types have been identified in the
superficial dorsal horn of the rat. ie. fusiform.
flattened. pyramidal and multipolar? 2324, Variety of
its constituent synaptic mediators and this data®
indicate that the superficial dorsal horn represents a
complex neural system. Thus, the present study was
undertaken to investigate if CaB, or nNOS, is
co-localized in the orexin neurones in the superficial
dorsal horn of the Wistar rat. In the present study,
double-labeling immunofluorescent
immunocytochemistry for orexin and CaB or nNOS
was used.

MATERIALS and METHODS

Ten adult Wistar rats, weighing approximately 250
g. were used in this study. Wistar rats were group
housed in standard cages and maintained on a 12 h
light/dark cycle. 55% humidity, with food and water
ad libitum. Primary antisera for immunocytochemical
experiments used were polyclonal anti-orexin-A and
anti-calbindin D antisera. All antisera were diluted in
a solution of 0.1 M phosphate buffered saline (PBS:
pH 7.2). 2.5% bovine serum alburnin, 0.25% sodium
azide and 2% tritonX-100. Antisera specificity was
determined in control experiments in which the
primary antiserum was omitted or pre-absorbed with
an excess of anti-orx-A with control peptide orx-A
(1:100).
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The rats were deeply anaesthetised with sodium
pentobarbitone (150 mg/kg, i.p; Rhoéne Meérieux
Harlow, UK) and perfused transcardially with
oxygenated Kreb's solution and fixative containing
4% paraformaldehyde in 0.1M phosphate buffered
saline (PBS). All subsequent steps were performed at
room temperature unless indicated otherwise. Spinal
cord was removed, post-fixed in fixative (4-6 h) and
then cryoprotected with 30% sucrose in 0.1 M PBS
overnight at 4 °C. Transversal (40ym) and parallel to
the dorsal surface (10 ym) of the spinal cord sections
were cut into 10 ym in a sample order on a cryostat.

Immunofluorescent method as described by Dun et
al.?6, was used to visualize orx-A with CaB and nNOS
immunoreactivities. Free-floating sections  were
washed five times with PBS (15 min per wash).
incubated with 10% donkey serum in PBS (1 h) and
washed once with PBS prior to incubation with
anti-orx-A  (1:100) (Peninsula, U.S.A.) antiserum
overnight at 4 °C. Sections were washed five times
with PBS before incubation (1 h) with either
biotinylated rabbit anti-species 1gG as appropriate
(1:500)  then  fluorescein  (DTAF)-conjugated
streptavidin  (1:400) (both from Jackson Immuno
Research Laboratories, U.S.A.). After the sections
were washed with PBS, half of the all sections were
incubated with anti-CaB (1:500) (Sigma, U.K.) and
the rest of the sections were incubated with anti-nNOS
(1:5000) overnight at 4 °C. Subsequently. sections
were employed in anti-rabbit CY3 (1:150) (Jackson).
Finally, sections were mounted on chrome alum
gelatin-coated microscope slides and coverslipped
with Vectashield (Vector, U.K.). Sections were
examined by conventional fluorescence microscopy
(596 nm excitation, 615 nm emission).

RESULTS

No immunoreactive staining was observed when
primary antibodies were omitted. Preabsorption of
orexin-A antisera abolished immunopositive staining.
Immunoreactivity for CaB was found in all lamina of
the dorsal horn of the transversal and parallel sections
of the dorsal surface of the spinal cord and detected in
the cytoplasm of neurones, but not in the nucleus
(Figs. 1,2). Most of the neurones expressing positive
immunoreaction for CaB were observed in LII (Fig.
2). while they were moderately distributed in LI, LIII
and LIV (Fig. 1). Double-immunocytochemistry
showed that orexin-A and CaB peptides had rarely
synaptic contacts within the neurones of the
superficial dorsal horn. In LII, many positive cell
bodies darkly stained with punctate profiles were
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Figure 1. Photomicrograph  of the spinal  cord  showing
CaB-immunoreactive neurones and their dendrites in LI-I1 of dorsal horn.,
transversal section. Bar: 100, m.

Resim 1. Omuriligin transversal kesitinde kalbindin D'nin immunieaktif

noron ve dentritlerinin LI-1I'deki goriinimii. Bar: 100m.

Figure 2. Photomicrograph  showing  Orx-A-  (roundheads) and
CaB-immunoreaktivities in LI-Il. Rarely seen synaptic contacts between
Orx-A fibres and CaB cells and dentrites (number 1). Typically fusiform
(arrowheads) and occasionally flattened cells (small square) for CaB. Bar:
50 m.

Resim 2. Oreksin-A (yuvarlak baglar) ile kalbindin D'nin LI-I deki
immunreaktiviteleri. Oreksin-A fibrillen ile kalbindin D'ye ait hiicre ve
dentritler arasinda ¢ok seyrek olarak goriilen sinaptik iliski (no 1).
Kalbindin D'nin ¢ogunlukla yassi (ok baslarr) ve seyrek olarak
ovalimsi-yassi tipteki hiicrelerin (kiigiik kareler) gériiniimii. Bar 50 ;m.
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usually fusiform or occasionally flattened and had
long dendrites (Fig. 2). Immunoreactive neurones had
usually two dendrites that oriented from dorsal to the
ventral in the parallel sections of the dorsal surface
(Fig. 2), and had two short dendrites that
rostrocaudally oriented in the transversal sections
(Fig. 1). Immunoreactive orexin-A fibres, which are
also directed ventrally, had many boutons and
terminals (Fig. 2). Few immunoreactive fibres for
orexin-A made synaptic contact with the dendrites of
CaB cells (Fig. 2).

nNOS-immunoreactivity was dense in LI and inner
part of the LII (LII) of the superficial dorsal horn
(Figs. 3.4). Cytoplasm of the cell bodies and dendrites
were stained with nNOS antibody. Typical positive
bipolar neurones for nNOS were fusiform or
occasionally pyramidal and had usually two dendrites
(Figs. 3.4). The dendrites of these cells had long and
were dorsally to ventrally directed in LI- LII, at the
parallel sections of the dorsal surface. Orexin-A
immunoreactive fibres that also dorsally to ventrally
oriented had many terminals and boutons. Orexin-A
immunoreactive fibres also hardly made synaptic
contact with the immunoreactive cell bodies (soma)
and dendrites of nNOS in the superficial dorsal horn
(Figs. 3.4), although both orexin-A and nNOS
immunoreactive processes directed ventrally.

Figure 3. Photomicrograph showing double labelling of Orx-A and nNOS
is in LI-II of the dorsal horn. Typically fusiform (number 1) or

occasionally pyramidal type cells for nNOS and their dentrites
(arrowheads). Orx-A- immunoreactive fibres and their terminals (large
arrowheads). Bar: 100,m.

Resim 3. Dorsal kornunun LI-II'sinde oreksin-A ile nNOS (nironal nitrik
oksit sentataz)'in immunreaktivitelerinin  gdriiniimii. nNOS'e ait tipik
fusiform (no 1) veya seyrek olarak piramidal tipteki sinir hiicreleri (ok
baslart) ve dentritlerin gériiniimii. Immunreaktif oreksin-A fibril ve
sonlanmalari (biiyiik ok baslar). Bar: 100,m
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showing double labelling of orx-A large
arrowheads) and nNOS-immunoreactivities (roundheads) in LI-I1. Rarely
seen synaptic contacts between Orx-A fibres and nNOS cells and dendrites
(number 1). Bar: 50;m
Resim 4. Omuriligin Li-1l'sinde oreksin-A (biiyiik ok baslar) ile nNOS
(vuvarlak baslar)in immunreaktivitelerinin gariintimii. Oreksin-A fibrilleri
iie nNOS sinir hiicre ve dentritleri arasindaki ¢ok seyrek olan sinaptik
iliski (no 1). Bar: 50m.

Figure 4. Photonicrograph

DISCUSSION

In the Wistar rat, many immunoreactive orexin-A
fibres and terminals were localized particularly in LI
and moderately in LII of the dorsal horn, agreeing
with other studies’s. NOS and CaB were also
examined. as these substances have previously been
found in dorsal horn neurones with similar
morphology™!2152729, and have been suggested as
useful markers for subpopulations of inhibitory*® and
excitatory neurones'®!S. All these findings may
provide some morphological information for the
distribution patterns of orexin, nNOS and CaB in the
superficial dorsal horn, since orexins and NO are
regulators of food intake and energy homeostasis.

Orexins were initially suggested to be involved in
the regulation of energy balance and food intake based
on the observations that centrally or locally
administration of the orexins resulted in increased
food intake and that food deprivation up-regulated the
prepro-orexin mRNA level in the hypothalamus'?.
Voltage-clamp recordings and calcium digital imaging
experiments using cultured LHA cells revealed that
both orexin-1 and -2 induced enhancement of
neuronal activity occurred as early as synaptic activity
was detected. thus suggesting that orexin might
contribute to the development of arousal, sleep
regulation,  feeding  and endocrine  control*'.
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Intrathecal injection orexin-A  suppressed the
expression of Fos-like immunoreactivity. induced by
formalin injection into the paw in LI-II of LIV-V of
the spinal cord, suggesting that spinal orexin-I
receptor was involved in the nociceptive
transmission’. Date et al’. showed that orexin fibres
were concentrated in LI of the dorsal horn. This area
directly receives pain and thermal stimuli*? and relay
on nociceptive information to the LHA, brainstem and
thalamus. The LHA is a site that  attenuates
nociceptive transmission®*. Orexin pathway from the
LHA to the spinal cord may be involved in the
nociceptive modulation system.

NO is known to be modulator in the regulation of
feeding and energy balance. Previous studies shown
that administration of nNOS inhibitor induced a
significant decrease in food intake and body weight in
normal and genetically obese rat and mice, while
peripheral or central treatment with NO donors
increased food intake3+35, These findings suggest that
NO may also act as a modulator promoting food
intake as orexin does. NOS-immunoreactive neurones
with a fusiform appearance were described in LI*,
and NOS positive cells resembling the flattened type
were described in transverse sections®. In the present
study, NOS positive cell types were usually fusiform
type and occasionally pyramidal type (Figs. 3.4). NO
is generated postsynaptically in dorsal horn neurones
in response to nociceptive C-fibre discharge and
activation of nNOS?¥ and is thought to act as a
retrograde messenger*®®. CaB may be a marker for
spinal projection neurones that process different types
of information from those containing parvalbumin,
reflecting different physiological properties''. While
large numbers of calbindin-immunoreactive neurones
have been reported in LI, along with present
observations, their morphological characteristics
suggested a mixed population of fusiform or flattened
cells'12, In the current study, CaB positive cells in LI
appeared similar to fusiform cells described in this
region by Lima and Coimbra?!%3, suggesting that CaB
neurones were possibly are excitatory neurones.

In conclusion, no evidence of the co-expressions of
nNOS and CaB in a population of the
orexin-containing neurones suggests that NO and CaB
may play separate role in the mechanisms by which
the orexinergic neurones regulate the food intake and
energy balance. NO may also interact with orexin in
modulation of feeding via non-synaptic route, since
some nNOS stained processes were hardly in close
proximity to orexinergic neurones. Clarification and
further understanding of the processes involved in
orexin actions would depend upon a better knowledge
of the circuitry of the superficial dorsal horn and fuller
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appreciation of the functional part played by the
various cell types. At the present level of
understanding, it is possible to affirm that the
descending connections from the hypothalamus of
orx-A-containing neurones has significant functional
consequences in terms of regulation of excitability of
a substantial number of neurones in part of the
superficial dorsal horn. These effects can be
rationalized in terms of orexin's enhancement of
arousal and support of mechanisms associated with
active feeding.
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