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Abstract 
Somatostatin (SST) in spinal cord has been linked with the inhibition of 
nociceptive neurotransmission in several experimental paradigms. The SST2 
receptor (SSTR2) is the main SST receptor subtype in the superficial dorsal horn 
(DH) and is activated, besides to the naïve peptide, by the SST synthetic analogue 
octreotide (OCT). In the present work, we have studied the central effects of 
SSTR2 activation on capsaicin (CAP)-induced glutamate release in mouse DH. In 

neurons of the lamina II of DH, CAP (2 µM) induced a strong increase of mEPSC 
frequency that was significantly reduced (70%) by OCT. SSTR2 involvement was 
assessed by using the specific antagonist CYN 154806. No differences were observed 
between frequency increase in CAP alone vs. CAP in the presence of CYN 154806 
+ OCT. The effect of OCT was further investigated by studying c-fos expression in 
spinal cord slices. The CAP-induced increase in density of Fos  immunoreactive 
nuclei in  the superficial DH was strongly prevented by OCT. 
SSTR2a (a splicing variant of SSTR2) immunoreactivity was found in both pre- and 
post-synaptic compartments of laminae I–II synapses. By light and electron 
microscopy, SSTR2a was mainly localized onto non-peptidergic isolectin B4 (IB4)-
positive primary afferent fibres (PAFs). A subset of  them was also found to express 
the CAP receptor TRPV1. 
These data show that the SST analogue OCT inhibits CAP-mediated activation of 
non-peptidergic nociceptive PAFs in lamina II. Our data indicate that SSTR2a 
plays an important role in the pre-synaptic modulation of central excitatory 
nociceptive transmission in mouse. 
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1. Introduction  
 
Somatostatin (SST) is a small peptide widely distributed in brain and peripheral 
tissues. SST can be detected in several areas of the central nervous system (CNS), 
including the spinal cord, where it exhibits a variety of physiological effects (Selmer 
et al., 2000; Viollet et al., 2008) by binding to a specific group of G-protein coupled 
receptors (Patel and Srikant, 1997; Olias et al., 2004). These latter have been 
cloned and characterized, eventually leading to the discovery of five different 
molecules (referred to as SSTR1-5) that have been collected into two main families 
on the basis of structural and functional features (Viollet et al., 1995; Patel, 1999). 
The effects of SST in spinal cord are usually associated with an inhibition of 
nociceptive neurotransmission in several experimental paradigms (Carlton et al., 
2001; Su et al., 2001; Malcangio et al., 2002), and the peptide, as well as its 
synthetic analogue octreotide (OCT), have been shown to evoke analgesia in many 
clinical situations, including several different types of pathological pain (Penn et al., 
1992; Paice et al., 1996; Dahaba et al., 2009). 
Morphological studies in rat have shown that SST and SSTRs are expressed in 
primary afferent fibres (PAFs) and neurons in the spinal cord dorsal horn (DH; 
Segond Von Banchet et al., 1999), as wells as in dorsal root ganglia (DRGs; Bar et 
al., 2004), these anatomical localization being supportive of the role of the peptide 
in the control of nociceptive information. 
More precisely, SSTR2a is contained in a dense network of processes as well as in 
small round neuronal cell bodies within the superficial DH, whereas SSTR2b is 
prominent throughout the spinal grey matter in the somas and proximal dendrites of 
relatively large neurons (Schulz et al., 2000). In DRGs, expression of SSTR1-4 
receptors has been shown in small and large sized cell bodies (Bar et al., 2004; 
Señaris et al., 1995). 

Electrophysiological studies in rat so far have only reported post-synaptic SST-
induced hyperpolarisation in a sub-population of DH neurons, and, in general, have 
failed to show any significant SST-mediated pre-synaptic effect at PAF central 
endings (Kim et al., 2002; Jiang et al., 2003). 
Carlton and colleagues (2004) have demonstrated that the activation of SSTR2 
expressed peripherally on rat PAFs reduces the pro-nociceptive effects of capsaicin 
(CAP), the pungent vanilloid of hot chili pepper (Caterina et al., 1997; Tominaga et 
al., 1998). Given that the CAP receptor, TRPV1 is also highly expressed in the 
central projections of nociceptive neurons giving rise to C and Ad PAFs (Michael 
and Priestley, 1999; Guo et al., 2001), one may hypothesize that SST also 
modulates the central effects of the vanilloid. These latter are mainly due to CAP-
induced neurotransmitter release (Urban and Dray, 1992; Yang et al., 1998; Ferrini 
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et al., 2007) at the synapse between PAFs and DH neurons. 
In this paper, we devised a series of experiments to assess whether or not activation 
of mouse pre-synaptic SSTR2a in lamina II of the DH may challenge the effects of 
TRPV1 on spinal excitatory neurotransmission. 

 
 

2. Methods 
 
All experimental procedures were approved by the Italian Ministry of Health and 
the Committee of Bioethics and Animal Welfare of the University of Torino. 
Animals were maintained according to NIH Guide for the Care and Use of Laboratory 
Animals. 

 
2.1. Electrophysiology 

 
Post-natal CD1 mice (P8-P12; n = 29) were deeply anaesthetized with an 
intraperitoneally administered lethal dose of sodium pentobarbital (30 mg/kg). The 
thoracic and lumbar regions of the spinal cord were removed and constantly 
maintained submerged in ice-cold artificial cerebro-spinal fluid (ACSF) containing: 
NaCl 125 mM, KCl 2.5 mM, NaHCO3  25 mM, NaH2PO4  1 mM, glucose 25 mM, 

MgCl2 1 mM, CaCl2 2 mM, saturated with 95% O2-5% CO2 during the entire 

procedure. Three hundred and fifty micrometer-thick coronal slices were cut with a 
vibrating microtome. Slices were allowed to recover in oxygenated ACSF at 35 °C 
for at least 30 min and maintained at room temperature until use. During recording 
slices were constantly perfused (2 ml/min) with oxygenated ACSF. Lamina II 
neurons were visually identified with a fixed stage upright microscope (Axioskop 1, 
Zeiss, Göttingen, Germany) equipped with infrared gradient contrast optics (Luigs 
and Neumann, Ratingen, Germany) using a 40x water immersion objective 
(Achroplan, Zeiss, Göttingen, Germany). Patch pipettes were obtained from single-
filament borosilicate capillaries (WPI, Berlin, Germany) using a vertical puller (PC-
10; Narishighe, Tokyo, Japan), and their resistances ranged from 4 to 7 MX once 
filled with the intracellular solution. 
Miniature excitatory post-synaptic currents (mEPSCs) were recorded with a low 
chloride intracellular solution, containing: CsMeSO4 145 mM, EGTA 5 mM, MgCl2 
2 mM, HEPES 10 mM, ATP.-Na 2 mM and 0.1% Lucifer Yellow (LY; Sigma 

Chemicals, St. Louis, MO, USA) pH 7.2 (with CsOH). Guanosine 5’ -[b-
thio]diphosphate (GDP-b-S; 1 lM) was added to the pipette to competitively inhibit 
the binding of GTP by G-proteins and prevent post-synaptic effects mediated by SST 
receptors. mEPSCs were isolated in presence of tetrodotoxin (TTX; 1 µM) at the 
holding potential of -65 mV. 
Whole-cell patch-clamp recordings were obtained with an Axopatch 200B  
amplifier  (Molecular  Devices, Foster City, CA, USA), sampled at 10 kHz and 
filtered at 2 kHz. Analysis was performed off-line with Minianalysis software 
(Synaptosoft Inc., Decatur, GA, USA). 
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Recordings were included for subsequent analysis only if access resistance was 
stable throughout the recording session. 
For data analysis, amplitude and frequency of mEPSCs in control traces and after 
CAP application were compared within 200s time intervals, using the 
Kolmogorov–Smirnov test for statistical significance. Neurons were classified as 
responsive when the distribution of inter-event interval and/or amplitude values 
following CAP administration were significantly different compared to the control 
(P < 0.01). 
Pooled data were reported as mean ± SEM, with n indicating the number of neurons. 
Wilcoxon matched-pairs test was used to com- pare frequency and amplitude values 
of grouped neurons (P < 0.05). 
Differences between normalized data (expressed as a percent- age of the predrug 
control value ± SEM) were analyzed with Kruskal–Wallis test and Dunn’s test post 
hoc. Data were considered significantly different when P < 0.05. 
All drugs were bath applied. CAP, OCT, CYN 154806 and TTX were from Tocris 
(Bristol, UK). All other drugs  were  purchased from Sigma Chemicals. CAP was used 
at 2 µM final concentration (Ferrini et al., 2007). CYN 154806 has recently been 
proved to be effective in blocking mouse SSTR2 in vivo (Terashima et al., 2009). 
The antagonist was used on slices at 1 µM final concentration on the basis of 
slice experiments in rat (Mori et al., 2010) and mouse (Cammalleri et al., 2004). The 
same concentration was also effective in blocking SSTR2 in cultured rat trigeminal 
ganglion neurons (Takeda et al., 2007) and in CHO-K1 cell membranes expressing 
recombinant hu- man SSTR2 or rat SSTR2a and b (Feniuk et al., 2000). 

 
2.2. Light and electron microscopy 

 
All immunohistochemical studies were carried out on P8-12 (n = 4) and P21-23 
(n = 4) CD1 mice. The reason for studying post-natal mice at different ages is be- 
cause nociceptive circuits are subjected to substantial post-natal functional 
maturation, particularly as regarding to C fibres activity (see Fitzgerald, 2005), 
which is completed around the third post- natal week in rat/mouse. Nonetheless, we 
have recently shown that the response to CAP is unchanged in slices obtained 
from P8-12 or P21-23 mice (Ferrini et al., 2010). Given that healthy slices are 
more easily obtained from more juvenile mice, we wanted to make ourselves sure 
that there were no obvious differences in expression of SSTR2a in these animals 
hampering electro- physiological studies. 
Under deep pentobarbital anaesthesia, mice were perfused through the 
descending aorta with Ringer solution, followed by cold fixative. The latter 
consisted of 4% paraformaldehyde in 0.2 M phosphate buffer (PB) for light 
microscopy and 4% paraformaldehyde +0.01% glutaraldehyde for electron 
microscopy. After perfusion, the lumbar spinal cord was cut in segments, and, 
after careful dissection, post-fixed for 2 additional hours in the same aldehyde 
mixture. Coronal sections were cut on a vibratome at a thickness of 70 µm. 
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The following primary antibodies have been used: goat-anti- SSTR2a (1:100 – 
Santa Cruz, Biotechnology, Santa Cruz, CA), rabbit anti-SST (1:1000 – raised against 
SST-28; Merighi et al., 1989), rab- bit anti-CGRP (1:1000 – Merighi et al., 1991), 
rat anti-SP (1:500 – BD Pharmingen, Franklin Lakes, NJ, USA), rabbit anti-TRPV1 
(1:1000 – Alomone Labs, Jerusalem, Israel), rabbit anti-Fos (1:100 – Abcam, 
Cambridge, UK). Lectin from Bandeiraea simplicifolia (Griffonia simplicifolia), 
biotin conjugated (IB4; 1:250 – Sigma Chemicals) was also used in 
immunohistochemical procedures. 
The anti-SSTR2a antibody was raised against a specific sequence at C terminus of 
human SSTR2 that shares 100% homology with the mouse SSTR2a (Møller et al., 
2003). This sequence is lacking in the mouse SSTR2b, a truncated isoform of the 
receptor (Møller et al.,2003), and is totally unrelated to the sequences of mouse 
SSTR1 (Yamada et al., 1992), SSTR3 (Yasuda et al., 1992), SSTR4 (Schwabe et al., 
1996) and SSTR5 (Baumeister et al., 1998). 
Immunocytochemical controls consisted in omission of primary antibodies. Double 
immunofluorescence stainings were performed by rou- tine procedures as described 
elsewhere (Ferrini et al., 2007, 2010). Immunofluorescence was acquired using a 
Leica TCS SP5 confocal laser scanning microscope. Green and red fluorescence 
were then merged using Photoshop 7.0.1 (Adobe Systems, San Jose, CA, USA). 
Pre-embedding immunostaining for SSTR2a visualization  at the electron 
microscope was performed with Fluoronanogold™- Streptavidin (Nanoprobes, 
Yaphank, NY, USA) as described previ- ously (Salio et al., 2005). 

 
2.3. Fos response to slice functional stimulation 

 
Fos activation was studied in spinal cord slices as previously de- scribed (Vergnano 
et al., 2008). Briefly, spinal cord acute slices were obtained from two P8-12 CD1 
mice and subjected to one of the following experimental treatments: (i) 
maintenance in ACSF for 3 h (control); (ii) incubation with CAP 2 µM for 10 min 
and then washing in ACSF for 3 h (CAP); (iii) pre-incubation with OCT 1 µM for 30 
min, then incubation with CAP and washing as above in constant presence of OCT 
(CAP + OCT). Slices were then fixed, embedded in paraffin wax and processed for 
DAB immunocytochemistry. Immunostained sections were photographed with a 20x 
objective. 
The boundaries of the dorsal horn laminae were delineated according to criteria set 
by Molander et al. (1984) and Paxinos and Watson (1998). The cell density 

(number of cells/mm2) within the superficial DH (laminae I–II) was calculated with 
the ImageJ software (NIH, Bethesda, Maryland, USA). Analysis was performed blind 
to the treatment. Statistics was performed with one-way ANOVA (Bonferroni post 
hoc, P < 0.05). Data were expressed as mean ± SEM, with n indicating the number 
of DH slices examined. 

 
 

3. Results 
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3.1. Effects of OCT on mEPSCs after CAP pulses 

 
The effect of OCT was studied after specific pre-synaptic activation of nociceptive 

pathways by CAP. Pre-synaptic effects were isolated by blocking post-synaptic 

SSTRs with a competitive G protein inhibitor dissolved in the recording pipette 

(GDP-b-S, 1 mM) and by bath-application of TTX (1 µM) to block action 

potential-mediated neurotransmission. All tested neurons were responsive to CAP 

application with a significant increase of mEPSCs frequency (Kolmogorov–Smirnov 

test, P < 0.01). 

In lamina II neurons, incubation with CAP (2 µM – 1 min, Fig. 1A) induced a strong 

increase in mEPSCs frequency from 0.36 ± 0.09 Hz to 12.89 ± 3.35 Hz (n = 7, 

Wilcoxon test, P < 0.05, Fig. 1D, white bars). A small increase in mEPSC amplitude 

was observed in only 3 out of 7 neurons (Kolmogorov–Smirnov test, P < 0.01), 

mainly due to a relative increase of large mEPSCs after capsaicin; however the 

overall change in the mean amplitude was not significant (con- trol: 39.29 ± 8.79 pA, 

CAP: 40.37 ± 6.45 pA, Wilcoxon test, P > 0.05, Fig. 1E, white bars). When the same 

experiment was performed in presence of OCT (Fig. 1B), CAP induced a smaller 

(albeit still significant) increase of frequency compared to control (from 1.01 ± 0.35 

Hz to 5.94 ± 2.08 Hz, n = 8, Wilcoxon test,  P < 0.05, Fig. 1D, black bars). Similarly 

to the observations made after CAP alone, mEPSC amplitude was increased in only 

4 out of 8 neurons (Kolmogorov–Smirnov test, P < 0.01), but not in the pooled data 

(control: 23.52 ± 1.91 pA, CAP + OCT: 26.93 ± 3.16 pA, n = 8, Wilcoxon test, P > 

0.05, Fig. 1E, black bars). To investigate any possible involvement of SSTR2, a third 

series of experiments was per- formed in presence of CYN 154806, a specific 

SSTR2 antagonist (1 µM; Cammalleri et al., 2004; Takeda et al., 2007), and OCT 

(Fig. 1C). In presence of CYN 154806+OCT (Fig. 1C), CAP induced an increase of 

mEPSC frequency (from 0.85 ± 0.19 Hz to 10.69 ± 3.03 Hz n = 10, Wilcoxon test, P 

< 0.05, Fig. 1D, grey bars) as well as in amplitude (from 24.06 ± 1.36 pA in control 

to 31.96 ± 2.74 pA, Wilcoxon test, P < 0.05, Fig. 1E, grey bars). 

To allow comparisons of the CAP effects under the above experimental conditions, 
we normalized electrophysiological data following the CAP pulse with their own 
controls (Fig. 2). As evidenced in Fig. 2A–C, normalized data turned out to give an 
accurate estimate of the CAP effect under different pharmacological conditions. 
The frequency increase induced by CAP alone (4032.86 ± 932.47%, n = 7, Fig. 2D, 
white bar) was significantly more intense than the effect of CAP in the presence of 
OCT (1087.75 ± 455.10%, n = 8, Kruskal–Wallis test with Dunn’s post hoc test, P 
< 0.05, Fig. 2D, black bar). Conversely, no differences were observed between 
frequency increase in CAP alone vs. CAP in presence of CYN 154806+OCT 
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(2296.40 ± 956.54%, n = 10, Kruskal–Wallis test with  Dunn’s post  hoc test, P > 0.05, 
Fig.  2D, grey bar). No differences were observed among normalized mEPSC 
amplitude values  (CAP: 109.57 ± 8.51%, Fig 2E, white bar, CA- P + OCT: 113.12 ± 
5.88%, Fig. 2E, black bar, CAP + OCT + CYN 154806: 132.30 ± 8.28%, Kruskal–
Wallis test with Dunn’s  post hoc test, P > 0.05, Fig. 2E, grey bar).  

In brief, these observations indicate that OCT administration pre-synaptically 
reduces the effect of CAP by about 70%, and that this reduction is largely mediated 
by SSTR2 activation. 

 
3.2. Distribution of SSTR2a immunoreactivity in DH 

 
Since our electrophysiological findings suggested that the effect of OCT on CAP-
induced activation of nociceptive PAFs was pre- synaptic, and previous studies 
have reported a prevalent localization of the receptor subtype SSTR2a in DRGs 
(Schulz et al., 1998b; Carlton et al., 2004), we used a primary antibody 
specifically raised against this receptor isoform for histological localization 
experiments. The distribution of SSTR2a was studied in P8-12 and P21-23 CD1 
mice at both light and electron microscope (see Section 3.2 and Fig. 4) levels. No 
differences were observed, thus showing that SSTR2a is not subjected to any 
obvious postnatal regulation in nociceptive circuits. 

 
3.2.1. Light microscopy 
SSTR2a immunoreactivity was exclusively found in the superficial laminae of DH. 
A very dense plexus of processes was distributed in laminae I and II, with no 
immunoreactive cell bodies. 
In order to better characterize the type(s) of neuronal processes displaying SSTR2a 
immunoreactivity, we carried out a series of double labelling immunofluorescence 
experiments at the confocal microscope, using different markers of non-peptidergic 
(IB4) and peptidergic (SP, CGRP, SST) nociceptive PAFs. These experiments 
revealed that SSTR2a was mainly expressed in a population of IB4 non-
peptidergic nociceptive PAFs (Fig. 3A). Examination of SSTR2a + SP (Fig. 3B) and 
SSTR2a + CGRP (Fig. 3C) immunostained preparations confirmed that there were no 
SSTRs2a in peptidergic nociceptive PAFs, being the two markers completely 
segregated in two different populations of processes. Finally, a subset of SSTRs2a 
were at times co-expressed with SST in some neuronal processes within lamina II 
(Fig. 3D). 
We then studied the relation between SSTR2a and TRPV1, the vanilloid receptor 
activated by CAP and expressed by a class of PAFs specifically involved in 
nociception. 
In a first series of double immunofluorescence experiments we confirmed that 
TRPV1 was expressed by both peptidergic and non-peptidergic PAFs of laminae 
I–IIo, these two types of processes respectively expressing SP (Fig. 3E) or IB4 (Fig. 

3F). 
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Fig. 1. Effects of OCT on mEPSC after CAP pulses (1 min, 2 µM). (A–C) Representative traces of 
mEPSC frequency increase in steady presence of TTX 1 µM (A), TTX 1 µM + OCT 1 µM (B), or 
TTX 1 µM + OCT 1 µM + SSTR2 antagonist CYN 154806 1 µM (C). Vh = - 65 mV. (D) Effect of 
CAP on mEPSC frequency in the presence of TTX (white bars; n = 7, Wilcoxon matched-pairs  test, 
*P < 0.05), TTX + OCT (black bars; n = 8, Wilcoxon matched-pairs test, *P < 0.05), or TTX + 

OCT + CYN 154806 (grey  bars, n = 10, Wilcoxon matched-pairs test, *P < 0.05).(E) Effect of CAP 
on mEPSC amplitude in the presence of TTX (white bars; n = 7, Wilcoxon matched-pairs test, P > 
0.05), TTX + OCT (black bars; n = 8,  Wilcoxon  matched-pairs  test,  P > 0.05),  or  TTX + OCT + 
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CYN  154806  (grey  bars,  n = 10,  Wilcoxon  matched-pairs  test,  *P < 0.05).  Abbreviations:  
CTR,  control;  CAP, capsaicin; OCT, octreotide; CYN, CYN 154806. 

 

Then, SSTR2a + TRPV1 immunostained preparations revealed a co- expression of 
the two receptors in fibres localized at the border between lamina IIo and lamina IIi 
(Fig. 3G). 

 

3.2.2. Electron microscopy 
The ultrastructural distribution of SSTR2a was examined using a pre-embedding 
fluoronanogold staining protocol. By this approach, SSTR2a immunoreactivity was 
found in both pre- and post-synaptic compartments of laminae I–II synapses, with 
immunolabelling in terminals (Fig. 4A and B) and dendrites (Fig. 4C). 
 

 

 
 
Fig. 2. OCT-mediated inhibition of CAP-induced mEPSC frequency increase. (A–C) Translation 

of mEPSCs frequency raw values (Hz, inset panels) in normalized values (% of control). Each 

line illustrates the CAP-induced frequency shift in single neurons under different experimental 

conditions (TTX in A, OCT in B and OCT + CYN 154806 in C). (D) mEPSC frequency increase 

in presence of CAP alone (white bar), CAP + OCT (black bars), and CAP + OCT + CYN 154806 

(grey bars; Kruskal–Wallis test with Dunn’s post hoc. *P < 0.05). (E) No differences were 

observed among mEPSC amplitudes (Kruskal–Wallis test with Dunn’s post hoc. P > 0.05). Data 

are expressed as a percentage of the predrug control ± SEM. Dashed lines represent the control 

level. Abbreviations: CTR, control; CAP, capsaicin; OCT, octreotide; CYN, CYN 154806. 
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SSTR2a-immunoreactive axon terminals appeared in the form of C boutons in type 
Ia synaptic glomeruli (GIa; Ribeiro-da-Silva, 2004; Fig. 4A), and in non-glomerular 
configuration (Fig. 4B). In all SSTR2a-labelled pro- files, gold-intensified particles 
were localized along the plasma membrane, at synaptic and non-synaptic sites. 
SSTR2a-immunopositive dendrites were typically contacted by unlabelled axonal 
terminals at conventional axo-dendritic synapses (Fig. 4C). 
Quantitative ultrastructural analysis on a total of 160 profiles showed that, in P8-
12 mice, the number of SSTR2a pre-synaptic profiles was 57.5% of total (of which 
35% in type Ia glomeruli and 22.5% in non-glomerular axon terminals), while 
post-synaptic labelling in dendrites was 42.5%. No significant differences were 
observed in P21-23 mice (53.7% in axon terminals of which 38.7% type Ia 
glomeruli and 15% non-glomerular axon terminals; 46.3% in dendrites). 
Finally, we performed a series of double immunolabelling experiments 
associating the fluoronanogold pre-embedding localization of SSTR2a with the 
post-embedding immunogold visualization of the IB4 binding sites. These 
experiments confirmed the light microscopy observations on the co-localization of 
SSTR2a and IB4, and, as an additional information, showed that co-expression 
only occurred in type Ia non-peptidergic glomeruli (Fig. 4D). In these 
preparations, both labels were localized over the plasma membrane, but were 
easily distinguishable. IB4 post-embedding immunolabelling was associated with 
the presence of gold particles of very regular round shapes and constant size (20 
nm, see insert of Fig. 4D), while SSTR2a pre-embedding immunostaining was in 

the form of very electrondense particles of relatively large sizes (25–30 nm) and 
irregular shapes (insert of Fig. 4D). 

 
3.3. OCT prevents the CAP-induced increase of Fos immunoreactivity in  the 
superficial DH 

 

The proto-oncogene c-fos is rapidly activated following membrane depolarization, 
and the protein Fos is largely used as a marker of neuronal activation (Morgan 
and Curran, 1991, 1995). Several observations in vivo have shown that Fos 
immunoreactivity is increased under different conditions of increased pain 
stimulation (see for example Coggeshall, 2005). We have previously demonstrated 
that Fos immunoreactivity is also increased in acute spinal cord slices when 
nociceptive PAFs are stimulated by CAP (Vergnano et al., 2008). Therefore, the 
effect of OCT on the CAP activation of nociceptive pathways at the DH level was 
further investigated by studying the c-fos response in vitro (Fig. 4). When slices 
were incubated with CAP, the number of Fos immunoreactive nuclei was 
increased in the superficial laminae of DH in comparison to controls (Fig. 4E and 
F). However, the Fos response was blocked when slices were incubated in the 
presence of CAP + OCT (Fig. 4G) and density of immunoreactive nuclei remained 
similar to that in controls (Fig. 4E). Statistic analysis confirmed the histological 
data: incubation with CAP (2 µM – 10 min) induced a significant increase of Fos 
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immunoreactivity in superficial DH (1382 ± 88 cells/mm2, n = 50, Fig. 4H, black 

bar) compared to controls (902 ± 56 cells/mm2, n = 38; one-way ANOVA, P < 0.001; 
Bonferroni post hoc test, P < 0.001, Fig. 4H, white bar). Notably, following pre- 
incubation with OCT (1 µM), the effect of CAP was largely prevented (914 ± 48 

cells/mm2, n = 49; Bonferroni post hoc, P < 0.001, Fig. 4H, grey bar). 
 

  
Fig. 3. Distribution of SSTR2a and co-localization with nociceptive PAF markers in spinal 

lamina II. A: SSTR2a (red) and IB4 (green) are extensively co-expressed (yellow) in nociceptive 

non-peptidergic primary afferent terminals of lamina IIi. (B) SSTR2a (red) and SP (green) are 

distributed in two different populations of PAFs, with SSTR2a principally distributed in lamina 

II i and SP in lamina I and lamina IIo. (C) SSTR2a (red) and CGRP (green) are localized in two 

different populations of PAFs. Labelling for CGRP is most pronounced in lamina I and IIo, 

whereas staining for SSTR2a is denser in lamina IIi. (D) staining for SSTR2a (red) and SST 

(green) only partly overlap (yellow) in lamina IIo. (E) SP (red) and TRPV1 (green) are co-

expressed in a population of PAFs distributed in lamina I. (F) IB4 (red) and TRPV1 (green) are 

co-expressed in a population of PAFs distributed at the border between lamina I and lamina IIo. 

Labelling for IB4 is most pronounced in lamina IIi, whereas staining for TRPV1 is denser in 

lamina I. (G) SSTR2a (red) and TRPV1 (green) immunoreactivities are localized in a 

population of fibres at the border between lamina IIo and lamina IIi. Scale bar: 200 µm. 
 
 

4. Discussion 
 
In the present study, we have shown that SSTRs2a are expressed by a population of 
TRPV1-positive non-peptidergic PAFs localized at the interface between lamina IIo 
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and IIi of the spinal cord DH, and that pre-synaptic activation of these receptors 

produced a sig- nificant reduction of the CAP-induced release of glutamate from 
nociceptive PAFs. 

 
4.1. Distribution of SSTR2a 

 
The distribution of SSTR2a in rat DRGs and DH has been re- ported in several 
studies (Schulz et al., 1998a,b; Segond von Banchet et al., 1999; Bar et al., 2004; 
Carlton et al., 2004). Although the localization of SSTR2a in small to medium sized 
DRG neurons has been confirmed by different authors  (Schulz  et  al.,  1998b; Bar et 
al., 2004; Carlton et al., 2004), receptor localization in DH has been mainly 
described within neuronal processes and somata in lamina II. In addition, 
ultrastructural and dorsal rhizotomy studies have failed to demonstrate receptor 
expression in PAF central projections (Schulz et al., 1998a,b; Zhao et al., 2008). 
This is the first report describing the expression of SSTR2a in mouse spinal cord. In 
this species, we observed, at the light micro- scope, the co-localization of SSTR2a 
and IB4 in fibres of spinal cord lamina II. Since IB4 is a marker of non-peptidergic 
nociceptive PAFs (Guo et al., 1999), the present study demonstrates that a specific 
sub-population of PAF central projections specifically express the SSTR2a. This 
observation was confirmed by: (i) the lack of co-localization between SSTR2a and 
SP/CGRP and (ii) the ultrastructural observation that about 60% of SSTR2a-
immunoreactive profiles in lamina II were axon terminals, two thirds of them 
being the C boutons of type Ia non-peptidergic glomeruli (Ribeiro-da-Silva, 2004). 

 
4.2. SSTR2a and TRPV1 receptors in spinal DH 

 
At periphery, SSTRs2a are expressed on nociceptor terminals, and exert a tonic 
inhibitory control on the activation of the CAP receptor TRPV1 (Carlton et al., 
2004). This effect likely involves a direct receptor interaction within the same nerve  
endings. We have here observed the co-expression of TRPV1 and SSTR2a in a 
subset of IB4-positive PAF central terminals, in keeping with the notion that even 
though TRPV1 is known to be mainly expressed in peptidergic PAFs (Cavanaugh 
et al., 2009), the receptor is also present and functional in a sub-population of 
IB4-positive fibres (Guo et al., 1999; Woodbury et al., 2004; Breese et al., 2005; 
Vil-ceanu et al., 2010). 

 
4.3. Physiological relevance of SSTR2a and TRPV1 co-expression in lamina II  

 
In spite of the robust expression of SSTRs at pre-synaptic sites in lamina II, previous 
studies have mainly reported the occurrence of post-synaptic inhibitory effects of 
SST in rat DH, but failed to detect significant SST-mediated pre-synaptic effects 
(Kim et al., 2002; Jiang et al., 2003). 
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Fig. 4. Ultrastructural localization of SSTR2a in spinal lamina II and OCT inhibition of the 

CAP-induced Fos response in superficial DH. (A) A SSTR2a-immunoreactive type Ia glomerular 

terminal (GIa) is surrounded by several unlabelled dendrites (d). SSTR2a-labelling is 

characterized by irregular gold particles of large sizes, as a result of the gold- intensification 

procedure, and is prevalently distributed along the plasma membrane. (B) A SSTR2a-

immunoreactive non-glomerular axon terminal (At) contacts an unlabelled dendrite (d). Gold 

particles are distributed over the plasma membrane, at both synaptic and non-synaptic sites. (C) 

A SSTR2a-labelled dendrite is post-synaptic to an unlabelled type II glomerular terminal (GII). 

SSTR2a gold-intensified particles are distributed along the plasma membrane. (D) A 

SSTR2a+IB4-immunoreactive type Ia glomerular terminal (GIa) is surrounded by several 

unlabelled dendrites (d). Both the labels are localized over the plasma membrane, but IB4 

post-embedding immunolabelling is associated with the presence of gold particles of very 

regular round shapes and constant size (20 nm, arrows in the insert), while SSTR2a pre-

embedding immunostaining appears in the form of electrondense particles of relatively large 

sizes (25–30 nm) and irregular shapes (arrowhead in the insert). (E–G) Fos immunoreactivity in 

superficial DH under CTR condition (E), after CAP administration (F), and after CAP 

administration in presence of OCT 1 µM (G). (H) Mean density of Fos immunoreactive nuclei 

observed in superficial DH under CTR condition (white bar) compared to CAP (black bar) and 
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CAP + OCT (grey bar) experiments (one-way ANOVA, Bonferroni post hoc, P < 0.001). A 

significant increase in cell density was observed after CAP, but not after CAP + OCT. *** P < 

0.001. Abbreviations: CTR, control; CAP, capsaicin; OCT, octreotide; LI, lamina I; LII, lamina 

II; dashed lines indicate lamina I and II profiles. Scale bars: A–D = 500 nm; insert: 20 nm; E–G 

= 100 µm. 
 
In the present study, we have used OCT, a more stable synthetic analogue of SST 
that is not degraded by cell peptidases so rapidly like SST and thus is more suitable 
for slice studies. In keeping with previous studies (Kim et al., 2002; Jiang et al., 
2003), we have been unable to detect any relevant direct effect of OCT on either 
mIPSCs or mEPSCs in lamina II neurons (data not shown). However, the findings 
reported in this work demonstrate that pre-synaptic SSTRs2 have a role in the 
control of lamina II excitatory transmission that follows the activation of nociceptive 
PAFs by CAP. Our patch clamp experiments, in fact, were performed under 
conditions to pharmacologically isolate the pre-synaptic effects of OCT by the 
addition of a specific inhibitor to block the intracellular pathway related to G protein 
activation of SSTRs in recorded neurons. Although OCT is a high affinity agonist 
for SSTR2, SSTR3 and SSTR5 (Hannon et al., 2002), the main involve- ment of 
SSTR2 was confirmed in our experiments by using CYN 154806, a selective 
antagonist of this receptor subtype in mouse (Terashima et al., 2009; Cammalleri et 
al., 2004) and other species (see Section 2.1). CYN 154806 significantly blocked the 
inhibition exerted by OCT on the CAP-mediated increase of mEPSC frequency. Under 
these conditions, we also detected a slight mEPSC amplitude increase following CAP 
that was not observed in presence of CAP alone. This observation likely reflects the 
existence of a tonic SSTR2-mediated inhibitory activity on the pre-synaptic release 
of glutamate, which is removed when the receptor is  blocked.  In other words, under 
conditions of action potential block (such as it occurs in the presence of TTX) the 
more obvious explanation for the observed increase in mEPSC amplitude that 
follows a challenge with CAP + CYN 154806 (but not with CAP alone) is that 
SSTR2 is normally in a steady (tonic) state of activation in DH, and thus 
constantly reduces the glutamate release evoked by TRPV1. In keeping with these 
findings, previous studies suggested the existence of release-inhibiting SSTRs2 on 

central glutamatergic synapses that similarly affect K+-evoked glutamate release 
(Grilli  et al., 2004). 
Although being specific for SSTR2, it seems unlikely that CYN 154806 is able to 
discriminate between SSTR2a and b, given that the latter is a truncated form of 
the receptor lacking about 300 nucleotides between transmembrane segment 
(TMS) VII and the C-terminus, and that peptide agonists (such as CYN 154806) 
tend to bind to epitopes evenly distributed along the exofacial regions, i.e., both the 
amino-terminal neck (ATN) and extracellular loops I–III (see Møller et al. (2003) 
for further discussion). Nonetheless, being SSTR2a the most prominent receptor 
subtype in rat nociceptive pathways, and given the specificity for SSTR2a of the 
primary antibody employed in this study (see Section 2.2), one can safely conclude 
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that effects mediated by OCT in electrophysiological experiments are indeed due to 
SSTR2a specific activation. 
It is a common notion that the intense excitatory effects of CAP in DH are 
substantially consequence of strong glutamate release from TRPV1-expressing 
PAFs (Urban and Dray, 1992; Yang et al., 1998). Under inflammatory conditions in 
vivo (Zhang et al., 1998) this is followed by c-fos activation of DH neurons. In a 
different experimental paradigm in vitro, i.e. the acute spinal cord  slice, we have 
previously demonstrated that CAP stimulation of nociceptive PAFs up-regulates Fos 
expression in DH (Vergnano et al., 2008). Such a type of response indicates that at 
the CAP concentration used in our studies, challenge of acute spinal cord slices 
mimics an inflammatory condition in vitro. 
In the present work, OCT produced a significant reduction of CAP-induced Fos 
expression in superficial laminae of DH. Whereas the OCT-mediated reduction of 
CAP-induced mEPSC frequency in- crease was about 70%, OCT almost completely 
blocked the CAP response as measured in terms of Fos immunoreactivity. This 
apparent discrepancy is likely due to the contribution of both pre- and post-synaptic 
SSTR2a in c-fos experiments. Nonetheless, these observations indicate that 
activation of SSTR2a in non-peptidergic nociceptive PAFs may also be of relevance 
for modulation of the inflammatory response in vivo, given that SST is 
physiologically present in DH. 
We have chosen to evaluate the SSTR2a central response to OCT in a slice 
inflammatory pain model since numerous preclinical and clinical studies have 
implicated SSTR2 in the response to peripheral inflammation (see for example Ji et 
al., 2006; Paran et al., 2001, 2005), and SST is widely recognized as an endogenous 
anti-inflammatory peptide (see Malcangio, 2003). Nonetheless, SST has been also 
linked to the onset of neuropathic pain (Dong et al., 2006; Adler et al., 2009), 
mainly in response to glial cell-line derived neurotrophic factor (GDNF) 
stimulation. It would be of interest in future experiments to assess the involvement 
of SSTR2a in neuropathic pain. However, given the availability of a limited number 
of selective compounds that may be suitable for central studies this might prove a 
very hard task. 

 
4.4. SST in DH 

 
While previous studies indicated that SST and SST agonists have little effects on 
resting synaptic transmission and transmitter release in vitro (Kim et al., 2002; 
Jiang et al., 2003), our present observations suggest that OCT inhibits glutamate 
neurotransmission following an intense stimulation of nociceptive pathways. 
These data are consistent with the observation that SST is antinociceptive in 
pathological pain (Malcangio, 2003; Pintér et al., 2006). The comprehension of 
the role of SST in pain processing mechanisms is complicated by the existence of 
several SST sources in spinal cord, i.e. the PAFs, the DH interneurons and the 
descending projections (see Malcangio (2003) for review). Our data demonstrate 



 

 17 

the existence of a specific SSTR2a-mediated pre-synaptic mechanism involved in 
the control of the TRPV1 central effects at the level of non-peptidergic PAFs. In 
chronic or pathological pain, the central re- lease of SST can be increased, as inferred 
from the rise of SST in cerebro-spinal fluid (Unger et al., 1988). Under these 
conditions, and in line with our present findings, SST may reach a local 
concentration in DH sufficiently high to activate the SSTR2a expressed by the non- 
peptidergic central terminals of PAFs, eventually limiting the excitatory or 
neurotoxic effects of the massive release of glutamate that occurs as a consequence 
of an intense nociceptive stimulation. 

 
4.5. Conclusions 

 
SST has been proved to modulate the activity of sensory neurons (Malcangio, 
2003) and its synthetic analogue OCT has recently gained increasing attention in 
the clinical treatment of chronic and cancer pain (Schwetz et al., 2004; Newsome 
et al., 2008; Gachago and Draganov, 2008), but the mechanisms underlying its 
effects are still largely obscure. In animal models, OCT anti-hyperalgesic effects 
were mainly observed following intrathecal administration (Su et al., 2001), 
suggesting the involvement of spinal rather than peripheral mechanisms. From 
the present study, it derives that OCT effects are for the most due to interplay with 
TRPV1s at lamina II synapses. We have recently demonstrated that, upon 
activation of central TRPV1s in peptidergic nociceptive PAFs, a relevant parallel 
pathway independent from glutamate transmits nociceptive information to 
lamina II neurons (Ferrini et al., 2007). We demonstrate here that activation of 
non-peptidergic nociceptive PAFs expressing TRPV1s is an additional pathway 
to modulate glutamate release in inflammatory conditions. Therefore, our study 
fur- ther supports the efficacy of OCT in reducing pain transmission at the spinal 
DH level. 
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