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resultados discutidos durante esta dissertação. Declaro ainda que participei activamente na 

redacção de todas as publicações que fazem parte integrante desta dissertação: 

 

 I Santos SFA, Melnick IV & Safronov BV. (2004) Selective postsynaptic inhibition of 

tonic-firing neurons in substantia gelatinosa by μ-opioid agonist. Anesthesiology 101: 1177-
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dominate sensory processing in the spinal substantia gelatinosa of rat. J Physiol 581: 241-

254. 

 

III Santos SFA, Luz LL, Szucs P, Lima D, Derkach VA & Safronov BV. (2009) 

Transmission efficacy and plasticity in glutamatergic synapses formed by excitatory 

interneurons of the substantia gelatinosa in the rat spinal cord. PlosOne 4: e8047, p1-18. 
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Com excepção do resumo e conclusões, a restante parte desta Dissertação será escrita 
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ABBREVIATIONS 

 

AFN adapting firing neuron 

AIS axon initial segment 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

BAPTA 1,2-Bis (2-Aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid 

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione 

DAMGO [D-Ala2, N- Me- Phe4, Gly5–ol]– enkephalin 

DFN delayed firing neuron 

DOR δ-opioid receptor 

EPSC excitatory postsynaptic current 

EPSP excitatory postsynaptic potential 

GABA γ-aminobutiric acid 

GIRK G-protein dependent inward rectifying potassium (channel) 

IPSC inhibitory postsynaptic current 

IPSP inhibitory postsynaptic potential 

KOR κ-opioid receptor 

KA A-type potassium (channels) 

KCA Ca2+ -dependent potassium (channels) 

KDR delayed-rectifier potassium (channels) 

LTD long term depression 

LTP long term potentiation 

MOR μ-opioid receptor 

NMDA N-methyl-D-aspartate 

RIN input resistance 

r.m.s. root mean square 

SDH superficial dorsal horn 

SG substantia gelatinosa 

TFN tonic firing neuron 

TEA tetraethilammonium 

TTX tetrodotoxin 

VR membrane potential 
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1. Modulation of Nociceptive Transmission - General Aspects 

 

The pain processing starts at nociceptors, receptors for noxious stimuli located in the peripheral 

terminals of afferents in skin, muscles, tendons, joints and viscera. These receptors allow detection of 

both somatic and visceral pain. Unlike the innocuous receptors, nociceptors often respond to multiple 

stimulus modalities and are therefore considered as polymodal. They can be activated by painful 

stimulus including noxious heat or cold, intense pressure or irritants (reviewed by Hill, 2001 and Julius 

& Basbaum, 2001).  

Primary afferents which conduct nociceptive information from the periphery to the dorsal horn 

of the spinal cord are thinly myelinated Aδ- and unmyelinated C-fibres (reviewed by Warren et al., 

2000 and Schaible, 2006; Gardner et al., 2000; Bielefeldt & Gebhart, 2006). Their different axon 

conduction velocities (reviewed by Todd & Koerber, 2006) is on the basis of the division of pain into 

two sensations: the first sharp pain is mediated by the activation of the faster conducting Aδ-fibres, 

whereas the second dull pain is transmitted by the slowly conducting C-fibres. The latter are thought to 

mediate the burning pain sensation, whereas the former evoke pricking pain, sharpness and also aching 

pain (reviewed by Julius & Basbaum, 2001).  

Noxious stimuli open membrane cation channels, permeable to sodium and/or calcium, and 

lead to a depolarization of the primary afferent terminal. If the stimulus is strong enough, the 

depolarizing currents are transduced into electrical activity. The resulting action potentials are 

propagated via the axon to the central nervous system and, after activation of voltage-gated calcium 

channels, fast excitatory, glutamatergic synaptic transmission is initiated (reviewed by Woolf & Salter, 

2000; Yoshimura & Jessel, 1990).  

The onset, duration, and intensity of a painful stimulus are coded by the generated action 

potentials. Tetrodotoxin (TTX)-sensitive and -resistant types of voltage-gated Na
+
-channel are 

involved in spike initiation and propagation in the peripheral axon (Khasar et al., 1998; Pinto et al., 

2008). TTX-sensitive type of sodium channel dominates conduction in both types of thin primary 

afferent fibres. The TTX-sensitive channel determines the physiological conduction velocity and 

synaptic transmission in C-fibres, being the only type of sodium channel underlying conduction in Aδ-

fibres (Pinto et al., 2008). TTX-resistant sodium channels are molecules for nociception in the cold 

and for cold pain, designated for the peripheral sensory nerve endings (Zimmermann et al., 2007; 

Pinto et al., 2008). 
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The sensory barrage produced by the activation of primary afferents is transmitted to neurons 

in the superficial dorsal horn (SDH) of the spinal cord or the corresponding region of the trigeminal 

brain stem complex (reviewed by Woolf & Salter, 2000), which project through a thalamic relay to the 

cortex as the nociceptive transmission system, eliciting pain (reviewed by Hunt & Mantyh, 2001).  

A mechanism of spinal pain processing was proposed by Melzack and Wall (1965) as the ‘gate 

control theory’. They suggested that there is a gating mechanism in the spinal dorsal horn through 

which pain information has to pass on its way to the brain. Whether the gate is opened or closed 

depends on which fibres are activated, e.g. large diameter fibres activate inhibitory interneurons that 

prevent noxious information from being further transduced to the thalamus (closing the gate).  

Besides being involved in pain conduction (Rethelyi, 1977; Light & Perl, 1979; Sugiura et al., 

1986; Cervero, 1987), SDH also plays a key role in the system of pain control. In fact, a population of 

spinal dorsal horn neurons includes both enkephalin-ergic cells and those specifically expressing 

opioid receptors, indicating its involvement in endogenous mechanisms of anti-nociception 

(Merchenthaler et al., 1986; Ribeiro-da-Silva et al., 1991; Arvidson et al., 1995a,b,c). These cells also 

play an important role in analgesic effects induced by opioids during systemic administration or local 

injection (Light & WillcocKson, 1999). However, little is known about the types of spinal neurons 

serving as specific postsynaptic targets for opioid action.  

Spinal cord neurons can be distinguished on the basis of their membrane properties and 

intrinsic firing (Thomson et al., 1989; Yoshimura & Jessel, 1989; Lopez-Garcia & King, 1994; Grudt 

& Perl, 2002). In turn, the firing pattern of a neuron can determine the efficiency of its output. 

Therefore, it is necessary to study the neuron firing patterns in relation to its synaptic connectivity. 

Although a number of studies were done on synapses formed by the primary afferents, little is known 

about synapses between two intrinsic dorsal horn neurons. Until recently, this knowledge was mostly 

based on recordings of spontaneous activity of unidentified origin. Such an approach did not allow to 

describe basic properties or activity dependent modulation of synapses connecting two local neurons. 

A direct way to study such synapses, simultaneous patch-clamp recording from a couple of 

monosynaptically connected neurons, could be hardly applied due to a very low probability of finding 

connected cells in the spinal cord (Lu & Perl,  2003; 2005). 

Still many questions remain unanswered in what concerns to the evaluation of sensory 

processing in the spinal cord. For this reason, this work has the purpose to clarify different aspects of 

the spinal nociceptive processing and mechanisms of opioidergic analgesia. Therefore, we analysed 

the firing properties, synaptic connections and activity-dependent modulation of synaptic strength 

(plasticity) of spinal neurons involved in sensory processing. 
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1.1. Sensory Processing in the SDH  

 

SDH is the first relay station in processing the sensory information on its way from periphery 

to the brain. It is formed by laminae I-II which differ from each other on the basis of neuronal 

morphology as well as types of terminating primary afferents (Brown, 1981). Lamina II, or substantia 

gelatinosa (SG), is mostly formed by local excitatory and inhibitory interneurons, some of which relay 

the primary afferent inputs to projection neurons in lamina I (reviewed by Basbaum & Jessel, 2000; Lu 

& Perl, 2003, 2005; Kato et al., 2007). It is believed that diverse sensory modalities are also encoded 

by the intrinsic firing properties and synaptic connectivity of SDH neurons (reviewed by Willis & 

Coggeshall, 1991; Brown, 1981; Cervero, 1987).  

 

1.1.1. Types of intrinsic firing properties 

 

Besides morphology (Beal & Cooper, 1978; Gobel et al., 1980; Grudt & Perl, 2002), the 

neurons from SG are also distinguished on the basis of intrinsic firing properties (Thomson et al., 

1989; Lopez-Garcia & King, 1994; Grudt & Perl, 2002) which can be studied by both sharp electrode 

(Yoshimura & Jessell, 1989; Thomson et al., 1989; Lopez-Garcia & King, 1994) and tight-seal 

recordings (Grudt & Perl, 2002; Ruscheweyh & Sandkuhler, 2002; Graham et al., 2004). Intracellular 

stimulation of lamina I-II neurons revealed three distinct groups with different intrinsic firing 

properties (Figure 1). 

 

 

 

 

 

 

 

 

 

Figure 1. Characterization of three types of dorsal horn neurons according to their intrinsic firing 

properties. Sustained hyper- or depolarizing current pulses were applied to test membrane responses and firing 

patterns. The small arrow heads indicate -75 mV membrane potential on all records (From Safronov, 1999). 
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The neurons from the first group responded with a tonic firing to injection of sustained 

depolarizing currents (tonic-firing neurons, TFNs). Neurons from the second group fired trains of 

action potentials only at the beginning of a depolarization (adapting-firing neurons, AFNs), whereas 

the third group of neurons generated only one or two spikes during sustained depolarization (single-

spike neurons). The functional relevance of this classification was further supported by observation 

that the intrinsic firing patterns correlated with those appearing after stimulation of afferent inputs 

(Thomson et al., 1989; Lopez-Garcia & King, 1994). The neurons responding to a low threshold (non-

noxious) and a high threshold (noxious) cutaneous stimulation by generation of action potentials, a 

number of which increased with the strength of the stimulation, wide-dynamic-range neurons, 

belonged predominantly to TFN group. The neurons firing equal number of spikes in response to both 

non-noxious and noxious stimuli, low-threshold neurons, were either TFNs or AFNs. The neurons 

excited by noxious stimulation only, nociceptive-specific neurons, were mostly AFNs. By contrast, in 

most of the single-spike neurons the cutaneous stimulation evoked inhibitory postsynaptic potentials 

and a reduction of spontaneous firing. Therefore, the type-specific intrinsic firing of SG neurons forms 

the basis of the diverse modalities of sensory, including noxious, input.      

The intrinsic firing properties of the neuron, in turn, are determined by the specific properties 

and distributions of voltage-gated ion channels as well as by the electrotonic architecture of the cell. 

The development of several techniques (Hamill et al., 1981; Edwards et al., 1989; Safronov et al., 

1997) has made it possible to study the ion channels and their distribution in intact dorsal horn 

neurons. The distributions of voltage-gated Na+ and K+ channels between the soma, axon and 

dendrites in SDH neurons were studied in spinal cord slices by the 'entire soma isolation' method 

(Safronov et al., 1997), showing that 96 % of Na+ channels are located in the axon initial segment 

(AIS) (Safronov et al., 1999), while the soma and dendrites are mostly equipped with K+ channels 

(Wolff et al., 1998). This uneven distribution of both Na+ and K+ channels plays a major role in 

determination of excitability in dorsal horn neurons (reviewed by Safronov, 1999). 

 

1.1.2. Neuronal connectivity and synaptic plasticity 

 

Sensory processing is also determined by the pattern of synaptic connectivity between SDH 

neurons. Activity of a neuron and the strength of its synapses are related. Activity-dependent 

modification of synaptic strength, or synaptic plasticity, (Malenka & Nicoll, 1999; Malenka & Bear, 

2004; Turrigiano & Nelson, 2004; Lisman & Spruston, 2005) plays a key role in nociceptive 

processing and chronic pain development (Woolf & Salter, 2000; Ji et al., 2003; Salter, 2005). 
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Long term potentiation, LTP, causes excitatory synapses to be strengthened for prolonged 

periods and regulates their postsynaptic glutamate receptors. LTP can elicit postsynaptic responses 

mediated through AMPA/Kainate (Yoshimura & Jessel, 1990; Kocsis et al., 2003) or NMDA 

receptors (Kauer et al., 1988; Liao et al., 1995). Ca2+ entry through the NMDA receptors and Ca2+-

permeable type of AMPA receptors (Wollmuth & Sakmann, 1998) leads to an increase in intracellular 

Ca2+ and subsequent activation of intracellular kinases, which feed back on cellular excitability. For 

instance, activation of protein kinase C leads to a phosphorylation of the NMDA receptor and its 

enhanced activation (MacDonald et al., 2001). The Ca2+-calmodulin dependent protein kinase II is 

expressed in the SDH (Fang et al., 2002; Larsson & Broman, 2005) and is also involved in plasticity 

induction upon Ca2+ entry in glutamatergic synapses (Pedersen et al., 2005; Derkach et al., 2007). 

These kinases may act postsynaptically to insert new AMPA receptors. 

Long term depression, LTD, can counterbalance LTP (Stanton, 1996). LTD appears to result 

from activation of Ca2+-dependent phosphatases which cause internalization of postsynaptic AMPA 

receptors in hippocampus (Mulkey et al., 1993). However, in the cerebellum, LTD requires the 

activity of a protein kinase, rather than a phosphatase, and involves internalization of postsynaptic 

AMPA receptors but also involves metabotropic glutamate receptors (reviewed by Ito, 2002; Sakurai, 

1987). 

 

2. Mechanisms of opioidergic analgesia 

2.1. Opioid receptors 

Opioids inhibit the spinal pain processing by two mechanisms, a direct pre- and postsynaptic 

inhibition in the SDH and a centrally-mediated activation of the descending pain inhibitory system 

(reviewed by Millan, 2002).  

Spinal SG is characterized by high densities of enkephalin-containing neurons, axon terminals 

and opiate binding sites (Merchenthaler et al., 1986; Ribeiro-da-Silva et al., 1991; Arvidson et al., 

1995a,b,c), and therefore, contributes to the analgesic actions of the opioidergic system (Proudfit, 

1980; Jensen & Yaksh, 1986). Usually, three types of opioid receptors are considered: μ-opiod 

receptor (MOR), κ-opiod receptor (KOR), and δ-opiod receptor (DOR) (reviewed by Martin, 1983 and 

Massote & Kieffer, 1998). In addition, a fourth opioid receptor type, named ORL-1 ('opioid receptor-

like 1') is also considered by some authors (reviewed by Calo et al., 2000 and Stucky et al., 2001; 

Meunier et al., 1995). Although opioid receptors are located both pre- and postsynaptically (reviewed 

by Simon, 1991), DORs are predominantly presynaptic (Arvidson et al., 1995a), while KORs 
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(Arvidson et al., 1995b) and mostly MORs (Arvidson et al., 1995c) are predominantly postsynaptic. 

The postsynaptic MORs are specifically targeted to excitatory SG interneurons (Kemp et al., 1996), 

but no any correlation between neuronal sensitivity to MOR agonists and cellular morphology or 

neuronal intrinsic firing properties has ever been established. Indeed, all SG morphologic groups 

(Todd, 1988; Eckert et al., 2003) are sensitive to MOR agonists (Light & Willcockson, 1999; Eckert et 

al., 2003) and little is known about the types of neurons serving as specific postsynaptic targets for 

opioid action within the SG. 

 

2.2. Cellular efects of opioid receptor activation 

 

Most opioid receptors belong to the group of G protein coupled receptors (reviewed by 

Childers, 1991 and Satoh & Minami, 1995; Mann, 2003). The opioids act through the following three 

mechanisms:  

1) activation of K+ channels (G-protein dependent inward rectifying K+ channel, GIRK) 

(reviewed by Ikeda et al., 2002; Yoshimura & North, 1983);  

2) inactivation of voltage dependent Ca2+ channels (Ikeda, 1996) and 

3) inhibition of adenylate cyclase (reviewed by Childers, 1991, Hawes et al., 2000 and Moran 

et al., 2000; Chieng & Williams, 1998).  

As a result, opioids inhibit neurotransmission both pre- and postsynaptically (Schneider et al., 

1998; Eckert et al., 2003). Presynaptic inhibition depends mostly on the direct inhibitory effect on 

transmitter exocytosis from membrane associated storage vesicles, but also on the inactivation of 

voltage dependent Ca2+ channels (Ikeda, 1996). Postsynaptic inhibition depends on GIRK channels 

activation which induces membrane hyperpolarization associated with an increase in K+ conductance 

(reviewed by North, 1989 and Ikeda et al., 2002).  

Additional opioids actions are activation of protein kinase C (Chen & Huang, 1991; Shukla et 

al., 2006), release of Ca2+ from intracellular stores (Quillan et al., 2002), activation of MAP-kinases 

(Li & Chang, 1996; Schulz et al., 2004) and receptor traficking (Tölle et al., 1996). 
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3. Work objectives and technical considerations 

 

The experimental research work making up this doctoral thesis was designed in order to 

provide new knowledge for understanding cellular and molecular events underlying SG sensory 

integration. We characterized SG neurons with different firing patterns as excitatory or inhibitory and 

subsequently performed a study on functional, pharmacological and structural organization of 

synapses formed by the excitatory interneurons. We were also interested in studying the neuron types 

serving as specific postsynaptic targets to the action of a MOR agonist, as well as the contribution of 

ionic conductances to the cell-specific of SG neurons firing patterns. 

The experiments were performed in the rat, an animal extensively used in electrophysiological 

studies. 

The present dissertation includes five publications arranged according to the results sequence 

logic and the questions raised by them. 

 

In the first publication we were interested in:  

 

1) the classification of the different intrinsic firing patterns of SG neurons. Since the first 

classification of the neurons was done with the classical sharp electrode introducing a low input 

resistance of 50-70 MΩ (Thomson et al., 1989; Yoshimura & Jessell, 1989; Lopez-Garcia & King, 

1994), it was necessary to first check whether the same firing patterns would be present in recordings 

with a patch-clamp electrode, where the input resistance of the neuron is about ten times higher (0.5-

2.0 GΩ). On the other hand, the lack of uniform criteria used in the classification of the different types 

of neuronal firing patterns reported in several patch-clamp studies (Grudt & Perl, 2002; Ruscheweyh 

& Sandkühler, 2002; Graham et al., 2004) led us to create specific classification criteria, in order to 

reduce the number of putative factors responsible for the determination of the firing patterns and allow 

a standard functionally relevant classification; 

 

2) the spinal mechanisms of opioidergic analgesia, by comparing the action of a MOR agonist 

on SG neurons with different intrinsic firing properties. Until now, the responsiveness of the neuron to 

opioids had never been correlated with its firing type, and the opioid-induced modifications of 

neuronal firing patterns were not reported. 
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In the second publication we intended to characterize SG neurons with different firing patterns 

as excitatory or inhibitory interneurons, by performing paired whole-cell patch-clamp recordings. 

However, since simultaneous patch-clamp recording from a couple of monosynaptically connected 

neurons could be hardly applied to the SG, due to a very low probability of finding connected cells (Lu 

& Perl, 2003; 2005), we first had to develop a new technique allowing efficient identification of 

monosynaptically coupled neurons. In this newly created technique, a tight-seal whole-cell contact 

was established with a postsynaptic neuron located in laminae I-III (regions where axons of SG 

interneurons terminate), and a second pipette was used for highly specific cell-attached (loose-seal) 

stimulation of SG neurons, until a connected presynaptic neuron was found.  

Although this new technique of identification of monosynaptically coupled neurons allowed us 

to do the first step in characterization of interneuron synapses, a number of principal questions about 

the synaptic function still remained to be answered, namely: 

 

 1) how effective is synaptic transmission between two spinal neurons? 

 2) which temporal pattern of firing in a presynaptic neuron is needed to evoke an action 

potential generation in a postsynaptic neuron? 

3) how intrinsic firing pattern of a presynaptic neuron is converted by synapse into 

postsynaptic potentials? 

4) do the synapses between two intrinsic spinal neurons exhibit any form of synaptic plasticity? 

5) which subunit composition of postsynaptic receptors is critical for synaptic function and 

plasticity? 

6) how do the kinetics of excitatory postsynaptic currents (EPSCs) change with the synapse 

location, along the dendritic tree of the postsynaptic neuron? 

5) does an SG excitatory interneuron form multiple synapses on a postsynaptic neuron?  

6) what is the release probability in an individual synapse?  

7) how do the experimental conditions, lowering input resistance (RIN) in the postsynaptic 

neuron, affect both the resolution and the efficacy of distal synaptic inputs? 

 

To answer those questions, in the third publication, we combined paired recording, computer 

simulation and biocytin-labelling to study functional organization and activity-dependent modification 

of glutamatergic synapses of SG interneurons.  

 For the recordings involving induction of plasticity, special precautions were taken in order to 

preserve cytoplasmic composition in connected cells. The efficacy of synaptic transmission depends 
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on passive membrane properties of a postsynaptic neuron (RIN and membrane time constant) which 

vary with the composition of intracellular recording solution: RIN values in SG neurons are lower 

when measured in whole-cell with Ca2+ chelator-free solutions (Hantman et al., 2004) than the RIN 

values measured in the whole-cell mode with pipette solutions containing strong Ca2+ chelators or in 

the perforated-patch mode, preventing the dialysis of cytoplasmic factors and Ca2+ (Horn & Marty, 

1988; Rae et al., 1991). However, since the presence of a strong Ca2+ chelator in the presynaptic 

neuron may affect synaptic release (Ohana & Sakmann, 1998), we did recording from the postsynaptic 

neuron in the perforated-patch mode, while the intact presynaptic SG excitatory interneuron was 

stimulated through a cell-attached pipette, also used for the labelling with biocytin (Szucs et al., 2009). 

 

In the fourth and fifth publications we combined electrophysiological, anatomical and 

computational methods, in order to determine the basic conductances (Na+, KDR and KA) and structural 

elements responsible for appearance of, respectively, cell-specific tonic- and adapting-firing patterns 

in SG neurons.  

All conclusions about the roles of ion channels in determining the firing patterns of the neurons 

were tested. Computer simulations were done using NEURON software and a SG neuron model 

specially created. The passive membrane properties and the ion channel expression were modelled on 

the basis of our recordings, in order to reconstruct the basic firing patterns observed in the 

experiments. The analysis of the current magnitudes provided an evidence for the involvement of a 

certain current type in determination of firing pattern.   
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Understanding of pain and chronic pain conditions critically relies on evaluation of sensory 

processing in the spinal cord, where the nociceptive information is integrated and transmitted to the 

brain. The SG is involved in pain conduction (Rethelyi, 1977; Light & Perl, 1979; Sugiura et al., 1986; 

Cervero, 1987) and in the system of pain control (Merchenthaler et al., 1986; Ribeiro-da-Silva et al., 

1991; Arvidson et al., 1995a,b).  

By the time we started this experimental work, little was known about SG sensory processing. 

The physiological characteristics of SG neurons involved in pain conduction or in pain control, and 

their functional synaptic organization had not yet been studied.  

 

In the first publication, we studied the neuron types involved in the endogenous 

enkephalinergic antinociception. Since previously it was shown that there is no correlation between 

neuron morphology and sensitivity to MORs agonists (Light & Wilcockson, 1999; Eckert et al., 2003) 

and the actions of opioids on neurons with different firing patterns had not been compared so far, we 

tested sensitivity to DAMGO of neurons with different firing patterns. It became necessary to create 

uniform classification criteria in order to distinguish neuronal groups on the basis of their firing. This 

study showed that only one of the three types of SG neurons was sensitive to the MOR agonist. TFNs 

were selectively inhibited by the drug and, as a functional consequence, their firing pattern was 

modified. Since the majority of SG neurons expressing MORs do not contain GABA or glycine and 

therefore are excitatory interneurons (Kemp et al., 1996) we suggested in this study a possible 

excitatory nature for TFNs. 

 

For technical reasons, a systematic physiological study of synaptically connected SG 

interneurons had never been done, and therefore, it was for a long time believed that the SG is mostly 

formed by GABAergic inhibitory interneurons participating in both pre- and postsynaptic inhibition. 

In addition, there was a generalized idea that the SG could be considered in terms of the 'gate control 

theory' (Melzack & Wall, 1965) emphasising the role of inhibitory circuits, and perhaps for this 

reason, organization of excitatory circuits was less studied (Graham et al., 2007). Therefore, we 

developed a novel technique which allowed routine recording from pairs of synaptically connected SG 

neurons and characterization of their excitatory or inhibitory function. This development resulted in 

the second publication showing that sensory integration in the SG neuronal network is dominated by 

excitatory interneurons.  

 

Our finding revised the classical view on the sensory processing in the SG and indicated a vital 

importance of investigating unknown yet basic properties of synaptic connections formed by 
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excitatory interneurons. Therefore, in the third publication, we studied a range of functional properties 

and signaling in glutamatergic synapses as well as the efficacy of synaptic transmission. 
 

Finally, in the fourth and fifth publications, we studied the ionic basis of generation of cell-

specific firing in major types of SG neurons, to better understand their intrinsic integrative properties.  

 

1. Postsynaptic inhibition by MOR agonist 

 

The results obtained in the first publication have shown that, in agreement with several patch 

clamp studies (Grudt & Perl, 2002; Lu & Perl, 2003; Hu & Gereau, 2003), SG neurons can be 

separated into three groups, according to their firing type - TFNs, AFNs and DFNs. This separation 

was based on several criteria, such as firing threshold, presence/absence of KA current and degree of 

inward rectification.  

Each group of neurons had its specific distribution pattern within SG: TFNs were relatively 

homogeneously distributed over the whole length of SG, AFNs were mostly localized in a lateral part, 

especially SG ventral part, and DFNs could be found in all regions, with higher densities in the medial 

and lateral parts.   

To study the spinal mechanisms of opioidergic analgesia, the action of a MOR agonist, 

DAMGO, on SG neurons with different intrinsic firing properties was tested.  

Within the SG, the sensitivity of a neuron to DAMGO depended on its type rather than its 

location. In fact, there was a striking correlation between the firing pattern of SG neurons and their 

sensitivity to DAMGO: at 1 μM concentration, this MOR agonist selectively hyperpolarized all TFNs 

tested, whereas none of the AFNs nor DFNs were affected. The DAMGO effect on TFNs was due to 

activation of G protein–coupled inward-rectifier K+ conductance (GIRK) (Yoshimura & North, 1983; 

Grudt & Williams, 1994; Schneider et al., 1998; Light & Willcockson, 1999). Although all three types 

of neurons possessed GIRK conductance, which could be blocked by 500 μM Ba2+ and 500 μM Cs+ 

but increased by 50 μM baclofen (Sodickson & Bean, 1996; Svoboda & Lupica, 1998), only TFNs 

showed hyperpolarization and, as a functional consequence of DAMGO action, a majority of TFNs 

changed their pattern of intrinsic firing from tonic to adapting. This selective inhibition means that the 

input–output characteristics of the neurons were modified in such a way that stronger synaptic input 

could no longer be converted into increasing numbers of generated spikes. 

Since postsynaptic MORs, located in somatodendritic domains (Dado et al., 1993; Grudt & 

Williams, 1994; Arvidson et al., 1995a,b) are specifically targeted to excitatory SG interneurons 

(Kemp et al., 1996), it was suggested that TFNs can function as excitatory interneurons. Besides, 
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DAMGO-sensitive interneurons from SG send some of their axons to lamina I and V (Eckert et al., 

2003), where most projection neurons that target supraspinal regions are located (Trevino et al., 1973; 

Lima, 1998) and cells expressing MORs are located in close proximity to enkephalinergic terminals 

(Arvidson et al., 1995b; Song & Marvizon, 2003). This means that TFNs may represent a primary 

postsynaptic target for both administered opioids and endogenous enkephalins in the spinal cord and 

may contribute to profound and prolonged relief of pain with virtually no motor blockade (Hu & 

Rubly, 1983; Bräu et al., 2000; Wolff et al., 2004). 

 

The suggested excitatory nature of TFNs could only be proven if to identify pairs of 

monosynaptically coupled neurons in which the presynaptic neuron would be a TFN. However, the 

probability of finding monosynaptically connected neurons in slices of the superficial dorsal horn by 

using a conventional double patch clamp recording technique was, at that time, very low (Lu & Perl, 

2003; 2005).  

 
 
2. Excitatory interneurons and sensory processing in the SG 

 

In the second publication we described an efficient method for identifying synaptically coupled 

neurons in rat spinal cord slices and characterizing their excitatory or inhibitory nature. Using tight-

seal whole-cell recordings and a cell-attached stimulation technique, we routinely tested about 1500 

SG neurons, classifying 102 of them as monosynaptically connected to neurons in lamina I–III. 

The striking finding of our study was that 85% of SG neurons are excitatory interneurons 

having synapses on somata and dendrites of neurons located in laminae I, II (SG) and III. This was 

surprising, since after appearance of the ‘gate-control-theory’ by Melzack and Wall in the middle of 

the last century, the neurons in the SG were mostly considered in terms of GABAergic inhibition of 

primary afferent terminals and neighbouring spinal neurons. In contrast, we have shown that excitatory 

interneuron circuitries dominate the sensory network processing in the SG.  

We also showed that this excitatory synapses are glutamatergic and the fast synaptic 

transmission in these synapses is mediated through AMPA and/or kainate receptors, since EPSCs were 

completely blocked by CNQX, the antagonist for those receptors. Under our experimental conditions, 

activation of kainate receptors was unlikely because it required much higher intensity of stimulation 

(Frerking et al., 1998; Lee et al., 2004), and EPSCs mediated by kainate receptors should have much 

slower kinetics (Frerking et al., 1998; Cossart et al., 2002). The involvement of AMPA receptors 

suggested by our study is in agreement with observations of others that AMPA receptors are highly 
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expressed in the superficial dorsal horn synapses (Tachibana et al., 1994; Tolle et al., 1995; Petralia et 

al., 1997) and modulate spinal synaptic plasticity and inflammatory pain (Hartmann et al., 2004). 

Considering that some inhibitory neurons may form presynaptic axoaxonic synapses, and 

therefore cannot be detected by our technique, this results are in good agreement with previous 

morphological studies (Todd & Sullivan, 1990; Landry et al., 2004). However, to make sure that the 

low frequency of recording from inhibitory SG interneurons was not due to limitations in the 

experimental protocol, we performed control experiments by changing several parameters and 

specifically searched for inhibitory interneurons. We took several precautions: i) increase of slices 

thickness to 500–600 μm in order to ensure a complete preservation of distal dendrites; ii) change of 

the amplitude of the first step in the testing voltage command to −120 mV, to increase the driving 

force for inhibitory postsynaptic currents (IPSCs) and therefore their resolution; iii) recorded from 

presumably not connected neuron pairs in the presence of CNQX, to ensure that IPSCs in these pairs 

were not masked by glutamate-mediated EPSCs of the same magnitude, and iiii) recorded from pairs 

of neurons located in the centre of the SG near the interface of laminae IIi and IIo, where inhibitory 

GABAergic connections were found (Lu & Perl 2003). Under these conditions, we confirmed the low 

percentage of inhibitory connections and a predominantly glycinergic nature of inhibitory presynaptic 

neurons, what is in accordance with observations that spontaneous miniature IPSCs in lamina I 

neurons were almost exclusively mediated through strychnine-sensitive glycine receptors (Chéry & De 

Koninck, 1999). One can explain this results if to assume that in the majority of inhibitory synapses 

formed by SG neurons, GABAA receptors can be extrasynaptic and therefore coreleased GABA and 

glycine predominantly evoke glycine-mediated IPSCs (Chery & De Koninck, 1999), and/or that some 

GABAergic neurons in the SG are involved in presynaptic inhibition of primary afferent terminals 

(reviewed by Lima, 1996), and thus cannot be identified by simultaneous recording from neuronal 

pairs. 

We have also demonstrated that intrinsic firing of a SG neuron correlates with its function in 

such a way that a vast majority of TFNs and AFNs are excitatory interneurons, whereas DFNs could 

be both excitatory and inhibitory interneurons. As a rule, excitatory interneurons form intralaminar 

connections, while those of inhibitory SG neurons are mostly interlaminar. The majority of excitatory 

DFNs made connections within the SG with local TFNs while inhibitory DFNs formed most 

connections with lamina I TFNs. AFNs appear to be mostly involved in the intralaminar excitatory 

processing within the lateral SG. The vast majority of TFNs were excitatory glutamatergic 

interneurons which could be directly suppressed by opioid agonists, as shown in the first publication. 

This strongly supports the idea of specific targeting of postsynaptic MORs to excitatory SG 

interneurons (Kemp et al., 1996). Because of their numerous excitatory connections throughout the 
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superficial dorsal horn, a selective inhibition of TFNs may underlie the analgesic postsynaptic effects 

of endogenous enkephalins and administered opioids (Duggan et al., 1977; Johnston & Duggan, 

1981). 
 
These findings offered new, conceptually different view on sensory processing in the SG 

neuronal network and called for a close attention to the nociceptive integration in excitatory synapses 

of SG interneurons.   

 

3. Transmission efficacy and plasticity in excitatory synapses  

 

In the third publication it was our purpose to study the mechanisms of signal processing in 

synapses of glutamatergic excitatory interneurons that form the majority of the SG neuron population. 

 To describe the functional organization and efficacy of excitatory synapses, we did non-

invasive recordings from 183 pairs of monosynaptically connected SG neurons. An intact presynaptic 

SG excitatory interneuron was specifically stimulated through the cell-attached pipette while the 

evoked EPSCs or excitatory postsynaptic potentials (EPSPs) were recorded through perforated-patch 

from a postsynaptic neuron (laminae I-III). This way, we studied monosynaptic connections of 

excitatory interneurons and tried to give detailed answers to the questions mentioned in 'work 

objectives'. 

 

3.1. Mechanism of postsynaptic spike initiation 

 

The first step was to describe the efficacy of excitatory transmission at spinal interneuron-

interneuron synapses, by studying the threshold of spike initiation in an SG neuron and the EPSP 

efficacy in evoking spikes.  

By using independent electrodes for stimulation and recording from one and the same neuron, 

we observed that short depolarizations induced by the cell-attached stimulation were sufficient to elicit 

spike in the AIS which, in turn, propagated in two directions: orthodromically, towards the axon 

terminals, and antidromically, to the soma (Safronov et al., 1999; Safronov et al., 2000).  

Stimulating a neuron via a cell-attached pipette allowed us to avoid injections of large currents 

that would distort recording at the moment of spike initiation. This way, we were able to correctly 

measure the true latency of the postsynaptic response (by excluding the time needed for the antidromic 
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spike propagation from the AIS to the soma) and the threshold of spike initiation, both important 

parameters for evaluation of efficacy of synaptic transmission.  

 

3.2. Time course and latency of EPSCs 

 

We analysed the latency, rise time and the decay time constant of the postsynaptic EPSCs 

evoked by synaptic release from the excitatory SG interneurons.  

The longest latencies observed in our experiments could hardly be explained by the time 

needed for the spike propagation in the axon of the presynaptic neuron and transmitter release. 

Therefore, we did computer simulations to test whether such a delay might be caused by the 

electrotonic propagation of the EPSC in the postsynaptic neuron, when the activated synapses were 

located in the distal part of the dendritic tree. In addition, we studied whether the different locations of 

synapses along the somatodendritic domain of the postsynaptic neuron could explain the range of 

variations of the rise times and the decay time constants reported. 

Simulations were done using the model of SG neuron from the fourth publication. Recording 

electrode in both voltage- and current-clamp simulations was placed at the soma, while an excitatory 

synapse was added to the model and moved along the somatodendritic domain to simulate proximal 

and distal inputs. Based on our data, we modelled a fast synapse described by the conductance rise and 

decay time constants of 0.5 ms and 5 ms, respectively. 

 In voltage-clamp simulation, the proximal EPSC showed expected fast decay kinetics but, 

when the same synapse was moved to the distal part of the dendrite, the EPSC reaching the soma 

became much smaller and slower. We also studied how the electrotonic delay of the EPSC appearance 

at the soma depends on the synapse location on the dendrite. Both the electrotonic delay and the EPSC 

rise time increased progressively with the synapse location, from the somatic to the distal synapse.  

Also in current-clamp, the distal EPSP had slower rising phase and the electrotonic delays 

increased when release occurred at more distal synapses. 

 Our voltage-clamp recordings combined with computer simulations have shown that, in the 

majority of cases, the variations in the rise and decay kinetics could be explained by different locations 

of the fast synapse along the somatodendritic domain of the postsynaptic neuron. Electrotonic delay of 

3.51 ms predicted by the model for the distal EPSCs, may explain experimentally observed long 

latencies of 4-5 ms, if 1 ms allowance for the spike propagation and transmitter release in the 

presynaptic neuron were done. 
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Thus, the variations in the EPSC kinetics and latencies reflected a broad somatodendritic 

distribution of synapses in the postsynaptic neuron. 

 

3.3. Transmission efficacy and synaptic plasticity 

 

We studied the efficacy of synaptic transmission in 22 connections and grouped the results 

according to the classification of the SG presynaptic excitatory interneuron input. Only in 3/22 

connections the input was subthreshold and neither single nor summed EPSPs elicited spikes. In 11/22 

connections the input was either at the level of firing threshold (3/11) or was suprathreshold (8/11) 

and, in both cases, spikes could also be evoked by the EPSP summation, although with a different 

probability (below 20% or above 67%, respectively). In the remaining 8 connections, spontaneous 

synaptic plasticity was observed and single EPSPs became suprathreshold after EPSC increase. 

Although several studies concluded that excitatory connections between dorsal horn neurons 

are weak and not sufficient to elicit postsynaptic spikes (Lu & Perl, 2005; Schneider, 2008), our 

experiments have shown that, in the majority of cases, the synaptic release from the individual 

excitatory SG interneurons produces a substantial depolarization of the postsynaptic neuron and 

individual or summed EPSPs can frequently elicit spikes. It seems that in those studies the true 

efficacy of excitatory transmission was underestimated due to low-RIN recordings from a postsynaptic 

neuron, reducing the amplitude of depolarization, and dialysis of the presynaptic neuron with 

subsequent reduction in its capacity of transmitter release. 

We also show that synaptic transmission from the excitatory SG interneurons can undergo 

spontaneous increase in the strenght, in this case, those neurons may reach the functional state in 

which they can effectively evoke postsynaptic spikes. 

Having recorded several cases of spontaneous plasticity, we also did experiments trying to 

induce functional plasticity in the synapses of the excitatory SG interneurons. We focused on two 

forms of plasticity 1) short-term, induced in the sub-second range and 2) long-term, lasting tens of 

minutes. Short-term plasticity was induced in 7 connections using a standard paired-pulse protocol and 

no interaction between the paired responses was seen for intervals up to 160 ms. At longer intervals 

(320 ms and 640 ms), a depression of the second response was observed but was not associated to a 

change in the failure rate. Long-term plasticity was induced by stimulating SG excitatory interneurons 

at 1 Hz, 10 Hz and 100 Hz. In these conditions both, a significant and irreversible increase in synaptic 

strength, LTP, or depression, LTD, were induced.   
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3.4. Multiple synapses formed by the axon of an SG excitatory interneuron 

 

Analysis of composite EPSCs, computer simulations and labelling experiments indicated that 

the axon of an SG excitatory interneuron forms multiple synapses on a postsynaptic neuron. 

 

3.4.1. Electrophysiological paired recordings of composite EPSCS 

 

In the majority of connections, at least two components elicited by one presynaptic spike could 

be clearly distinguished on the rising phase of the evoked EPSCs. These EPSC components could be 

explained in two different ways: 

  

1)  The axon of the excitatory SG interneuron can form several synapses along the 

somatodendritic domain of the postsynaptic neuron. The composite EPSCs would result of the 

simultaneous transmitter release in synapses located at different electrotonic distances, therefore, 

reaching the soma with different delays.  

2)  For connections with large time intervals (>1 ms) between components, the pre- and 

postsynaptic neurons could be also connected indirectly via an intercalated excitatory neuron. 

 
We measured latency, time interval between each EPSC component and their variation. In both 

parameters, variations were within 1 ms, showing that each EPSC component could be independently 

identified as monosynaptic, based on the standard criterion of latency stability. Assuming that 

initiation time is the most critical factor determining the delay on an intercalated neuron (Berry & 

Pentreath, 1976), we also analysed spike initiation time values and their variations to test the 

possibility of involvement of an intercalated neuron. We concluded that the spike initiation time and 

its variation in the intercalated neuron were substantially larger than the time interval between each 

EPSC component and its variation. Therefore, one could conclude that the appearance of the EPSC 

components is most probably caused by the existence of multiple synapses between connected 

neurons. 
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3.4.2. Computer simulations and labeling experiments 

 

 We also did computer simulations to test whether composite EPSCs could be modelled by a 

simultaneous transmitter release from two synapses inserted at different locations along the 

somatodendritic domain of the postsynaptic neuron. We saw that simultaneous activation of both 

synapses gave composite EPSCs, and time interval between each component increased with the 

distance between the synapses.  

Labelling experiments allowed us to show close appositions, indicating putative synaptic 

contacts, and suggesting an anatomical basis for the composite EPSCs. 

 Thus, paired recordings, computer simulation and biocytin labelling experiments suggested 

that the composite EPSCs with several components on the rising phase could be evoked by the 

simultaneous transmitter release from multiple synapses formed by one presynaptic neuron along the 

somatodendritic domain of the postsynaptic neuron.  

  

3.5. Role of individual synapses in induction of functional plasticity 

 

In some connections it was possible to analyse the individual components of the composite 

EPSC and, therefore, to directly estimate the release probability in individual synapses and follow the 

changes in properties of individual synapses. 

 

The induction of LTP could be associated with 1) an increase in the release probability for one 

of the synapses involved; activating silent synapses and 2) an increase in the magnitude of already 

active synapses. 

To elucidate the type of postsynaptic receptors activated by the transmitter release from the 

excitatory SG interneurons, we studied the effects of several specific blockers. These experiments 

allowed us to conclude that 1) transmitter released from excitatory SG interneurons acts on 

postsynaptic AMPA-type glutamate receptors and 2) the transmission involves both the GluR2-lacking 

Ca2+-permeable AMPA receptors and the GluR2-containing Ca2+-impermeable AMPA receptors. 

These results are in agreement with immunocytochemistry and electron microscopy studies which 

have also revealed that excitatory synapses in the superficial dorsal horn express both GluR2 

subunities of AMPA receptors (Nagy et al., 2004; Larsson & Broman, 2006; Antal et al., 2008; Polgar 

et al., 2008) involved in several signalling pathways (Liu & Cull-Candy, 2005; Plant et al., 2006; 

Guire et al. 2008; Terashima et al., 2008; Park et al., 2009).  
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3.6. Functional balance between the excitatory and inhibitory inputs 

 

Correct estimation of relative contributions of excitatory and inhibitory interneurons to the 

sensory processing in the dorsal horn is crucially important for understanding the organization of the 

spinal nociceptive circuitries. Studies using in situ hybridization (Landry et al., 2004), 

immunocytochemistry (Todd & Sullivan, 1990) and the high-RIN paired voltage-clamp recordings 

(second and third publications) have shown that the majority of SG interneurons are excitatory 

glutamatergic neurons, whereas the inhibitory interneurons form a minority. These conclusions were 

opposed by the studies based on the low-RIN current-clamp recordings which have found more 

numerous inhibitory connections (Lu, 2008; Schneider, 2008); it was suggested that the difference was 

due to inability of voltage-clamp method to detect weak distal inhibitory inputs. 

Because of its critical importance for the entire research field dealing with both spontaneous 

and evoked synaptic inputs in superficial dorsal horn neurons (which are mostly studied in voltage-

clamp), we did thorough analysis of the resolution power of voltage- and current-clamp techniques for 

detection of synaptic responses. For both recording configurations the ability to detect synaptic 

response depends on 1) the level of membrane noise at the potential used for the recording, 2) 

neuronal RIN and the location of the synapse (proximal versus distal) on the dendritic tree, and 3) the 

driving force for the carrier ion. The first three factors were subjected to experimental study by 

combining the tight-seal recordings and computer simulations. 

 

3.6.1. Membrane noise 

 

Subthreshold voltage or current noise seen in an experiment is the sum of the actual membrane 

(biological) noise and the instrumental (non-biological) noise (i.e. due to non-zero access resistance) 

(Sherman-Gold, 1993; Marty & Neher, 1995). The membrane noise consists of synaptic noise, 

resulting from spontaneous quantal transmitter release, and the ion channel noise, caused by stochastic 

opening and closing of background K+ channels (determining RIN) and voltage-gated Na+ and K+ 

channels. At subthreshold and near-threshold potentials, the ion channel noise increases dramatically 

with depolarization, because of activation of voltage-gated Na+ and K+ conductances and an increased 

driving force for the background and voltage-gated K+ channels (Diba et al., 2004; Jacobson et al., 

2005). Therefore, we measured membrane noise at several potentials used to reveal the synaptic 

responses. Voltage-clamp identification of synaptic responses in the second and third publications was 

done with triple pulse protocol, where the low-membrane-noise potentials of -80 mV and -100 mV 
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were generally used to detect EPSCs (ERev = 0 mV) and IPSCs (ERev = ECl = -82 mV), respectively, 

whereas a pulse to -60 mV was applied to confirm the reversion of the IPSCs. For comparison, the 

entire identification of synaptic responses in current-clamp mode was done at -50 mV and -60 mV by 

Lu and Perl (2003, 2005) and at -60 mV by Schneider (2008). For this reason, we compared the 

current noise in neurons voltage-clamped at -80 mV and -100 mV with the voltage noise in neurons 

current-clamped at -60 mV and -55 mV. 

We analyzed noise in the frequency range between 10 Hz (determined by the trace length) and 

3 kHz (determined by the low-pass filter frequency, voltage-clamp). The noise was presented as the 

root mean square (r.m.s.) noise, or σ, which is also identical to the square root of the variance (Diba et 

al., 2004). In voltage-clamp, the current noise (σI) was measured and the mean σI value was similar at 

-80 mV and at -100 mV but increased at -60 mV. The voltage noise (σV) was also measured in the 

same neurons by switching the amplifier to the current-clamp recording mode and the mean σV value 

was low at -80 mV, where voltage-gated Na+ and K+ channels were not active, but increased 

dramatically with depolarization to -60 mV and -55 mV. In agreement with other studies, an additional 

voltage noise which appeared at -60 mV and -55 mV showed frequency above 100 Hz and was caused 

by subthreshold activity of Na+ channels (Diba et al., 2004). 

 We concluded that our measurements adequately describe the magnitude and voltage-

dependence of membrane noise in SG neurons studied in spinal cord slices with unblocked synaptic 

inputs, since σI and σV values are in excellent agreement with those reported for cultured hippocampal 

neurons with blocked synaptic inputs (Diba et al., 2004). Besides the measurement of the σ (r.m.s.), 

the resolution limit for the EPSC and EPSP detection is also dependent on the spectral composition of 

the noise at a given potential and the time course of synaptic response. To determine the resolution 

limits, we added computer simulated EPSCs and EPSPs to our original recordings of current noise at -

80 mV and voltage noise at both -60 mV and -55 mV. The amplitudes of simulated EPSCs and EPSPs 

were expressed in the σ values measured for the corresponding noise recordings; σ, 2 σ and 3 σ. In 

voltage-clamp traces (-80 mV; 3 kHz) the EPSC could be already detected at 2 σI amplitude, and was 

clearly resolved at 3 σI amplitude. Detection of EPSP was more difficult in current-clamp at -60 mV 

and -55 mV, where the Na+-channel-dependent component of the voltage noise with its characteristic 

frequency above 100 Hz (Diba et al., 2004) masked EPSP.  

Analysis of membrane noise allowed us to determine the smallest EPSC and EPSP which 

could be reliably resolved with the same signal-to-noise ratio. Assuming that in both voltage- and 

current-clamp the resolution starts at the 3 σ level, one could conclude that an EPSC of 5 pA recorded 

at -80 mV is as well resolved as an EPSP of 0.9 mV at -60 mV or 1 mV at -55 mV. 
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3.6.2. Neuronal RIN and location of the synapse 

 

RIN in a postsynaptic neuron is critical for detection of synaptic inputs, since increase in 

membrane conductance associated with its drop will unavoidably shunt the distal synaptic responses 

recorded at the soma. The RIN values reported for SG neurons in the literature differ by an order of 

magnitude, implying that they are mostly determined by the choice of experimental conditions. RIN is 

high when measured in perforated-patch mode or in the whole-cell mode when intracellular solution 

with 1 mM BAPTA as Ca2+-chelator is used (second and third publications, respectively). It becomes 

much lower when internal solutions without Ca2+-chelators are used to increase the probability of 

synaptic release (Lu & Perl, 2003, 2005; Hantman et al., 2004; Schneider, 2008). Therefore, we 

analyzed effect of the RIN variation on detection of both distal and proximal synaptic responses. 

 We used the basic model of SG neuron presented in the fourth publication and introduced 

two synapses, proximal (soma) and distal (dendrite 0.95). For both synapses, the gM values were 

adjusted to give the EPSCs of 5 pA when measured with a voltage-clamp electrode placed at the soma. 

This basic model with the smallest proximal and distal EPSCs resolved under our experimental 

conditions (each above the 3 σI level) was used to analyze how the drop in RIN would change the 

amplitude of the recorded signal in relation to the resolution limit in both voltage- and current–clamp. 

 The voltage-clamp simulation showed that the drop in RIN to values below 500 MΩ critically 

reduced the resolution of the distal EPSCs. In current-clamp, the proximal EPSP was just below the 3 

σV level in the basic model and progressively diminished as RIN dropped while the distal EPSP could 

only be well resolved for RIN values higher than 500 MΩ. Thus, lowering RIN dramatically reduced the 

amplitude of the distal EPSP in relation to the resolution limit. 

 Our simulations have shown a critical importance of high RIN for adequate recording of 

distal synaptic events in both voltage- and current-clamp. In contrast to Lu (2008) and Schneider 

(2008) about the lower resolution power of the voltage-clamp technique, we have found that, for both 

proximal and distal synaptic inputs, the high-RIN-voltage-clamp recordings at -80 mV and -100 mV 

have considerably higher signal-to-noise ratio than the low-RIN-current-clamp recordings at -60 mV 

and -50 mV (Lu & Perl, 2003, 2005; Hantman et al., 2004). Furthermore, the efficacy of distal EPSPs 

in depolarizing the soma membrane is dramatically reduced with the drop in RIN, implying that low-

RIN-current-clamp-recording substantially underestimates the efficacy of distal synapses in evoking 

somatic spikes. 

We have shown that the high-RIN voltage-clamp mode is better suitable for the detection, 

recording and biophysical analysis of synaptic inputs in the superficial dorsal horn. Therefore, the low 

proportion of excitatory inputs reported by Lu (2008) is most probably due to inability of low-RIN 
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current-clamp recording to resolve distal dendritic inputs. Indeed, the largest latencies measured in 

current-clamp for IPSPs (3.3 ms; Lu & Perl, 2003) and for EPSPs (2.1 ms; Lu & Perl, 2005) were 

short and clearly indicated that none of these inputs originated from the distal part of the dendritic tree. 

Recent analysis of the receptor distributions in SG neurons done by the laser scanning 

photostimulation technique has shown that the inhibitory receptors are confined to the narrow peri-

somatic region while the glutamate receptors are more widespread (Kato et al., 2007). Therefore, 

inability of low-RIN current-clamp to record weak distal dendritic inputs (Lu, 2008), which are mostly 

excitatory (Kato et al., 2007), led to a crucial underestimation of excitatory connections and, therefore, 

of the percentage of excitatory SG interneurons.  

Also, recording at uncontrolled membrane potential and reporting IPSPs with amplitudes 

smaller than the resolution limit question conclusions about the high frequency of inhibitory 

connections (Schneider, 2008).  

 

4. Basic conductances and structural elements responsible for appearance of cell-specific 

tonic- and adapting-firing patterns in SG neurons  

 

Using tight-seal recordings from rat spinal cord slices, intracellular labelling and computer 

simulation, we analysed the mechanisms of tonic firing and spike frequency adaptation in SG neurons. 

 

4.1. Ca2+-dependent K+ conductances 

 

Blockers of Ca2+- and Ca2+-dependent K+ (KCA) channels were tested to study the role of Ca2+-

dependent conductances. In TFNs the block of Ca2+ influx into the neuron led to a left-shift in the 

frequency–current characteristics and a reduction of firing stability. These effects resulted from a 

reduction of a slow afterhyperpolarization, shown for several types of neurons (Barrett & Barrett, 

1976; Schwindt et al., 1988; Nishimura et al., 1989; Viana et al., 1993; Savic et al., 2001; Smith et al., 

2002), and also seen in the presence of apamin but not charybdotoxin, indicating the involvement of 

small conductance apamin-sensitive, rather than big conductance KCA channels.  

Blockers of Ca2+- and KCA channels were also tested in AFNs and no changes in firing pattern 

or the instantaneous frequency–current characteristic, calculated for the first interspike interval, were 

observed. The shape of single spikes was also unchanged by the blockers and the amplitude of 

afterhyperpolarization (fast and slow) was also not reduced by Co2+. 
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 Thus, it could be concluded that Ca2+-dependent conductances do not contribute to discharge 

pattern in AFNs and are only involved in regulation of firing frequency in TFNs. The basic tonic firing 

and adapting firing should be, instead, generated by voltage-gated Na+ and K+ channels.   

 
 
4.2. Voltage-gated Na+ and K+ currents 

 

In the case of TFNs, Na+ channels exhibited fast activation and inactivation kinetics and 

followed two-exponential time course of recovery from inactivation. The study of recovery from 

inactivation also showed that such a high frequency firing can be generated with only about one-fifth 

of available Na+ channels. 

The major K+ current was carried through tetraethylammonium (TEA)-sensitive rapidly 

activating delayed-rectifier (KDR) channels with a slow inactivation and sufficiently fast gating kinetics 

for its involvement in spike repolarization. 

 The TEA-insensitive transient A-type K+ (KA) current was very small in patches and was 

strongly inactivated at resting potential. Block of KDR rather than KA conductance by TEA lowered the 

frequency and stability of firing. 

By comparing the results for AFNs with those for TFNs, it was possible to conclude that both 

neuron types possess Na+ and KDR currents as well as negligible KA current. The lack of KA current 

appears to be important for the generation of typical discharge patterns in both, AFNs and TFNs, since 

the expression of large KA currents was shown to result in delayed-onset firing or irregular burst-like 

discharges (Yoshimura & Jessell, 1989; Grudt & Perl, 2002; Ruscheweyh & Sandkuhler, 2002). The 

ranges of KDR channel activation and the kinetics of Na+ channel recovery from inactivation were very 

similar and the activation characteristics of Na+ channels were insignificantly different. However, the 

density of somatic Na+ and KDR currents in AFNs was lower and the Na+ channel inactivation was 

shifted to more positive potentials by 11 mV. Thus, the next step was to perform experiments that 

would allow us to find out which of these factors played a critical role in the appearance of firing 

adaptation. 

 

4.3. Block of Na+ rather than KDR channels in TFNs induces adaptation typical of AFNs 
 
Since somatic Na+ current represents only few per cent of the total Na+ current in a spinal 

neuron (Safronov et al., 1997, 1999; Alessandri-Haber et al., 1999), a comparison of total Na+ 

conductances in AFNs and TFNs was done by measuring maximum spike depolarization rates. AFNs 

showed a slower Na+ conductance in comparison with TFNs. In addition, the velocity of repolarization 
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was also lower in AFNs. Lower Na+ conductance seemed to be more critical for the appearance of 

firing adaptation than KDR current since discharge pattern in TFNs could be reversibly converted into 

that typical of AFNs in the presence of TTX but not TEA. In fact, in all TFNs tested, the tonic firing 

changed to adapting and then to strongly adapting with a single spike when perfusion of the slice with 

TTX-containing solution was started. These results were also confirmed by differentiation of the 

voltage traces which showed that the appearance of adaptation correlated with a reduction of Na+ 

current and the transition from tonic to adapting firing occurred at 40–60% block of Na+ conductance. 

Thus, block of Na+ rather than KDR channels in TFNs modified a firing pattern to that typical of AFNs. 

In order to test whether the smaller Na+ conductance observed in AFNs might result from the 

cutting of the axon during the preparation of slices, AFNs were labelled by including biocytin in the 

patch pipette. Intracellularly labelled AFNs showed specific morphological features and preserved 

long extensively branching axons, indicating that smaller Na+ conductance could not result from the 

axon cut.  

We also performed computer simulations to study how a reduction in Na+ current and a shift in 

its activation and inactivation characteristics to more positive potentials could influence firing in a 

model neuron. The control model of a TFN showed in the fourth publication was used and we saw 

that, by reducing the Na+ conductance (gNa) to 0.41, it was possible to induce firing adaptation. If the 

activation characteristics of Na+ channels were shifted by +5mV, a strong adaptation appeared in the 

model already at the control gNa value. After the inactivation was shifted by +11 mV, the model again 

generated tonic firing. If both activation and inactivation shifted to positive potentials, a stronger 

reduction in gNa to 0.29 was needed for the induction of adaptation in the whole stimulation range. 

Thus, although the activation shift promoted spike frequency adaptation, a stronger shift in 

inactivation characteristics had an opposite effect.  

These results showed that, in addition to metabolic regulation of inwardly rectifying and A-

type K+ channels (Derjean et al., 2003; Hu & Gereau, 2003), a down-regulation of Na+ conductance 

represents an effective mechanism for the induction of firing adaptation and it was suggested that the 

cell-specific regulation of Na+ channel expression can be an important factor underlying the diversity 

of firing patterns in SG neurons. 
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It is known that diverse sensory modalities are encoded in the SG by the types of terminating 

afferents, neuronal firing properties and synaptic connectivity. However, although several groups of 

SG neurons with distinct intrinsic firing properties were characterized, little is known about major 

types of ion channels specifically expressed in SG neurons as well as their synaptic connections. 

Besides, although the SG is an important element in the system of antinociception, little is known 

about the types of neurons serving as specific postsynaptic targets for opioid action within this region.  

To better understand how nociceptive information is processed within the superficial dorsal 

horn, it is essential to study firing patterns of SG interneurons, their synaptic connections and 

sensitivity to opioid agonists. 

The present work was done to study these questions in the rat and divided in the following 

independent points: 

 

1. To study the spinal mechanisms of opioidergic analgesia, we compared the action of MOR 

agonist, DAMGO, on SG neurons with different intrinsic firing properties. Reliable identification 

criteria were created in order to correctly classify the different intrinsic firing patterns and study 

neuronal distribution and sensitivity to DAMGO. 

DAMGO selectively hyperpolarized all TFNs tested and this effect was due to activation of 

GIRK conductance and, as a functional consequence, a majority of TFNs changed their pattern of 

intrinsic firing from tonic to adapting. It was therefore suggested that TFNs are primary postsynaptic 

targets for administered and endogenous opioid agonists in the spinal SG. Indeed, the functional 

transition from tonic to adapting firing mode may represent an important mechanism facilitating 

opioidergic analgesia. It is also suggested that TFNs would presumably function as excitatory 

interneurons. This suggestion could only be tested if to study synaptic connections established by SG 

neurons.  

 

(Santos, Melnick & Safronov, 2004; Anesthesiology 101: 1177-1183)  

  
  
2. We implemented a novel approach for efficiently identifying monosynaptic connections and 

studied discharge properties of excitatory and inhibitory SG interneurons. This approach combined a 

tight-seal whole-cell recording from postsynaptic neuron with a specific cell-attached stimulation of 

presynaptic neuron.We focused on two critical aspects of SG network organization: (1) the functional 

balance between the excitatory and inhibitory modes of sensory processing, and (2) whether and how 

neuronal firing properties correlate with their synaptic connections. We have characterized synaptic 
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connections for SG neurons with different firing patterns and found that signalling within the SG 

network is dominated by excitatory glutamatergic interneurons. 

 

(Santos, Rebelo, Derkach & Safronov, 2007; J Physiol 581: 241-254) 

 

3. To study functional organization and activity-dependent modification of glutamatergic 

synapses of SG excitatory interneurons, we combined paired recording (non-invasive recordings 

through perforated-patch from a postsynaptic neuron and stimulation of an intact presynaptic SG 

excitatory interneuron through the cell-attached pipette), computer simulation and biocytin-labelling 

techniques. We found that: 1) Action potentials could be rapidly initiated in an SG neuron by a short 

depolarization of about 10 mV; 2) Glutamate released from the terminals of an excitatory SG 

interneuron acts on both the GluR2-lacking Ca2+-permeable AMPA receptors and the GluR2-

containing Ca2+-impermeable AMPA receptors; 3) The EPSCs elicited by stimulating excitatory SG 

interneurons are fast, and the variation in their kinetics indicates broad distribution of excitatory 

synapses over the somatodendritic domain of the postsynaptic neuron; 4) Many excitatory 

interneurons are able alone to initiate spike in the postsynaptic neuron; 5) Synapses formed by the 

excitatory SG interneurons can undergo different forms of spontaneous and induced plasticity, thus, 

changing their functional state and increasing efficacy of transmission; 6) The axon of the excitatory 

SG interneuron forms multiple functional synapses on the dendrites of the postsynaptic neuron; 7) The 

high-RIN recording from the postsynaptic neuron is important for correct study of synaptic 

transmission, since artificial lowering of RIN dramatically reduces both the magnitude and the 

functional efficacy of the distal synaptic inputs. 

 

(Santos, Luz, Szucs, Lima, Derkach & Safronov; PlosOne 4: e8047, pp1-18) 

 

4. To determine the ionic basis underlying tonic- and adapting- firing patterns we did 

patch-clamp recordings, intracellular staining with biocytin and created a computer model of a SG 

neuron.  

We concluded that a balanced system of ionic conductances underlies tonic firing in SG 

neurons. Voltage-gated Na+ current in combination with a pronounced KDR but small KA currents 

generate a basic firing pattern, while Ca2+-dependent conductances stabilize tonic firing, efficiently 

regulate discharge frequency, and modulate an input–output characteristic in a neuron. 
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(Melnick, Santos, Szokol, Szucs & Safronov, 2004; J Neurophysiol 91: 646-655) 

 

In the case of AFNs, although currents were similar to those present in TFNs, we found that 

Na+ and KDR currents were smaller. Discharge pattern in TFNs could be reversibly converted into that 

typical of AFNs in the presence of TTX but not TEA, suggesting that lower Na+ conductance is more 

critical for the appearance of firing adaptation. Intracellularly labelled AFNs showed specific 

morphological features and preserved long extensively branching axons, indicating that smaller Na+ 

conductance could not result from the axon cut. Computer simulation has further revealed that down-

regulation of Na+ conductance represents an effective mechanism for the induction of firing adaptation 

suggesting that the cell-specific regulation of Na+ channel expression can be an important factor 

underlying the diversity of firing patterns in SG neurons. 

 

(Melnick, Santos & Safronov, 2004; J Physiol 559: 383-394) 

 

 

In conclusion, the data presented in this dissertation allowed us to provide a new knowledge on 

the functional connectivity of different types of SG interneurons and the modulation of their intrinsic 

firing via synaptic inputs. This knowledge is essential for better understanding the functioning of 

spinal nociceptive circuitry. 

We characterized TFNs, AFNs and DFNs as excitatory or inhibitory interneurons, determined 

their distribution, transmitters they release and the type of postsynaptic receptors they act on. We also 

have shown that a MOR agonist selectively suppress TFNs, indicating that they could function as 

excitatory interneurons. This implies a strong relationship between the intrinsic firing and function of 

SG neurons and strongly supports the idea of specific targeting of postsynaptic MORs to excitatory SG 

interneurons.  Moreover, MOR agonists acting via GIRK channels could switch firing mode of TFNs. 

Because of their numerous excitatory connections throughout the superficial dorsal horn, a selective 

inhibition of TFNs may underlie the analgesic postsynaptic effects of endogenous enkephalins and 

administered opioids. 
 
We further studied the excitatory interneuron as an important processing element in the spinal 

SG. As a rule, the axon of an excitatory SG interneuron forms multiple synapses on the soma and 
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dendrites of a postsynaptic neuron. Many of those synapses have functional Ca2+-permeable AMPA 

receptors. The excitatory transmission is frequently very effective and one excitatory SG interneuron 

can elicit spike in a postsynaptic neuron. The excitatory synapses are dynamic and can change their 

functional state showing diverse forms of spontaneous and induced plasticity which further increase 

synaptic efficacy.  
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Sabe-se que as diversas modalidades sensoriais na SG são codificadas pelos tipos de 

terminações de aferentes primários, propriedades de disparo e conectividade sináptica neuronial. 

Contudo, apesar de vários grupos de neurónios da SG com distintas propriedades de disparo terem 

sido caracterizados, sabe-se muito pouco sobre os principais tipos de canais iónicos expressos nos 

neurónios da SG, assim como as conexões sinápticas que estabelecem. Para além disso, apesar da SG 

ser um importante elemento do sistema antinociceptivo, pouco é sabido sobre os tipos de neurónios 

que servem de alvos pós-sinápticos específicos para a acção dos opioides nesta região espinhal.  

Desta forma, para melhor compreendermos o processamento da informação nociceptiva no 

corno dorsal superficial, é essencial o estudo do tipo de disparos intrínsicos dos neurónios da SG, da 

sua conectividade e sensibilidade a agonistas de receptores opioides. 

De forma a facilitar o estudo destas questões, o presente trabalho foi dividido em vários pontos 

independentes: 

 

1. Para o estudo dos mecanismos espinhais de analgesia opioidérgica, comparámos a 

acção do agonista de receptores opioides do tipo μ, DAMGO, em neurónios da SG com diferentes 

propriedades de disparo intrínsico. Foram criados critérios de identificação fiáveis de forma a 

classificar correctamente os diferentes padrões intrínsicos e estudar a distribuição neuronial e 

sensibilidade ao DAMGO. 

O DAMGO hiperpolarizou selectivamente todos os neurónios de disparo tónico testatos e o seu 

efeito ficou a dever-se à activação da condutância GIRK e, como consequência funcional, a maioria 

destes neurónios modificou o seu padrão de disparo de tónico para adaptativo. Consequentemente, foi 

sugerido que estes neurónios são alvos pós-sinápticos principais para agonistas de opioides endógenos 

e administrados exogenamente na SG. De facto, a transição funcional de disparo tónico para 

adaptativo poderá representar um importante mecanismo facilitador de analgesia mediada por 

opioides. É ainda sugerido que os neurónios de disparo tónico funcionam, presumivelmente, como 

interneurónios excitatórios. 

 

(Santos, Melnick & Safronov, 2004; Anesthesiology 101: 1177-1183)   

 
  
2. Implementámos uma nova técnica para identificação eficiente de conexões mono-

sinápticas e estudo das propriedades de descarga dos interneurónios excitatóros e inibitórios da SG. 

Esta estratégia combinou o registo apertado em 'whole-cell' do neurónio pós-sináptico com a 

estimulação específica em 'cell-attached' do neurónio pré-sináptico. Focámo-nos em dois aspectos 
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críticos e desconhecidos da rede organizacional da SG: (1) o balanço funcional entre os modos de 

processamento sensoriais excitatório e inibitório e (2) se e como as propriedades de disparo neuroniais 

se correlacionam com as sinapses estabelecidas. Caracterizámos as conexões sinápticas dos neurónios 

da SG com diferentes padrões de disparo e verificámos que a sinalização na SG é dominada por 

interneurónios excitatórios glutamatérgicos. 

  

(Santos, Rebelo, Derkach & Safronov, 2007; J Physiol 581: 241-254) 

 

3. De forma a estudar a organização funcional das sinapses glutamatérgicas dos 

interneurónios excitatórios da SG, combinámos técnicas de registo duplo de patch-clamp (registos não 

invasivos mantendo o neurónio pós-sináptico em 'perforated-patch' e estimulando o neurónio pré-

sináptico intacto com a pipeta em 'cell-attached'), simulações computacionais e processamento de 

células em conexão coradas com biocitina. Concluímos que: 1) Os potenciais de acção podem ser 

rapidamente iniciados no neurónio da SG por uma despolarização de apenas cerca de 10 mV; 2) O 

glutamato libertado dos terminais de um neurónio excitatório da SG actua em ambos os receptores 

AMPA, sem a subunidade GluR2 (permeáveis ao Ca2+), e com a subunidade GluR2 (impermeáveis ao 

Ca2+); 3) As EPSCs evocadas pela estimulação dos interneurónios excitatórios da SG são rápidas e a 

variação na sua cinética indica a ampla distribuição das sinapses excitatórias ao longo do domínio 

somatodendrítco do neurónio pós-sináptico; 4) Vários interneurónios excitatórios são capazes de 

iniciar o potencial no neurónio pós-sináptico; 5) As sinapses formadas pelos interneurónios da SG 

podem ser submetidas a diferentes formas de plasticidade espontânea e induzida, alterando o seu 

estado funcional e aumentando a sua eficácia de transmissão; 6) O axónio do interneurónio excitatório 

da SG forma múltiplas sinapses funcionais nas dendrites do neurónio pós-sináptico; 7) A alta RIN do 

neurónio pós-sináptico é importante para o correcto estudo da transmissão sináptica, uma vez que a 

redução da RIN reduz dramaticamente, quer a magnitude, quer a eficácia funcional dos inputs distais. 

 

(Santos, Luz, Szücs, Lima, Derkach & Safronov; PlosOne 4: e8047, pp1-18) 

 

4. De forma a determinar a base iónica subjacente aos disparos tónico e adaptativo 

fizemos registos em patch-clamp, coloração intracelular com biocitina e criámos um modelo 

computacional do neurónio da SG.  
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Concluímos que existe um equilíbrio de condutâncias iónicas subjacente ao disparo tónico nos 

neurónios da SG. As correntes de Na+ dependentes de voltagem em combinação com uma pronunciada 

corrente KDR e negligenciável corrente KA geram o padrão básico de disparo, enquanto as 

condutâncias dependentes de Ca2+ estabilizam o disparo tónico, regulam a frequência de descarga e 

modulam as características neuroniais input–output. 

 

(Melnick, Santos, Szokol, Szucs & Safronov, 2004; J Neurophysiol 91: 646-655) 

 

No caso dos neurónios de disparo adaptativo, apesar das correntes de Na+ e KDR serem 

semelhantes às observadas nos neurónios de disparo tónico, são menores. O padrão de disparo nos 

TFNs pode ser reversivelmente convertido no típico disparo adaptativo na presença de TTX mas não 

de TEA, sugerindo que uma menor condutância de Na+ é crítica para o aparecimento da adaptação do 

disparo. Os neurónios de disparo adaptativo corados intracelularmente apresentavam características 

morfológicas específicas com longos axónios preservados, indicando que a condutância menor de Na+ 

não é resultado do corte axonal. A simulação computacional revelou ainda que a diminuição da 

condutância de Na+ representa um mecanismo efectivo para a indução da adaptação do disparo 

sugerindo que a regulação celular específica da expressão do canal de Na+ deverá ser um importante 

factor subjacente à diversidade dos padrões de disparo na SG. 

 

(Melnick, Santos & Safronov, 2004; J Physiol 559: 383-394) 

 

 

Em conclusão, os dados desta dissertação permitem-nos providenciar um novo conhecimento 

sobre a conectividade funcional dos diferentes tipos de interneurónios da SG e sobre a modulação do 

padrão intrínsico de disparo através dos inputs sinápticos. Este conhecimento é essencial para o melhor 

entendimento dos circuitos espinhais nociceptivos. 

Caracterizámos os neurónios TFNs, AFNs e DFNs como excitatórios ou inibitórios, 

determinámos a sua distribuição, os neurotransmissores libertados e o tipo de receptores pós-sinápticos 

em que actuam. Mostrámos ainda que o agonista dos MORs suprime selectivamente os TFNs, 

indicando que estes podem funcionar como interneurónios excitatórios. Isto implica uma forte relação 

entre o padrão de disparo e a função dos neurónios da SG e suporta fortemente a ideia da existência de 

alvos pós-sinápticos específicos para os MORs por parte dos interneurónios excitatórios da SG. Para 
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além disso, os agonistas dos MORs, que actuam via canais GIRK, podem modificar o tipo de disparo 

tónico. Dadas as numerosas conexões excitatórias que os TFNs podem estabelecer no corno dorsal 

espinhal superficial, a sua inibição selectiva poderá estar na base dos efeitos pós-sinápticos das 

encefalinas endógenas e opioides administrados. 
 
Estudámos ainda o interneurónio excitatório como um importante elemento no processamento 

espinhal na SG. Como regra, o axónio de um interneurónio excitatório da SG forma múltipas sinapses 

no soma e dendrites do neurónio pós-sináptico. Várias destas sinapses apresentam receptores AMPA 

funcionais permeáveis ao Ca2+. A transmissão excitatória é frequentemente muito efectiva e apenas 

um interneurónio excitatório pode evocar o potencial de acção no neurónio pós-sináptico. As sinapses 

excitatórias são dinâmicas e podem modificar o seu estado funcional através de diversas formas de 

plasticidade com consequente aumento da eficácia sináptica.  

 

 

 

 

 

 

' O cientista não é o homem que fornece as verdadeiras respostas, é quem faz as verdadeiras perguntas. ' 

 

Claude Lévi-Strauss 

O Cru e o Cozido 

 

 

 

 

 

 

Capa: Revelação histológica de dois neurónios da SG em conexão sináptica.
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