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1. Pain and nociceptive processing 

 

The ability to detect noxious stimuli is essential to an organism's survival and 

wellbeing (Basbaum et al., 2009). Pain allows the body to recognize factors 

threatening its integrity and respond with behaviour that will remove the organism 

from the source of potential injury. According to the International Association for 

the Study of Pain (IASP), pain is defined as an unpleasant sensory and emotional 

experience associated with actual or potential tissue damage, or described in terms 

of such damage. Pain is also considered as a complex phenomenon which has an 

individual connotation and can be substantially influenced by previous experiences 

(reviewed by Almeida et al., 2004). 

 

A peripheral nociceptive stimulus triggers a cascade of physiological events that are 

progressively transmitted to, and processed in, higher nervous centres leading to 

integration of the information encoding the various facets of pain (reviewed by 

Millan, 1999; Calvino & Grilo, 2006). An important role in nociception is attributed 

to the spinal dorsal horn, where internal processing of peripheral input is also 

subjected to the supraspinal control. 

 

In this introduction, I shall first review the basic steps of pain processing including 

the activation of nociceptive afferents, signal integration at the spinal and 

supraspinal levels, and the role of descending modulation. The second part will be 

focused on the spinal dorsal horn neurons of the most superficial layer (lamina I) 

describing anatomical and physiological properties of projection neurons which are 

the major spinal nociceptive output elements. 

 

1.1 Transmission of nociceptive signals to the spinal cord 

 

Nociception begins in the periphery, where stimuli are translated into nerve signals 

by nociceptors, which are free nerve endings of primary afferents disseminated 

throughout the skin, muscles, joints and viscera. The peripheral nociceptors can be 

activated by mechanical, chemical or thermal stimulation as well as by release of 

inflammatory mediators like bradykinin, prostaglandins, histamine or serotonin 

(reviewed by Gardner et al., 2000; Calvino & Grilo, 2006). 
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From peripheral receptors, the information is transmitted to the spinal cord via 

primary afferents, which are divided, on the basis of their conduction velocity (CV), 

in three principal groups: Aβ-, Aδ- and C-type afferents. Large-diameter myelinated 

Aβ-fibres conduct action potentials at highest CV (36-72 m/s). Small-diameter 

thinly-myelinated Aδ-fibres conduct at lower CV of 4-36 m/s. Thin and 

unmyelinated C-fibres are conducting at lowest CV (0.4-2.0 m/s). Aβ-fibres 

innervate peripheral mechanoreceptors and are thought to be involved mainly in 

proprioception, whereas both Aδ- and C-fibres were found to function as 

nociceptors or thermoreceptors (LaMotte, 1977; reviewed by Gardner et al., 2000; 

Todd & Koerber, 2006). Primary afferent neurons are pseudounipolar, with the cell 

bodies located in the dorsal root ganglia. Aδ- and C-afferents have medium and 

small-sized somata, respectively. Small neurons can express peptides, for example, 

substance P (Snider & McMahon, 1998; reviewed by Willis & Coggeshall, 2004). 

 

Sensory fibres enter the spinal cord via the dorsal roots and terminate with a fibre-

specific pattern.  The unmyelinated C-fibres first enter Lissauer’s tract as well as 

the dorsal columns and the dorsolateral fasciculus and then terminate in the grey 

matter within one or two segments (LaMotte, 1977; Light & Perl, 1979; Cruz et al., 

1987; Todd & Koerber, 2006; Pinto et al., 2010). Aδ- and C-type primary afferents 

target mostly the superficial dorsal horn (SDH), laminae I-II, but they also send 

collaterals to deep laminae (V-VII and X) (reviewed by Willis & Coggeshall, 1991; 

Calvino & Grilo, 2006; D'Mello & Dickenson, 2008). Central terminals of peptidergic 

C-fibre afferents terminate mainly in lamina I and outer lamina II (Averill et al., 

1995; reviewed by Willis & Coggeshall, 2004), while nonpeptidergic C-fibres project 

deeper to the inner lamina II (reviewed by Willis & Coggeshall, 2004; Basbaum et 

al., 2009). 

 

Such functional organization indicates that superficial laminae of the dorsal horn 

are involved in processing of diverse modalities of nociceptive input. 

 

1.2 Spinal ascending pathways 

 

Within the spinal cord, nociceptive signals are processed by complex neuronal 

networks that involve neurons of the superficial layers. This information is then 

projected through diverse ascending pathways directly to the brainstem and 

thalamus, and indirectly, to the cerebral cortex, where the complex pattern of pain 
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perception is formed. Since organization of ascending pathways varies between 

mammals, I will focus on major pathways involving lamina I neurons described for 

our experimental model (rat): the spinothalamic tract (STT), the spinoreticular tract 

(SRT), the spinomesencephalic tract (SMT) and the spinohypothalamic tract (SHT). 

 

The STT is the most prominent ascending nociceptive pathway in the spinal cord of 

most mammals and is also referred to as the anterolateral system, although several 

other pathways (e.g. the SMT and SRT) accompany the STT in the ventrolateral 

quadrant of the white matter. The STT terminates in three main areas of the lateral 

thalamus; the ventral posterior lateral nucleus, the intralaminar nuclei and the 

posterior complex (Willis et al., 1979; reviewed by Willis & Westlund, 1997; Tracey, 

2004). Most of the cells project to the contralateral thalamus, although a small 

fraction projects ipsilaterally (reviewed by Willis & Westlund, 1997). Interestingly, in 

rats the direct projections to the thalamus are outnumbered by those to other 

supraspinal sites, like the lateral parabrachial nucleus (LPB) of the brainstem. The 

STT is formed by axons of nociceptive-specific and wide-dynamic-range neurons in 

lamina I, laminae V-VII and also lamina X (Kevetter & Willis, 1982, 1983; Harmann 

et al., 1988; Lima & Coimbra, 1988; Burstein et al., 1990; reviewed by Willis & 

Coggeshall, 1991; Willis & Westlund, 1997; Basbaum & Jessel, 2000). 

 

Although the majority of axons forming the SRT originate from neurons in laminae 

V, VII, VIII and X (reviewed by Basbaum & Jessel, 2000; Almeida et al., 2004), there 

is a separate projection from lamina I and X to the dorsal reticular nucleus (DRt) of 

the medulla (Bing et al., 1990; Lima, 1990; Lima & Coimbra, 1990; reviewed by 

Willis et al., 2004). There are three targets of this tract in the brainstem: the 

precerebellar nucleus in the lateral reticular formation, the medial pontobulbar 

reticular formation and the DRt (Lima & Coimbra, 1990; reviewed by Tracey, 2004). 

In contrast to the STT, many of the axons of the SRT do not cross the midline 

(reviewed by Basbaum & Jessel, 2000). 

 

The SMT seems more suited to contribute to the motivational-affective aspects of 

pain (Bernard & Besson, 1990; reviewed by Basbaum & Jessel, 2000; Willis et al., 

2004), as well as to trigger activity in descending control systems (Willis & 

Coggeshall, 2004). The location of the neurons that give origin to this tract is 

overlapping with that of the neurons of the STT: laminae I, II, IV-VII and X 

(Menetrey et al., 1982; Hylden et al., 1986a; Cliffer et al., 1991; reviewed by Willis & 

Westlund, 1997; Millan, 1999). In rats, the axons of this pathway originating from 
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neurons in lamina I and the lateral spinal nucleus (LSN) ascend in the dorsal part 

of the lateral funiculus rather than in the anterolateral quadrant (McMahon & Wall, 

1983, 1985; Swett et al., 1985; reviewed by Basbaum & Jessel, 2000). Supraspinal 

targets of this tract include the mesencephalic reticular formation, the 

periaqueductal grey matter (PAG) and the LPB (reviewed by Basbaum & Jessel, 

2000). 

 

Neurons giving rise to the SHT are located bilaterally, mostly in the deeper laminae 

of the dorsal horn, but also in lamina I and the LSN (Burstein et al., 1990; reviewed 

by Basbaum & Jessel, 2000; Almeida et al., 2004). The SHT ascend directly to the 

lateral, posterior, and dorsal hypothalamic areas (Cliffer et al., 1991; reviewed by 

Basbaum & Jessel, 2000; Tracey, 2004), where they synapse with neurons that give 

rise to the hypothalamospinal tract. This pathway is accompanied by axons that 

project directly from the spinal cord to several regions of the telencephalon, 

including the amygdala, septal nuclei, nucleus accumbens, and other limbic system 

structures (Burstein et al., 1987; Cliffer et al., 1991). 

 

1.3 Descending spinal modulation 

 

Nociceptive processing in the spinal dorsal horn is modulated by a complex 

neuronal network of several brain areas collectively known as the supraspinal 

endogenous pain control systems (Melzack & Wall, 1965; reviewed by Tavares & 

Lima, 2007). According to the type of transmitter released the three major 

descending modulation systems are classified as noradrenergic, serotonergic and 

opioidergic. The descending axons terminate diffusely throughout the dorsal horn, 

and although some form synapses, the majority of their action is mediated through 

volume transmission (Zoli et al., 1999; reviewed by Todd, 2010). The pain control 

systems interact with each other and, beside the well-known anti-nociceptive 

effects, can also trigger the pain facilitation, pronociception (Jones, 1991; reviewed 

by Tavares & Lima, 2007).  

 

One of the major systems includes PAG and the rostral ventromedial medulla 

(RVM), PAG-RVM system. Although, some neurons in the PAG project directly to the 

spinal cord, most of the connections between PAG and the spinal cord are indirect, 

through the RVM nuclei like the nucleus raphe magnus (NRM) and the nuclei of 

reticular formation (reviewed by Willis & Westlund, 1997; Gebhart, 2004; Fields et 

al., 2006). Descending modulation from the PAG-RVM system is mainly 
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serotonergic (Bowker et al., 1981) with some contribution of GABAergic and/or 

glycinergic pathways (Antal et al., 1996; reviewed by Millan, 2002).  

 

The PAG also projects to parabrachial areas, including the locus coeruleus and the 

A5 and A7 groups (Jones, 1991; reviewed by Millan, 2002; Fields et al., 2006). The 

spinal projections from these parabrachial areas are noradrenergic. The activation 

of these pathways leads to a release of norepinephrine and inhibition of primary 

afferent terminals via alpha-2A-adrenoceptors (reviewed by Pertovaara, 2006). 

 

In addition, two areas of the caudal medulla, the DRt and caudal ventrolateral 

medulla (CVLM) also participate in descending modulation (reviewed by Tavares & 

Lima, 2002). The DRt is reciprocally connected with the dorsal horn and its 

stimulation results in pain facilitation (reviewed by Lima & Almeida, 2002).  

 

It is important to note that modulation of nociception occurs at several targets 

including the primary afferent terminals, projection neurons, excitatory and 

inhibitory interneurons, and terminals of other descending pathways (reviewed by 

Willis & Coggeshall, 1991; Millan, 1999, 2002; Fields et al., 2006). 
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2. Spinal lamina I 

 

Lamina I is the key output layer of the SDH containing several types of projection 

neurons. They receive nociceptive primary afferent input, integrate it and transmit 

to higher brain centres. The integration process also includes inputs from the local 

neuronal networks, propriospinal neurons and descending systems. Despite its 

obvious importance, the complex neuronal and synaptic organization in lamina I is 

still poorly understood (reviewed by Willis & Coggeshall, 2004; Todd, 2010). 

 

2.1  Afferent input to lamina I 

 

Lamina I, also known as the marginal zone, is the most superficial dorsal horn 

layer, located just below the dorsal columns and Lissauer`s tract (Rexed, 1952; 

reviewed by Todd & Koerber, 2006). Ventrally, it is delimited by the translucent 

layer of lamina II or substantia gelatinosa. The dark appearance of lamina I is due 

to the higher percentage of termination of weakly-myelinated Aδ-fibres in 

comparison with lamina II, where most unmyelinated C-fibres terminate. Individual 

lamina I neurons can receive monosynaptic inputs from both Aδ- and C-type 

afferents (Grudt & Perl, 2002; Ikeda et al., 2003; Pinto et al., 2010). Thin afferents 

entering the spinal cord terminate not only in the segment of root entrance but also 

one to two segments above and below (Szentagothai, 1964; Cruz et al., 1987). In 

agreement with this, it has recently been shown that individual lamina I neurons 

receive and integrate broad intersegmental monosynaptic inputs from Aδ- and C-

fibres (Pinto et al., 2010).  

 

2.2 Lamina I neurons 

 

Results from anatomical studies with Golgi technique or intercellular injection 

methods have shown that most of the neurons in lamina I give rise to axons that 

arborize in the same segment and generally close to the cell body. These neurons 

contribute either to local spinal and propriospinal circuits (Bennett et al., 1981; 

Bice & Beal, 1997b). According to Bice & Beal (1997b), as few as 11% of lamina I 

cells are true local-circuit neurons, with no axon extending further than one 

segment away. Over half of lamina I cells are short propriospinal neurons extending 
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their axons for 2-7 segments. The remaining population included both long 

propriospinal neurons and projection neurons. 

 

Although lamina I contains the highest density of supraspinally projecting neurons, 

these make up only 5-10 % of its population (Bice & Beal, 1997b, a; Spike et al., 

2003). Axons of lamina I projection neurons typically cross the midline and ascend 

in the contralateral white matter through the anterolateral tract (ALT) (Ramon y 

Cajal, 1909; Kuru, 1949; Willis & Coggeshall, 1991). In the rat, many of their 

supraspinal targets also receive ipsilateral projections from lamina I neurons (Spike 

et al., 2003). It was also shown that many lamina I neurons can project to more 

than one brain region (Hylden et al., 1989; Spike et al., 2003; Al-Khater & Todd, 

2009; Polgar et al., 2010b).  

 

Early studies in the rat suggested a lack of correlation between cell morphology and 

functional properties of lamina I cells (Light et al., 1979; Woolf & Fitzgerald, 1983; 

Steedman et al., 1985; Hylden et al., 1986b; Rethelyi et al., 1989). More recently, 

however, it has been suggested that the different somatodendritic morphologies of 

lamina I neurons represent particular patterns of supraspinal connectivity (Lima, 

1998) and form distinct functional classes (Han et al., 1998). Several attempts have 

also been made to correlate basic physiological properties with somatodendritic 

morphology and/or supraspinal targets (Prescott & De Koninck, 2002; Ruscheweyh 

et al., 2004). 

 

2.3 Morphology of lamina I neurons 

 

Lamina I neurons vary widely in size and shape. The characteristic feature of this 

region is the presence of large medio-laterally oriented neurons, known as giant 

marginal cells of Waldeyer, that contrast with the surrounding tightly-packed 

smaller neurons (reviewed by Willis & Coggeshall, 2004). With an exception of size, 

these giant neurons fit into the same morphological categories as other lamina I 

cells (Molony et al., 1981; Lima & Coimbra, 1983). 

 

The somatodendritic structures of lamina I neurons have been extensively studied 

(Ramon y Cajal, 1909; Gobel, 1978; Light et al., 1979; Lima & Coimbra, 1986). 

Their first comprehensive classification was done in the cat spinal trigeminal 

nucleus by Gobel (1978), who identified pyramidal and multipolar neurons. Later 

studies done in the rat described four major types of lamina I neurons: fusiform, 
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multipolar, flattened and pyramidal (Lima & Coimbra, 1983, 1986). Fusiform cells 

have longitudinal spindle-shaped perikarya with bipolar (less frequently unipolar) 

dendritic trees rich in pedicled spines. Such neurons were mainly found in the 

lateral part of lamina I. Multipolar cells have a dense dendritic arbour originating 

from numerous primary trunks and they predominate in the medial part of lamina 

I. Flattened aspiny neurons, with a polygonal body flattened in the horizontal plane 

and a horizontal dendritic arbour, were confined to lamina I predominating in its 

middle part. Pyramidal neurons have longitudinally elongated perikarya that bulge 

into the white matter. The arbour has a large longitudinal and mediolateral spread 

and includes branches which ramify in the white matter (Lima & Coimbra, 1983, 

1986). Flattened and pyramidal lamina I neurons, which show the classical 

mediolateral orientation of the marginal cells described in the older literature, have 

been suggested to make up the bulk of the projection neurons of lamina I in the rat 

(Lima & Coimbra, 1986). These two cell types, along with the multipolar (type IIB) 

neurons, possess the largest cell bodies among the lamina I neuronal population 

(Lima & Coimbra, 1986).  

 

However, much less is known about the axon trajectories and axon collaterals of 

projection neurons. Axon collaterals of some lamina I projection neurons have been 

shown at the supraspinal level (Liu, 1986; Harmann et al., 1988; Hylden et al., 

1989; Spike et al., 2003; Al-Khater & Todd, 2009). In addition, local (spinal) axon 

collaterals were described in some reports; lamina I neurons were shown to issue 

collaterals in laminae I–IV of the spinal cord in monkey (Beal et al., 1981), cat (Light 

et al., 1979; Bennett et al., 1981; Hylden et al., 1986b) and rat (Cheunsuang & 

Morris, 2000; Grudt & Perl, 2002) as well as in the medullary dorsal horn of rats (Li 

et al., 2000). 

 

2.4 Neurochemistry of lamina I neurons 

 

The neurochemical characteristics of different lamina I neurons and the 

relationships between morphological classification and transmitter/receptor 

phenotype have been studied by several groups. In the following part, I will discuss 

the most relevant transmitters and neuromodulators: glutamate, gamma-amino 

butyric acid (GABA), glycine and substance P. 
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- Glutamate 

 

Glutamate is the main excitatory neurotransmitter in the spinal cord and is 

released by primary afferents, excitatory interneurons and some descending axons 

(Broman, 1994; Todd et al., 2003). It is likely that most dorsal horn neurons that do 

not use GABA or glycine as their transmitter are glutamatergic (Todd & Spike, 

1993; Todd et al., 2003; Todd & Ribeiro-da-Silva, 2005). Glutamate acts on 

ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors 

(mGluRs), which are widely expressed by spinal neurons (Coggeshall & Carlton, 

1997).  

 

The iGluRs can be divided into three classes on the basis of their preference for 

agonists N-methyl-D-aspartate (NMDA), kainic acid or α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionate (AMPA). NMDA receptors (NMDARs) comprise a 

hetero- or homomeric assembly of receptor subunits, NR 1-3. NMDARs are ligand- 

and voltage- gated, show high permeability to Ca2+ and are considered to play an 

essential role in activity-dependent synaptic plasticity (Katano et al., 2008). In 

contrast, the AMPA receptors (AMPARs) mediate fast excitatory postsynaptic 

potentials in spinal neurons (Yoshimura & Jessell, 1990; Yoshimura & Nishi, 1992). 

AMPARs have a tetrameric structure and are made up from four subunits (GluR1-4, 

also known as GluR-A-D). AMPARs that lack the GluR2 subunit show significant 

Ca2+-permeability, while those that possess subunits with long C-terminal tails 

(GluR1 and GluR4) have been shown to undergo activity-dependent insertion, 

leading to long-term potentiation (Spike et al., 1998; Polgar et al., 2008). Polgar et 

al. (2008) showed that synapses in laminae I (and also lamina II) contain GluR2 

together with GluR1 and/or GluR3, while the long form of GluR4 is restricted to 

specific neuronal populations, which may include some lamina I projection cells. In 

spinothalamic neurons, there was also detected the presence of GluR1 and 

GluR2/3 receptors (Zou et al., 2000). Large lamina I projection cells (that also 

express the neurokinin-1 receptor; see later) had clusters of synaptic AMPARs that 

contained the GluR4 subunit, whereas small cells possessed GluR1-containing 

AMPARs (Polgar et al., 2010a). 

 

The mGluRs couple via G-proteins to the intracellular second messenger cascades 

(Pin & Duvoisin, 1995). Based on sequence homology, transduction mechanisms, 

and pharmacological characteristics, the eight mGluR subtypes cloned so far, have 

been subdivided into three families (Pin & Bockaert, 1995). From these subtypes 



__________________________________________________________________________________ 

- 11 - 

high levels of staining for mGlu1, mGlu5 and mGlu7 receptors are found in laminae 

I and II in rats (Shigemoto et al., 1992; Vidnyanszky et al., 1994; Berthele et al., 

1999; Alvarez et al., 2000), with the mGlu5 receptor being predominantly located on 

the soma and dendrites of dorsal horn neurons (Vidnyanszky et al., 1994; Jia et al., 

1999). 

 

- GABA and glycine 

 

GABA and glycine are the principal inhibitory neurotransmitters in superficial 

spinal dorsal horn and they act on GABAA/GABAB/GABAC and glycine receptors, 

respectively (Todd & Spike, 1993; Todd et al., 1995; Todd et al., 1996). 

 

Dorsal horn GABAergic neurons are concentrated in the superficial laminae (I-III). 

Todd & Sullivan (1990) reported that nearly all glycine-immunoreactive cells in 

lamina I also contain GABA, and although co-localized, they can still mediate 

distinct synaptic events in the SDH (Todd et al., 1996; Chery & De Koninck, 1999). 

Polgar et al. (2003) also estimated that in lamina I, the proportion of neurons with 

GABA-immunoreactivity was 23-29 % (present in both cell bodies and axon 

terminals) and with glycine-immunoreactivy was 9-12 %. GABAergic terminals 

within lamina I appear to originate mainly from local neurons or other spinal 

neurons (from deeper layers or other segments) (Todd & Spike, 1993). GABAergic 

dorsal horn neurons can also express parvalbumin (Antal et al., 1991), met-

enkephalin (Todd et al., 1992), and nitric oxide synthase (Valtschanoff et al., 1992). 

 

In lamina I, glycine receptors are located synaptically but GABAA receptors are 

located extrasynaptically, suggesting distinct functional properties of inhibition 

mediated by these two transmitters. As a consequence, the majority of miniature 

inhibitory postsynaptic currents are glycinergic, and GABAergic component is only 

seen in large evoked inhibitory postsynaptic currents (Chery & De Koninck, 1999; 

Keller et al., 2001). 

- Substance P 

 

Substance P is the most abundant tachykinin peptide present in the mammalian 

spinal cord. It is released from small diameter primary afferents after noxious 

stimulation (Littlewood et al., 1995; Lawson et al., 1997; Todd et al., 2000) implying 



__________________________________________________________________________________ 

- 12 - 

a significant role of substance P in pain mechanism (Mantyh et al., 1997; reviewed 

by Hunt & Mantyh, 2001). 

 

Substance P acts mainly on the G-protein-coupled neurokinin-1 receptor (NK1r), 

which is expressed in the dorsal horn with the highest density in lamina I (Nakaya 

et al., 1994; Littlewood et al., 1995; Mantyh et al., 1995; Marshall et al., 1996). 

Activation of NK1r leads to a sustained depolarization of the neuron that is often 

enough to trigger action potential discharge (King et al., 1997). 

 

There is a considerable heterogeneity in the expression pattern of the NK1r. In the 

rat, around 45 % of lamina I neurons are NK1r-immunoreactive (Todd et al., 1998). 

Since only 5–10 % of neurons in lamina I are projecting (Bice & Beal, 1997b, a; 

Spike et al., 2003), essential part of this immunoreactivity can be attributed to the 

population of interneurons (Littlewood et al., 1995). It should be noted, however, 

that the expression level of NK1r, as well as a percentage of immunoreactive cells, is 

much higher for projection neurons than for interneurons (Todd et al., 2002; Al 

Ghamdi et al., 2009). NK1r is presented in 80 % of the projection neurons 

retrogradely labelled from thalamus, PAG, CVLM or LPB (Marshall et al., 1996; Todd 

et al., 2000; Al-Khater et al., 2008). Besides, the NK1r expressing lamina I neurons 

project to the brainstem area RVM involved in the descending modulation of spinal 

cord activity (Khasabov et al., 2002; Suzuki et al., 2002). 

 

2.5 Functional aspects of lamina I 

 

- Intrinsic properties of lamina I neurons 

 

Electrophysiological studies done both in vivo and in vitro preparations identified 

types of neurons according to their action potential discharge patterns observed 

during the depolarizing current injection. The major classes include tonic firing 

neurons, delayed firing neurons, initial bursting neurons and single spiking 

neurons (Thomson et al., 1989; Lopez-Garcia & King, 1994; Grudt & Perl, 2002; 

Prescott & De Koninck, 2002; Ruscheweyh & Sandkuhler, 2002; Graham et al., 

2004). 

 

Tonic-firing neurons discharged action potentials during the whole current pulse. 

Delayed-firing neurons showed a delayed onset of firing in response to current 
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injections that was due to activation of a transient voltage-dependent K+ A-type 

current. Another group of neurons fired a short initial burst of action potentials. 

Single-spiking neurons discharged only one action potential at the onset of a 

depolarising pulse. These firing properties are not unique to lamina I as they have 

been observed in other dorsal horn regions (Hochman et al., 1997; Santos et al., 

2007). Two additional firing patterns, the gap and bursting firing pattern, were 

described in some projection neurons (Ruscheweyh et al., 2004). The majority of 

spino-parabrachial neurons showed the gap firing patter while the spino–

periaqueductal neurons presented the burst firing pattern. This observation implies 

that that firing properties of lamina I neurons may correlate with their projection 

target (Ruscheweyh et al., 2004). 

 

- Lamina I neuron modalities 

 

Electrophysiological studies in the cat and primate identified three functional 

classes of lamina I neurons according to their responsiveness to different modalities 

of peripheral stimulation. Nociceptive-specific (NS) neurons responded only to pinch 

and/or noxious heat. Innocuous thermoreceptive (COLD) neurons responded only 

to innocuous cooling and were inhibited by warming, while polimodal nociceptive 

(HPC) neurons responded to heat and/or pinch and also to cold (Christensen & 

Perl, 1970; Woolf & Fitzgerald, 1983; Dostrovsky & Craig, 1996). Another study 

(Han et al., 1998) tried to reveal a certain correlation between the cell morphology 

and its physiological response. The NS cells were identified as fusiform, COLD cells 

were morphologically identified as pyramidal and HPC cells had a multipolar shape. 

However, this correlation has not been confirmed in rodents (Todd et al., 2002; 

Todd et al., 2005). 

 

- Synaptic connections of lamina I neurons 

 

Lamina I neurons form a complex network with other laminae in the dorsal horn, in 

particular with lamina II. Lamina I neurons were shown to receive local 

monosynaptic inputs from both excitatory and inhibitory lamina II neurons (Lu & 

Perl, 2005; Graham et al., 2007; Santos et al., 2007; Kato et al., 2009; Santos et al., 

2009). Two types of connections were repeatedly observed and proposed as defining 

a “circuit” (Lu & Perl, 2005). In lamina II, central neurons excited vertical neurons, 

and they in turn excited neurons in lamina I, some of which were identified as 
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putative projection neurons. These two connections (central to vertical and vertical 

to projection) potentially form a circuit capable of processing mixed primary afferent 

inputs and subsequently relaying signals out of the SDH through lamina I 

projection neurons. In addition, lamina I neurons can receive direct monosynaptic 

mixed input from Aδ- and C-fibres (Pinto et al., 2010).  Inputs from both lamina II 

excitatory interneurons and primary afferents can be sufficiently strong to excite 

postsynaptic neurons (Santos et al., 2009; Pinto et al., 2010). 

 

Lamina I neurons also have axon collaterals extending to deeper laminae (Lima & 

Coimbra, 1986), suggesting that they may directly interact with deeper dorsal horn 

neurons. Indeed, paired extracellular recordings from rat deep dorsal horn cells 

following the stimulation of neurons in the superficial layers suggested that lamina 

I neurons had a modulatory effect there (Biella et al., 1997). 

 

3. Organization of neuronal network in lamina I remains unknown 

 

In spite of the substantial progress achieved during the last decades, we still know 

very little about the detailed organization of the lamina I neuronal network. 

Experimental techniques used so far did not allow deep insights into the structural 

and functional organization of neuronal circuits. 

 

The anatomical structure of lamina I neurons was mostly investigated using the 

Golgi method and the retrograde labelling technique. They allowed to describe the 

somatodendritic organization of the neurons and to determine the major 

supraspinal projection areas. However, the techniques available so far could not be 

used for a systematic labelling of the entire extension of the fine axonal branches of 

projection and local-circuit neurons. For this reason, the structural organization of 

local branches of lamina I neurons and their functional intraspinal projections 

remain a mystery. 

 

The synaptic connectivity in the spinal neuronal circuits is usually studied by 

simultaneous recording from pairs of monosynaptically connected neurons in the 

spinal cord slice. However, this technique is hardly applicable to lamina I neurons, 

most of which have large somata and do not survive the slicing procedure. 

Moreover, according to the lamina I orientation the most connections between the 

neurons are expected in sections parallel to the dorsal surface of the spinal cord. 
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However, such slices cannot be done for the most superficial 20-μm-thick cell layer 

forming lamina I. Therefore, functional connection between lamina I neurons have 

not been studied. 

 

During the last years, our laboratory developed several unique methods that enable 

us to overcome technical obstacles and to study unknown principles of organization 

of lamina I neuron circuits: 

 

 i) We have found that by using an infrared light-emitting-diode (IR-LED) as a 

source of oblique illumination, it is possible to visualize through the white matter 

living unstained lamina I neurons in the entire (non-sliced) spinal cord. 

Experimentation with the entire spinal cord preparation allowed to record from 

lamina I neurons which preserved all their synaptic contacts (Safronov et al., 2007; 

Szucs et al., 2009). Moreover, during the patch-clamp recordings, the visually-

identified lamina I neurons could be filled with biocytin to achieve a detailed 

labelling of all axonal branches and dendrites. 

 ii) We have also established an alternative method of effective and rapid 

filling of the neurons with biocytin through the cell-attached pipette (Szucs et al., 

2009). 

 iii) We have developed the technique of the fast identification of 

monosynaptically connected neuron pairs in a tissue with a low percentage of 

connected neurons (Santos et al., 2007), giving a great advantage for studies in 

lamina I. 
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4. Work objectives  

 

The major goal of the experimental work was to study unknown basic principles of 

the organization of neuronal circuits in spinal lamina I. We focused on the axonal 

morphology of lamina I neurons and their synaptic interactions. The experiments 

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

studies. 

 

The present dissertation includes three publications arranged chronologically. 

 

Local axon collaterals of lamina I projection neurons in the spinal cord of young rats. 

 

We were interested in studying axonal morphology and branching of lamina I 

projection neurons. Neurons were visualized in the spinal cord through the intact 

dorsal white matter by using the oblique IR-LED illumination technique (Szucs et 

al., 2009). Individual visually identified lamina I neurons were filled in whole-cell 

mode or cell-attached mode (a modified version of the technique introduced by 

Pinault, 1996). After the recording session the tissue was fixed and biocytin was 

revealed by the avidin/peroxidase method. Finally, we performed complete 

reconstructions of projecting lamina I neurons from serial sections using a 

Neurolucida system. 

 

Monosynaptic excitatory inputs to spinal lamina I anterolateral-tract-projecting 

neurons from neighbouring lamina I neurons. 

 

In this second publication we studied the local inputs to projection neurons from 

other lamina I neurons. We combined single-cell imaging in the isolated spinal cord, 

paired recordings, 3-D reconstructions of biocytin-labelled neurons and computer 

simulations to study the monosynaptic input to large ALT-projecting neurons from 

neighbouring (somata separated by less than 80 μm) large lamina I neurons. 

 

Morphological analysis of lamina I local-circuit neurons of the lumbar spinal dorsal 

horn of rats (in preparation). 
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In this last task we characterized non-projecting neurons of lamina I. The 

electrophysiological and morphological methods used in this study were identical to 

those utilized in the previous two. 

 

With this set of experiments we intended to provide new important insights into the 

functional and structural organization of neuronal circuits in the principal spinal 

nociceptive projecting area (lamina I). This knowledge is currently in acute deficit in 

the field but is absolutely essential for understanding the processing in spinal 

nociceptive circuitry. 
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The third task of my work was to characterize non-projecting neurons in lamina I. 

Although these neurons give the majority of the lamina I neuronal population and 

most likely fall into the already established somatodendritic groups, almost 

nothing is known about their axons and synaptic contacts. While characterizing 

the axon trajectories and connectivity of lamina I projection neurons (Szucs et al., 

2010; Luz et al., 2010), we have encountered an intriguing population of lamina I 

neurons, named local-circuit neurons (LCNs), defined by an extensive local axon 

and characteristic discharge patterns in response to the depolarizing current 

injections. We have recorded and filled 97 neurons that were identified as LCNs 

based on the lack of a projection axon in the contralateral white matter and the 

presence of a dense local axon with numerous varicosities. In 76 cases we revealed 

sufficient amount of axon to perform quantitative analysis on the axon and these 

76 cells form the base of this study. The electrophysiology and morphology 

methods used in this study were identical to those utilized in the previous two. 

The result of this work is presently being prepared for publication. Below, a short 

summary of the major findings is given. 

 

Morphological features of LCNs 

 

Neurons in this group mostly had relatively large somata, comparable to those of 

the ALT-projection neurons in the previous two studies (longest cross-sectional 

soma diameter: 20-30 micrometers). With a few exceptions that could not be 

classified based on the criteria of Lima and Coimbra (1986), they were of the 

flattened and multipolar (usually large multipolar) types (Figure 1A-B). Dendrites in 

both cases were extensive; however in case of large multipolar neurons apparent 

ventral dendrites, reaching down into lamina II-III, were always present (Figure 1C). 

Dendritic spines were encountered less frequently and in smaller numbers than in 

case of ALT-projection neurons.

 

The initial myelinated part of the axon frequently had a contorted path (with 

dorsoventral and/or mediolateral loops) while giving rise to several unmyelinated 

small-diameter branches running either rostrally or caudally and branching 

further in acute angles. The axons had a complicated branching pattern, often 

with branches above the 20th branching order (see Figure 8 in Luz et al., 2010). 

Distal and terminal branches had densely packed large (1-2 micrometers) 
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varicosities. The complete axon showed an extensive rostrocaudal (up to 3-4 

segments) and mediolateral (covering almost the whole extent of the dorsal horn) 

distribution. The axons also protruded ventrally into deeper layers of the dorsal 

horn, reaching lamina III-IV (Figure 1D). Although this dense local axon appears to 

be similar, the axonal branching pattern, varicosity densities along the axonal tree 

and terminal field locations seem to show substantial heterogeneity within the 

population. 

 

 

 

Figure 1 – Different appearance of LCNs. A-B: Low-magnification images of two LCNs with distinct 

types of large somata (A - flattened type; B - multipolar type; scale bar: 50 µm). C: Example of large 

multipolar neuron with clear ventral dendrites, reaching down into lamina II-III (scale bar: 50 µm). D: 

3-D reconstruction of the dendrites and densely branching axon of 3 LCNs. Note that these axons 

have an extensive mediolateral distribution and also protruded ventrally into deeper layers of the 

dorsal horn, which can reach lamina III-IV (soma and dendrites – red; axon - yellow). 
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Neurochemical characteristics of LCNs 

 

In an international collaboration with Andrew Todd (Glasgow, UK) we have 

performed double and triple immunocytochemistry on individually labelled LCNs to 

reveal the neurotransmitter content of their axon terminals. From the 21 neurons 

that were used for immunocytochemical analysis of the neurotransmitter content of 

their axon varicosities, 16 were immunoreactive for vesicular GABA transporter 

(VGAT) and negative for vesicular glutamate transporter 2 (VGLUT2). The 

immunostaining was not conclusive in 4 neurons, most likely due to fixation 

problems or the deterioration of the tissue during the experiments, while 1 neuron 

was negative for both VGAT and VGLUT2.  

 

In a collaboration with Zita Puskar (Budapest, Hungary) we also showed that the 

somata and dendrites of LCNs occasionally expressed the NK1r (Figure 2A). We 

also performed pharmacology experiments to clarify this result and found that 

one-third of the tested LCNs (13 out of 39) responded to the application of 

Substance P (1µM) with a characteristic inward current (Figure 2B). When 

recorded in current-clamp mode the same current caused depolarization that was 

often suprathreshold and resulted in sustained action potential firing (not shown). 

 

 

 

 

Figure 2 – Presence of NK1r in lamina I LCNs. A: These images shows a confocal optical slice 

through part of lamina I in a section immunostained to reveal the expression of NK1r (shown in red), 

the neuronal marker NeuN (shown in blue). B: Voltage-clamp recording of a LCN during substance P 

application (1microM).  
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Electrophysiology of LCNs 

 

All recorded LCNs shared a common feature of responding with tonic discharge to 

depolarizing current injections. They presented a variable amplitude 

afterhyperpolarization and occasionally showed an additional after depolarization. 

When compared their average resting membrane potential and input resistance to 

the ALT-projection neurons from our previous two papers, they were lower and 

higher, respectively. Interestingly some of the LCNs showed rhythmic activity (i.e. 

spontaneous rhythmic action potential discharge) at resting membrane potentials. 

This feature to our knowledge is unique in the spinal dorsal horn. 

 

Conclusions 

 

Recently, Pinto et al. (2010) reported that some lamina I neurons receive (and 

most likely integrate) monosynaptic primary afferent input from up to six 

segmental dorsal roots. Although morphological recovery in that study was not 

conclusive, the occasional partially recovered neurons showed similar features to 

the LCNs in this study. 

 

Taken together, these data allow to suggest that we described a well-defined, most 

likely inhibitory interneuron population in lamina I. In our previous work on the 

local synaptic connections of lamina I ALT-projection neurons we could not find 

any inhibitory connections onto ALT-projection neurons when selecting 

presynaptic neurons in lamina I. Thus it is likely that this inhibitory LCN 

population do not target ALT-projection neurons in lamina I. Judging from the 

axon distribution of the LCNs, their potential targets may reside in lamina I 

(neurons other than ALT-projection neurons) and also in lamina II-IV. Dendritic 

distribution patterns and their NK1r expression suggest that LCNs receive similar 

(if not identical) input as ALT-projection neurons and they distribute this 

information along several segments and laminae. Thus our observations indicate 

that these neurons act as intersegmental as well as interlaminar integrators, 

providing anatomical substrate for rostrocaudal "processing units" in the dorsal 

horn.  
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Lamina I is a major pain processing area in the spinal cord. Although morphology 

and physiology of supraspinally-projecting neurons and interneurons have been 

intensively studied, the complex pattern of neuronal connections in this region is 

still poorly understood. 

 

This deficit of knowledge was, at least in part, due to the lack of approaches 

enabling recording from visually-identified neurons in their natural environment. 

However, the recent development of the infrared-light emitting diode (IR-LED) 

oblique illumination technique allowed to perform electrophysiological recordings 

from visually-identified lamina I neurons in the intact spinal cord (Szucs et al., 

2009). With this approach we were able to reveal the complex structure of labelled 

lamina I neurons and follow both axons and dendrites for several hundreds of 

micrometers along the rostrocaudal, mediolateral and dorsoventral axes. The major 

findings that emerged from this study are listed below. 

 

1. Local axon collaterals of lamina I projection neurons 

 

The role of a neuron in a network is determined by two key factors, input and 

output, which, from an anatomical point of view, depend on the organization of its 

dendritic and axonal trees, respectively. The dendritic structure of lamina I neurons 

has been extensively studied (Ramon y Cajal, 1909; Light et al., 1979; Lima & 

Coimbra, 1986). Although the key function of lamina I projection neurons in 

nociceptive processing has long been described, the organization of the axon 

collaterals of these neurons is still largely elusive. Authors generally agree that local 

axon collaterals may have a significant contribution to intraspinal connections, 

however, collaterals of lamina I projection neurons have not been described 

systematically. 

 

In the first publication, we performed 2-D reconstructions of complete lamina I 

biocytin-labelled neurons projecting in the contralateral ALT. We observed that 

almost ¾ of the ALT-projection neurons gave rise to various types of axon 

collaterals on the ipsilateral side. Based on the trajectory and location of collaterals 

(dorsal, lateral and ventral), we could propose distinct ipsilateral target areas for the 
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different projection neuron types giving rise to one type of collaterals (or 

combination of them; mixed-collateral type). 

 

The distribution of dorsal collaterals suggests that their postsynaptic target include 

neighbouring areas within lamina I (dorsal-collateral type I) or laminae II–IV (dorsal-

collateral type II neurons). The rostrocaudal extent of these collaterals suggests that 

their postsynaptic targets are located within the same segment. These results 

strongly support the idea that some lamina I neurons may have both segmental and 

supraspinal connections. Projection neurons could recruit neighbouring lamina I 

neurons, some of which may also be projection neurons targeting the same (or 

other) supraspinal areas. 

 

Lateral collaterals occupied the dorsal part of the lateral funiculus targeting rostral 

segments and, occasionally, extending caudally. Several studies demonstrated that 

multisegmental integration can occur within lamina I, and most authors attributed 

this role to specific sets of propriospinal neurons. However, our results imply that 

some of these propriospinal axons are ipsilateral collaterals of ALT-projection 

neurons located in the lateral half of lamina I. Furthermore, the trajectory of the 

lateral collaterals of ALT-projection neurons revealed in our study strongly supports 

the idea that these collaterals may provide input for the LSN. Taken together, our 

data suggest that, besides their principal function, lamina I projection neurons with 

lateral collaterals can be involved in inter- and/or multisegmental integration and 

can provide input for LSN neurons. 

 

Ventral collaterals typically had a limited rostrocaudal spread but also larger and 

variable mediolateral and dorsoventral extents. This distribution suggests that 

neurons giving rise to ventral collaterals establish connections with neurons in 

deeper laminae (V–VII). A recent study by Braz & Basbaum (2009) demonstrated 

that neurons in deep laminae (III–V) receive polysynaptic inputs from unmyelinated 

primary afferents. The authors presumed that this input is via interneurons of 

laminae I–II. Apart from some lamina II islet and stalked neurons projecting to 

deeper laminae (Eckert et al., 2003), the ventral collaterals of ventral-collateral type 

(VCT) and mixed-collateral type (MCT) lamina I neurons described here may also 

establish such connections. In this way, the ventral collaterals can link parallel 

pain pathways originating from laminae I and V (Braz et al., 2005). Thus, our 

findings further support the hypothesis of sensory information ‘‘flow’’ from 
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superficial to deeper laminae of the dorsal horn (Wall, 1960; Braz & Basbaum, 

2009). 

 

Identifying the postsynaptic targets of ipsilateral collaterals may reveal local 

network functions of lamina I projection neurons. Collaterals of other principal 

neurons in the spinal cord are known to contribute to such networks (Renshaw, 

1946; Morgan et al., 1991). To the best of our knowledge, involvement of ALT-

projection neurons in local spinal processing has not been described so far. From 

this point of view, MCT cells with their diverse types of collaterals form probably the 

most intriguing group of lamina I neurons. They seem to play a very complex role 

involving participation in local circuits, establishing propriospinal connections, and 

at the same time serving as major supraspinal output elements of the dorsal horn 

network. MCT neurons with extensive dendritic trees and diverse axon collaterals 

are capable of interconnecting broad spinal cord regions. 

 

In conclusion, lamina I ALT-projection neurons give rise to distinct types of 

ipsilateral axon collaterals. We propose that these collaterals are important 

determinants of the complex function of projection neurons and can serve as basis 

for their classification. Eventually, detailed description of collateral connections of 

lamina I projection neurons will be crucial for a better understanding of their roles 

in spinal sensory processing. 

 

2. Organization of synaptic connections in lamina I 

 

As mentioned above, the role of a neuron in a network is determined by two key 

factors, input and output. Although we know sufficiently about the supraspinal 

targets of ALT-projection neurons, their input from neighbouring lamina I neurons 

was poorly understood. Therefore, in the second part of the work (second 

publication) we studied synaptic connections between lamina I neurons. 

 

In this publication we demonstrate that an ALT-projection neuron can receive input 

from a LCN as well as from another ALT-projection neuron and in the majority of 

the cases, the axon of these presynaptic neurons forms multiple synapses along the 

somatodendritic domain of the ALT-projection neuron. These results support our 

earlier suggestion that this may be a general principle of organization of neuronal 

connections in the spinal dorsal horn (Santos et al., 2009). Each component of a 
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composite excitatory postsynaptic current (EPSC) may represent one of these 

synapses (or a group of synapses) with its specific dendritic location and 

presynaptic axon path. In addition to direct contacts, lamina I neurons are also 

connected to ALT-projection neurons via intercalated neurons. The polysynaptic 

inputs show variable latencies consistent with the variation of the spike initiation 

time in the intercalated neuron (Santos et al., 2009). We have also found that, in 

many cases, monosynaptic inputs from one neuron can be sufficiently strong to 

evoke spikes in an ALT-projection neuron. Inputs from different groups of synapses 

can be integrated to increase the postsynaptic depolarization. 

 

Since in our experiments the EPSC latencies were distributed in a broad range, we 

decided to study whether such latencies could be explained by the conduction times 

in pre- and postsynaptic neurons. To estimate these delays, we did computer 

simulations using the models based on detailed 3-D reconstructions of the dendritic 

and axonal branches of a postsynaptic projection neuron and a presynaptic lamina 

I LCN. The postsynaptic delay is caused by the electrotonic EPSC propagation in the 

dendrites of an ALT-projection neuron and it can be between 1-4 ms. The maximum 

delay was similar to Santos et al. (2009) estimation for lamina II neurons. The spike 

propagation time in the unmyelinated axon of the presynaptic neuron also 

contributes substantially to the EPSC latency. As lamina I LCNs can synapse on 

ALT-projection neurons and they have extensive axons, we decided to do simulation 

of spike propagation delay in a 3-D reconstruction of one of these neurons. The 

axonal architecture of a LCN predicts spike conduction times of 1-11 ms. In the 

light of these findings, shorter EPSC latencies reported by Santos et al. (2009) for 

the lamina II excitatory interneurons can either imply inherent shorter axo-

dendritic paths or that by using spinal cord slices, the long axo-dendritic paths 

were truncated. 

 

To elucidate the type of postsynaptic neurotransmitter receptors on ALT-projection 

neurons we studied the effects of specific blockers. The experiments allowed us to 

conclude that ALT-projection neurons communicate with other lamina I neurons via 

synapses equipped with Ca2+ permeable (CP)- and Ca2+ impermeable (CI)-AMPARs. 

CP-AMPARs may provide Ca2+ influx and underlie different forms of synaptic 

plasticity in the SDH (Santos et al., 2009) and hippocampus (Oren et al., 2009). The 

CP-AMPAR-dependent plasticity in synapses formed by the interneurons (Santos et 

al., 2009) may be an alternative to the NMDA-receptor-dependent plasticity in the 

synapses of primary afferents (Ikeda et al., 2003). The contribution of CP-AMPARs 
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to transmission in the superficial dorsal horn may further increase under chronic 

pain conditions (Larsson & Broman, 2008; Vikman et al., 2008; Kato et al., 2009). 

 

From this study we concluded that besides their main function of projecting to 

supraspinal areas, ALT-projection neurons are also involved in intralaminar 

connections with other lamina I neurons. Lamina I ALT-projection neurons can 

receive excitatory inputs from other lamina I neurons, like LCNs or others ALT-

projection neurons (directly and indirectly). The axon of a presynaptic neuron forms 

multiple functional synapses on the dendrites of an ALT-projection neuron and the 

transmitter release activates both CP- and CI-AMPARs. The transmission between 

lamina I neurons can have a long latency, mostly caused by the spike propagation 

in the axon of the presynaptic neuron. An input from a lamina I excitatory neuron 

can be sufficiently strong to evoke spikes in an ALT-projection neuron. 

 

3. Morphological description of LCNs 

 

We have revealed an intriguing neuronal population in lamina I, defined by an 

extensive local axon collateral network and characteristic discharge patterns in 

response to depolarizing current pulse injection. For the medullary dorsal horn of 

rats, Li et al. (2000) described large local axonal arbors in the vicinity of the somata 

of putative projection neurons. The overall appearance of some of those cells was 

very similar to that of our LCNs. Typically, the initial myelinated part of the axon 

gave rise to several unmyelinated small-diameter branches, showing an extensive 

rostrocaudal, mediolateral and dorsoventral distribution. Although the axonal 

distribution pattern of these LCNs appear to be homogenous, their initial branching 

order, varicosity densities along axonal tree and terminal field locations seem to 

show substantial heterogeneity within the population. 

 

Furthermore, the dendritic distribution patterns and their NK1r expression suggest 

that LCNs receive similar input as ALT-projection neurons and they distribute this 

information along several segments and laminae. Our preliminary 

immunocytochemical results indicate that a subset of these neurons are inhibitory. 

Taking into consideration the results in our previous work (second publication), 

where we could not find any inhibitory input to ALT-projection neurons from other 

lamina I neurons, one could assume that this subpopulation of inhibitory neurons 

does not target large ALT-projection neurons. 
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In conclusion, our results suggested that LCNs form intersegmental as well as 

interlaminar connections and may regulate several neuronal ensembles, providing 

anatomical substrate for rostrocaudal “processing units” in the dorsal horn. 

 

 

The data forming the basis of this dissertation allow us to conclude that the 

structural organization of lamina I neurons is far more complicated than previously 

thought. The detailed study of their axonal morphologies may be the key to the 

understanding of their complex function. We have shown that lamina I neurons can 

form intralaminar, interlaminar as well as intersegmental connections. These 

findings provide new important perspectives for understanding the functional and 

structural organization of neuronal circuits in this principal spinal nociceptive 

projecting area.  
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4. Remaining questions and future directions 

 

“Somewhere, something incredible is waiting to be known”. 

Dr. Carl Sagan (1934-1996) 

 

The results of this study have important implications on our current understanding 

of the functional significance of lamina I neurons within the dorsal horn network. 

Some questions, however, remain open and new ones also emerge: 

- Our sample was biased because small and medium-sized neurons were not 

studied and neurons in the medial part of lamina I close to the dorsal root entry 

zone were not accessible. Are these neurons different from the anatomical point of 

view? 

- Frequently, in more than 2/3 of the cases, the main axon of ALT-projection 

neurons branched from a stem dendrite, instead of originating directly from the cell 

body. What is the functional significance of this dendritic origin? How different is 

the intermittent dendritic region in relation to the expression pattern of transmitter 

receptors and voltage-gated ion channels? 

- What are the major local spinal inputs and outputs of LCNs? 

- What is the neurochemical nature of LCNs and what kind of 

neurotransmitters do they release for their synaptic transmission? 

- What are the functional consequences of the complex topology of the axons of 

the LCNs for conduction delay and transmitter release at thousands of axonal 

synapses? 
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Spinal lamina I is a key area for relaying and integrating information from 

nociceptive primary afferents with various other sources of input, including 

descending control from supraspinal areas and local spinal input. The dendritic 

organization of lamina I neurons have been extensively studied, however, little is 

known about their complex axonal architecture and synaptic connections. 

 

Combining the oblique infrared-LED illumination technique, paired 

electrophysiological recordings, 3-D reconstructions of biocytin-labelled neurons 

and computer simulations we studied: 1) the organization of the axon collaterals of 

projection neurons, 2) the axonal structure of lamina I local-circuit neurons and 3) 

local neuronal networks formed by these neurons.  

 

In our studies, we demonstrate that the major axon of projection neurons from the 

lateral aspect of lamina I give rise to various types of ipsilateral collaterals (dorsal, 

ventral and lateral). These data suggest that projection neurons can additionally 

function as local-circuit and propriospinal neurons participating in intra- and 

intersegmental spinal processing. The projection neurons can receive input (direct 

or indirect) from both local-circuit cells and other projection neurons in lamina I. 

Local-circuit neurons in lamina I are characterized by an extensive local axon 

network. We show that a subpopulation of these local-circuit neurons with large 

somata is inhibitory. Their dendritic patterns and NK1r expression suggest that the 

local-circuit neurons receive similar input as projection neurons and distribute this 

information over several spinal segments and laminae. 

 

In summary, our data suggest that both local-circuit and projection neurons in 

lamina I are involved in intralaminar, interlaminar and also intersegmental spinal 

processing. Still, the overall prevalence of local-circuit cells over projection neurons 

in lamina I emphasizes the functional importance of intralaminar processing. 

Therefore, future investigations of the neuronal network organization in lamina I 

will be necessary for the better understanding of signal processing in this spinal 

nociceptive projection area. 
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A lâmina I da medula espinhal é uma área fundamental na transmissão e 

integração de informações provenientes de aferentes primários nociceptivos com 

outras fontes de input, incluindo o controlo descendente de áreas supra-espinhais e 

o input espinhal local. A organização dendrítica dos neurónios da lâmina I tem sido 

extensivamente estudada, no entanto pouco se sabe sobre sua complexa 

arquitectura axonal e conexões sinápticas. 

 

Através da combinação da técnica de iluminação oblíqua de LED infravermelho, 

registos electrofisiológicos em pares de neurónios, reconstruções em 3-D de 

neurónios preenchidos com biocitina e simulações computacionais, estudamos: 1) a 

organização dos colaterais locais do axónio de neurónios de projecção, 2) a 

estrutura axonal dos neurónios de “circuito-local” da lâmina I e 3) as redes 

neuronais locais formadas por estes neurónios. 

 

Nos nossos estudos, demonstramos que o axónio principal de neurónios de 

projecção na região lateral da lâmina I dá origem a vários tipos de colaterais 

ipsilaterais (dorsal, ventral e lateral). Estes dados sugerem que os neurónios de 

projecção podem também funcionar como neurónios de “circuito local” e 

proprioespinhais, participando no processamento espinhal intra- e intersegmental. 

Estes neurónios de projecção podem receber input (directo ou indirecto) tanto de 

células de “circuito-local” como de outros neurónios de projecção da lâmina I. Os 

neurónios de “circuito-local” da lâmina I são caracterizados por uma extensa rede 

local de axónio. Os nossos resultados indicam que uma subpopulação destes 

neurónios de “circuito-local”, com um grande corpo celular, é inibitória. Os seus 

padrões dendríticos e a expressão de NK1r sugerem que os neurónios de “circuito-

local” recebem inputs similares aos recebidos pelos neurónios de projecção e 

distribuem esta informação sobre vários segmentos e lâminas da medula espinhal. 

 

Em resumo, estes dados sugerem que ambos, os neurónios de “circuito-local” e de 

projecção da lâmina I, estão envolvidos no processamento espinhal intralaminar, 

interlaminar, e também intersegmental. Para além disso, a prevalência global de 

células de “circuito-local” sob neurónios de projecção na lâmina I realça a 

importância funcional do processamento intralaminar. Deste modo, investigações 

futuras sobre a organização da rede neuronal na lâmina I serão necessárias para 
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uma melhor compreensão do processamento de sinal nesta área de projecção 

nociceptiva da medula espinhal. 
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Cover illustration: Representative example of a lamina I local-circuit neuron (soma 

and dendrites – red; axon – black). 
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