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Abstract
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Glutamate is the essential neurotransmitters in pain pathways. The discovery of the vesicular
glutamate transporters (VGLUT1-3) has been a fundamental step on the way to describe
glutamate-dependent pain pathways. We used the Cre-lox system to construct conditional
knockouts with deficient Vglut2 transmission in specific neuronal populations. We generated a
Vglut2f/f;Ht-Pa-Cre line to selectively delete Vglut2 from the peripheral nervous system. These Vglut2
deficient mice showed decreased acute nociceptive responses and were less prone to develop
an inflammatory state. They did not develop cold allodynia, or heat hyperalgesia and were less
hypersensitive to mechanical stimuli in the PSNL chronic pain model. Further analyses of genes
with altered expression after nerve injury, revealed candidates for future studies of chronic pain
biomarkers. Interestingly, the Vglut2f/f;Ht-Pa-Cre mice developed an elevated itch behavior.

To investigate more specific neuronal populations, we analyzed mice lacking Vglut2 in the
Nav1.8 population, as inflammatory hyperalgesia, cold pain, and noxious mechanosensation
have been shown to depend upon Nav1.8Cre positive sensory neurons. We showed that deleting
Vglut2 in Nav1.8Cre positive neurons abolished thermal hyperalgesia in persistent inflammatory
models and responses to noxious mechanical stimuli. We also demonstrated that substance P
and VGLUT2-dependent glutamatergic transmission are co-required for the development of
formalin-induced inflammatory pain and heat hyperalgesia in persistent inflammatory states.

Deletion of Vglut2 in a subpopulation of neurons overlapping with the vanilloid receptor
(TRPV1) primary afferents in the dorsal root ganglia resulted in a dramatic increase in itch
behavior accompanied by a reduced responsiveness to thermal pain. Substance P signaling
and VGLUT2-mediated glutamatergic transmission in TRPV1 neurons was co-required for the
development of inflammatory pain states. Analyses of an itch phenotype uncovered the pathway
within TRPV1 neurons, with VGLUT2 playing a regulatory role and GRPR neurons, which are
to plausible converge the itch signal in the spinal cord.

These studies confirmed the essential role of VGLUT2-dependent glutamatergic transmission
in acute and persistent pain states and identified the roles of specific subpopulations of primary
afferent neurons. Additionally, a novel pain and itch transmission pathway in TRPV1/VGLUT2
positive neurons was identified, which could be part of the gate control of pain.
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Of all the things we can feel with our minds 
and bodies, severe pain is the purest, for it 
drives everything else from our awareness 
and focuses us as perfectly as we can ever 
be focused. 
 
 
Dean Koontz 
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CGRP Calcitonin gene related peptide 
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Cre Cyclization recombinase 

DRG Dorsal root ganglion 

DTA Diphteria toxin A 
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NGF Nerve growth factor 

NMDA N-methyl-D-aspartate 
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PAR2 Protease activated receptor 2 
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STT Spinothalamic tract 

TrkA Tyrosine receptor kinase A 
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member 1 
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member 8 

TRPV1 Transient Receptor Potential Vanilloid Receptor1 
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Introduction 

Pain and itch play a crucial role in alerting the body to withdraw from 
physical harm, such as a hot flame, or to remove a potentially dangerous 
object, such as a parasite. While these two sensations are critical for sur-
vival, they could also ruin one’s quality of life, if turned into a chronic 
condition. The thorough investigations of the neuronal mechanisms of pain 
(nociception) and itch (pruriception) have contributed to an increased un-
derstanding of pain and itch pathways at molecular and cellular levels. 
Nevertheless, several questions regarding the signaling processes and in-
teractions between pain and itch remain unresolved, obstructing the devel-
opment of more efficient and specific therapies. 

The origin of pain and itch  
As far as pain and itch are distinct sensations, their pathways seem to share 
some similarities. Most chemical stimuli are not very specific to one sensa-
tion over the other (Anand, 2003), which could imply an overlap between 
the pruritic and nociceptive transmission pathways, with one exception. 
Itch is sensed as an irritation in the skin, regardless whether it has been 
initiated in the skin or as a result of an intrinsic organ disease (Greaves & 
Khalifa, 2004), whilst pain can be experienced from almost any organ of 
the body (Knowles & Aziz, 2009). Depending on the specific origin of 
either itch or pain, the following classification was introduced. Pruriceptive 
itch can be distinguished as a result of skin damage, neuropathic itch is 
derived from nerve damage, neurogenic itch has a central origin and psy-
chogenic itch is related to psychological abnormalities (Yosipovitch et al., 
2003). Renal and liver diseases as well as serious skin diseases, like atopic 
dermatitis and psoriasis, might also result in chronic itch states 
(Yosipovitch et al., 2003; Cookson & Smith, 2012). 

Similarly, pain nomenclature depends on the distinct origin of the condi-
tion. For example, nociceptive pain arises due to the activation of peripher-
al nerve fibers; neuropathic pain is due to the damage to a part of the cen-
tral nervous system while psychogenic is caused by mental or emotional 
factors. Additionally, depending on the duration of either pain or itch we 
can distinguish acute state that lasts for a short time and chronic state per-
sisting over longer time (IASP, 1979; Woolf, 2010). 
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Itch pathways – pain related or pain independent? 
Itch has, for a long time been, considered a submodality of pain, as these 
two sensations share many similarities (Woodward et al., 1995). Relating 
pruritus to the release of histamine from mast cells in the skin, followed by 
flare reactions, an effect occurring only during itch reaction but not upon 
pain states, suggests separate pathways for pain and itch (Greaves & 
Shuster, 1967). This discovery initiated a cascade of reports investigating 
pruritus. We know now, that histamine-dependent itch begins from a local 
reaction mediated by H1, H3, H4 receptors and calcitonin gene releasing 
peptide (CGRP) release which results in an expansion of the characteristic 
redness of skin (flare) (Bell et al., 2004; Rossbach et al., 2011). Addition-
ally, a model of non-histaminergic pruritus was developed, using cowhage, 
a substance acting through protease activated receptor 2 (PAR2) (Reddy et 
al., 2008), activating mechano-responsive C fiber populations, on the con-
trary to histamine-dependent itch, activating mechano-insensitive C-fibers 
(DeFelipe, 1993). Further arguments supporting multiple itch pathways 
include the observation that histamine induces an itch feeling followed, or 
associated, with an axon reflex flare that increases faster, but recovers 
slower after scratching. On the other hand, cowhage, generates a sharper 
itch sensation and stronger vasoconstrictor reflexes, but no observed flare 
(Kosteletzky et al., 2009). These separate pathways might converge in the 
spinal cord dorsal horn through the gastrin-releasing peptide receptor 
(GRPR), as ablation of this receptor resulted in attenuation of itch trans-
mission induced by diverse pruritic substances (Sun & Chen, 2007). 

Nevertheless, the issue of differentiating pain and itch is still controver-
sial due to their complex interactions. It is known that chemical substances 
used as algogens can also convey itch, for example, capsaicin injections 
trigger bursts of scratching followed by a burning sensations (Anand & 
Bley, 2011). Similarly, formalin, a commonly used inflammatory agent, 
also induces itching (Jinks & Carstens, 2002). In an attempt to distinguish 
between pain and itch behaviors, Shimada and LaMotte introduced the 
cheek model, where upon injections of chemicals into the cheek, a wiping 
behavior indicated pain, whilst scratching would be a sign of itch (Shimada 
& LaMotte, 2008). The authors could observe both behaviors simultane-
ously, following injections of different agents, though one behavior always 
dominated. This observation again highlighted the lack of complete speci-
ficity of chemical agents to itch or pain, however, the cheek model enables 
better discrimination between the two sensations. 

An antagonistic relationship between pain and itch has been recognized 
for a long time (Ward et al., 1996; Davidson & Giesler, 2010), based on 
the common experience that itch can be inhibited by the painful sensation 
induced by scratching. This knowledge was confirmed experimentally by 
inhibition of histamine-induced itch by electrical stimuli (Lewis, 1929). 
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Additionally, it was shown that the relief of itch by scratching is connected 
to a reduction in discharge rates of itch-sensitive spinothalamic neurons 
(Davidson et al., 2009). Various other noxious stimuli, like heat and me-
chanical or chemical stimulation, were later tested for the ability to inhibit 
itch (Atanassoff et al., 1999; Davidson & Giesler, 2010). These studies 
corroborated the observation that enhanced input of painful stimuli inhibits 
itch. The opposite scenario, that inhibition of pain may enhance itch, has 
also been speculated upon (Atanassoff et al., 1999). Segmental pruritus, 
after spinally administrated µ-opioid agonists, is one of the best-known 
example for this phenomenon (Scott & Fischer, 1982). However, this effect 
was recently shown to be mediated through a heterodimerization between 
GRPR and the µ opioid receptor isoform Mor1d, and probably not through 
a local inhibition of pain transmitting neurons (Liu et al., 2011b). 

Several theories have been proposed to explain the complex connection 
between itch sensation and pain transmission. The intensity (frequency) 
theory (vonFrey, 1922) suggests that low-level activation of neurons would 
produce an itch sensation, whilst higher discharges would elicit an experi-
ence of pain. Evidence against this theory has accumulated over the last 
years. Studies by Schmelz (1997) argued for the specificity (labeled-line) 
theory as they described human mechano-insensitive C fibers, responding 
to histamine (Schmelz et al., 1997). Currently, the occlusion model, which 
takes both theories into account, is under discussion (Johanek et al., 2008; 
LaMotte et al., 2009; Schmelz, 2010). It postulates the presence of the 
pruriceptors, probable itch-specific neurons, within the nociceptive neu-
ronal population. A pruritic stimulus would activate them to induce an itch 
sensation. In the case of a noxious stimulus that would activate a partially 
overlapping population of neurons, the itch response would be occluded to 
produce pain. A better discrimination between pain and itch sensations and 
understanding of their connection requires further investigation of their 
transmission pathways and neuronal networks.  
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Figure 1. Representation of different theories explaining pain and itch transmis-
sion in the peripheral nervous system. Green represents a nociceptor, red a pru-

riceptor, and yellow a polymodal neuron. 

Nociceptors and pruriceptors – the source of the sensation 
Pain and itch pathways traverse multiple levels of the nervous system. The 
process of nociception/pruriception originates in the periphery, where in-
tense thermal, mechanical, or chemical stimuli are detected by a subpopu-
lation of peripheral nerve fibers, called nociceptors for pain (Sherrington, 
1906) or pruriceptors in the case of itch (Handwerker & Brune, 1987). The 
nomenclature of primary afferent neurons can be based on their fibers, i.e. 
whether their axons are unmyelinated or thinly myelinated (Cajal, 1909). 
The first category includes medium-diameter myelinated (Aδ) afferents 
that convey acute, well-localized pain. The second class includes small-
diameter, unmyelinated (C) fibers that transmit poorly localized, dull pain 
(Purves, 2008). Most primary afferents respond to diverse stimuli and are 
therefore called polymodal. The transmission of itch is far more ambiguous 
compared to pain. Single-fiber recordings in humans have shown that the 
sensation of histamine-induced itch is transmitted by a relatively slow-
conducting (0.5 m/s) subpopulation of C-fiber neurons, but those neurons 
are not likely to transmit the whole range of itch (Handwerker et al., 1991). 
So far, the classification of sensory neurons is relatively well described, 
however, the factors regulating the development of primary afferents, 
along with the specific transmitters that mediate the sensations have to be 
explored further. 
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Development of sensory neurons 
Sensory neurons require neurotrophins for their survival during the devel-
opment and are characterized by a distinctive phenotypic switch at postna-
tal stages. During development, 70-80% of dorsal root ganglia (DRG) neu-
rons express the nerve growth factor (NGF) receptor tyrosine kinase 
(TrkA) and involve NGF for their survival (White et al., 1996). The trophic 
factor sensitivity changes at postnatal stages and by the 21st postnatal day, 
half of the cells lose the TrkA expression (Molliver et al., 1997a). These 
cells can be visualized by IB4 co-labeling. Additionally, during late devel-
opment another molecule, Ret – the glial cell line-derived neurotrophic 
factor (GDNF) receptor, is up-regulated in the population of small cells 
that downregulate TrkA expression, and these cells become sensitive to 
GDNF (Molliver et al., 1997b). These developmental processes are con-
trolled by several transcription factors. Of interest are the Runx domain 
transcription factors, as both Runx1 and Runx3 are expressed in the trigem-
inal and dorsal root ganglia, where Runx1 plays a role in the differentiation 
of most nociceptors (McLarren et al., 2001; Levanon et al., 2002). It was 
shown that persistent expression of Runx1 is a marker of nociceptors that 
undergo the developmental TrkA to Ret transition. Additionally, Runx1 is 
crucial for sending of afferent projections to specific lamina in the dorsal 
horn (Yoshikawa et al., 2007). The phenotypes of adult sensory neurons 
are determined by sets of transcription factors, which then control distribu-
tion and redistribution of receptors and ion channels upon stimulation and 
this separates DRG neuronal populations based on their distinct response 
modalities. 

Different modalities of stimuli activating specific types of 
receptors 
The primary afferents detect different exogenous stimuli and transduce 
them to higher centers in the nervous system. Recent advances in transgen-
ic models and molecular cloning have significantly increased the under-
standing of the molecular basis of pain and itch transmission. 

The Transient Receptor Potential family – more than just 
thermal sensors 
The interest in the Transient Receptor Potential (TRP) family was sparked 
by the discovery of Transient Receptor Potential Vanilloid Receptor 1 
(TRPV1) as the central component for heat transmission (Caterina et al., 
1997; Caterina & Julius, 2001). TRPV1 in the DRGs is expressed mainly 
in small and medium diameter cell bodies, which give rise to unmyelinated 
C fibers and Aδ fibers, respectively (Ma, 2001). TRPV1 is the only mem-
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ber of the TRP family of receptors sensitive to capsaicin, the hot compo-
nent of chili peppers (Caterina et al., 1997). Even though TRPV1 was tra-
ditionally associated with heat transmission, it is now well established that 
it plays a role as an integrator of different pain modalities, contributing 
directly or indirectly to the transmission of a wide range of sensory infor-
mation. TRPV1-deficient mice that exhibit a modestly reduced (but not 
absent) response to acute heat pain (Caterina, 2003), display diminished 
thermal hyperalgesia in chronic inflammatory models (Davis et al., 2000). 
The involvement of TRPV1 in inflammatory states was additionally high-
lighted by the discovery that many pro-inflammatory agents such as brady-
kinins (Mizumura et al., 2009), prostaglandins (Moriyama et al., 2005), 
proteases (Amadesi et al., 2006) or ATP (Tominaga et al., 2001), contrib-
ute to TRPV1 sensitization, thus playing a role in the development and 
maintenance of inflammatory pain states. On the contrary, the function of 
TRPV1 in neuropathic pain states is not as well established. It is known, 
however, that TRPV1 expression in the DRGs and spinal cord changes in 
experimental chronic pain models providing evidence that the sensitivity of 
this channel increases upon chronic pain states (Xu et al., 2007; Staaf et 
al., 2009).  

Centrally expressed TRPV1 also contribute to pain modulation, as 
pharmacological activation of TRPV1, present in the periaqueductal gray 
led to the activation of the periaqueductal gray-rostral ventromedial medul-
la circuitry, finally inducing analgesia (Maione et al., 2009)  
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Figure 2. Expression pattern of TRPV1-Cre expressing neurons. (A, B) Infrequent 
expression of TRPV1 neurons in the central nervous system (part of Supplemen-
tary figure Paper III) contrary to the robust expression in DRGs and trigeminal 
ganglia (C-E; D) part of figure in Paper IV; (C, E) unpublished data (Ludvig 

Stjärne). 

The other members of the TRP family that convey thermal sensation in-
clude TRPV2, activated by temperatures greater than 52°C (Kanzaki et al., 
1999); TRPV3, activated by warm temperatures (over 34–37°C), although 
its thermal responsiveness continues into a noxious range (Peier et al., 
2002); and TRPV4 that is gated by temperatures greater than 32°C 
(Strotmann et al., 2000). In the temperature range below 22°C, the Transi-
ent Receptor Potential cation channel subfamily M member 8 (TRPM8) 
and Transient Receptor Potential cation channel, subfamily A, member 1 
(TRPA1) contribute substantially to cold transmission (Colburn et al., 
2007; Caspani & Heppenstall, 2009). Additionally, TRPA1 is the principal 
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site of formalin's pain-producing action during both phases, as formalin 
activates specifically TRPA1 initiating phase I, further activation of 
TRPA1 leads to sensitization of CNS, which underlie phase II of formalin 
response (McNamara et al., 2007). 

Further investigation of TRPV1 and TRPA1 revealed that these chan-
nels were more than just pain sensors (Greaves, 2007; Xiao & Patapoutian, 
2011), as they both contribute to the transmission of itch stimuli. Topically 
administrated capsaicin disclosed a possible role for the TRPV1 channel in 
itch, as its application to normal human skin produced itch and irritation 
prior to burning, suggesting that the itch-mediating fibers express TRPV1 
receptors (Anand & Bley, 2011). Activation of the phosphoinositide bind-
ing protein PIRT, a regulatory subunit of TRPV1, is required for transmis-
sion of both normal pain and itch (Kim et al., 2008). Furthermore, specific 
ablation of TRPV1-expressing neurons results in the attenuation of thermal 
pain and itch responses (Mishra et al., 2011).  

Interestingly, TRPA1 has also been associated with itch transmission, as 
it is activated downstream of G protein-coupled receptors (GPCRs) (Xiao 
& Patapoutian, 2011). Known pruritogens, such as histamine, serotonin 
and BAM8-22, all evoke itch by acting on GPCRs (Carnell et al., 2005; 
Willets et al., 2008; Liu et al., 2009). Thus, TRPA1 could be a candidate 
transduction channel for itch. 

All in all, the TRP family represents an appealing target for pain and 
pruritus research and possibly plays a key role in integration and transmis-
sion of these diverse sensations.  

The Mrgpr family in mechanical transduction and beyond 
The extraordinary diversity of mechanical stimuli results in the existence of 
a wide range of responsive primary afferents which are able to distinguish 
a brush of skin from pricking pain (Basbaum et al., 2009). The Mas-related 
gene (Mrg, Mrgpr) family of G-protein-coupled receptors in mouse, exclu-
sively expressed in the trigeminal ganglia and dorsal root ganglia (Han et 
al., 2002), and one of the members MrgprD was suggested to be potential 
mechanotransducer (Cavanaugh et al., 2009). The Mrgpr genes are divided 
into four subclasses: A, B, C, D (Zylka et al., 2003), where MrgprD ex-
pression is restricted to specifically nonpeptidergic, small-diameter, 
IB4(+), C-fiber neurons (Zylka et al., 2003). The closely restricted expres-
sion of these receptors suggested that they were highly probable to play a 
role in pain sensation. MrgprD+ neurons are selectively required for pain-
ful mechanosensation but not heat sensation (Cavanaugh et al., 2009). In-
teraction of MrgprD with the KCNQ/M-type-potassium channel causes 
increased excitability of DRG neurons and thus enhances the signaling of 
primary afferent nociceptive neurons (Crozier et al., 2007). 
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The role of Mrgprs, however, is not restricted to pain sensation. Liu 
(2009) described the sensitivity of MrgprA3 to chloroquine (CQ), an anti-
malarial drug, which displays itch as a main side effect (Liu et al., 2009). 
Even more surprising, despite the high homogeneity between the Mrgpr 
family members, the closely related receptor MrgprC11 was shown to be 
highly selective for BAM8-22 (Liu et al., 2009). MrgprC11 is also activat-
ed by the synthetic peptide SLIGRL-NH2, a pruritogen previously believed 
to induce itch by the activating protease-activated receptor 2 (PAR2) 
(Shimada et al., 2006). Liu (2011), however, recently demonstrated that 
SLIGRL-NH2 induces itch via MrgprC11 and its interaction with PAR2, 
which resulted in mechanical and thermal hyperalgesia by sensitizing 
TRPV1 and TRPA1 (Liu et al., 2011a). Imamachi and co-workers have 
proposed three distinct pathways through which TRPV1, together with the 
Mrgpr family transmit itch (Imamachi et al., 2009). He divided the TRPV1 
fibers into groups depending on the expression pattern of specific receptors 
involved in itch processing. The first group of TRPV1 fibers expresses the 
5-hydroxytryptamine receptor 3 and the H1 histamine receptor and would 
thus mediate serotonin- and histamine-induced itch, respectively. The se-
cond group expresses MrgprA3 and mediates itch responses to CQ. The 
third group contains MrgprA3 and MrgprC11, the receptor for the prurito-
gens BAM8-22 (Liu et al., 2009). These discoveries opened a new avenue 
for the exploration of itch transmission, with the focus on possible interac-
tions between Mrgpr and TRP families in transducing different modalities 
of pain and itch. 

 
Figure 3. Representation of different pruritogens and how their receptors could be 

interacting with TRPV1. Adapted from (Han & Simon, 2011; Ross, 2011) 

Sodium channels and their hyperexcitability in diverse pain 
states  
It is well established that hyperexcitability of primary sensory neurons can 
lead to abnormal burst activity associated with pain and that sodium chan-
nels play a crucial role in these processes (Waxman et al., 1999). Multiple 
sodium channels, with distinct electrophysiological properties, are encoded 
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by diverse mRNAs within small DRG neurons including nociceptive cells. 
Among the 10 known voltage gated sodium channels (Navs), Nav1.8 and 
Nav1.9 are expressed specifically in small-diameter primary afferent neu-
rons and have both been reported to play a role in diverse pain states. 
Nav1.9 was described as a peripheral effector of inflammatory pain hyper-
sensitivity (Maingret et al., 2008). Whilst its role in neuropathic pain is still 
unclear, the Nav1.9 mRNA and protein levels are reduced in the DRG after 
sciatic nerve axotomy. Inconsistently, Nav1.9 knockout mice displayed 
intact hypersensitivity in different models of nerve injury (Priest et al., 
2005). 

On the other hand, Nav1.8 was shown to be central for acute mechanical 
and cold transmission as well as inflammatory pain, but not neuropathic 
pain or heat sensation (Abrahamsen et al., 2008). Despite the clear evi-
dence from mouse models, there are some discrepancies concerning the 
role of single sodium channels in neuropathic pain (Lai et al., 2002; Leo et 
al., 2010; Liu & Wood, 2011). Clinical evidence supports the idea that it is 
the simultaneous dysregulation of several sodium channels that leads to 
increased excitability and further development of neuropathic pain 
(Tanelian & Brose, 1991; Woolf & Mannion, 1999a; Amir et al., 2006). 
Still, the exact signal transmission in those neurons has to be explored, to 
fully understand the mechanism behind the development of this neuropa-
thy.  

Persistent pain and itch pathways  
The complexity of signaling pathways is evidently expressed in the context 
of chronic pain and itch states. These conditions involve complex transmis-
sion pathways together with injury-induced plasticity; therefore, it is very 
challenging to connect these processes to one single channel or receptor. It 
would be more reasonable to understand the cascade of processes in the 
periphery, in order to manipulate peripheral sensitization, before any irre-
versible changes occur.  

Chronic pain, affecting 20% of the population, is a serious economical 
and medical burden to the society (Nusbaum et al., 2001). Current 
knowledge about the mechanism of chronic pain is based mostly on animal 
models of nerve injury, hence, peripheral sensitization is relatively well 
described. Despite thorough preclinical investigations, having resulted in 
lists of candidate molecules possibly playing a role in neuropathies, the 
clinical outcome is highly unsatisfactory. The complexity of channel and 
receptor activation and dysregulation upon injury, and maybe more im-
portantly, the unknown reason for the switch from acute to persistent states 
of pain, represent the main difficulties in current neuropathic pain research. 

The nerve injury cascade can be divided into peripheral and central sen-
sitization. In the periphery, the availability of sodium, potassium and calci-
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um channels change, leads to the dysregulation of excitability (Woolf, 
1993). As a result neurotransmitters, including glutamate, substance P, 
CGRP, and ATP are released from C and Aδ nociceptors in lamina I of the 
superficial dorsal horn (Lawson et al., 1994). Consequent activation of 
glutamatergic receptors occur, especially NMDAR (N-methyl-D-aspartate 
receptor), leading to increased intracellular calcium level and activation of 
calcium-dependent and kinase signaling pathways (Hori & Kanda, 1994). 
This cascade results in the excitation of dorsal horn interneurons and facili-
tation of pain transmission. Although neuropathic pain was described as 
having a purely neuronal origin, there are strong evidences supporting a 
role of non-neuronal cells being involved, especially astrocytes and micro-
glia (Scholz & Woolf, 2007). Peripheral nerve injury stimulates microglial 
cells leading to the release of brain-derived neurotrophic factor (BDNF), 
which promotes increased excitability and enhanced pain in response to 
both noxious (hyperalgesia) and innocuous stimulation (allodynia) (Coull 
et al., 2005). The implication of glia cells highlights the possible roles of 
diverse cytokinins and chemokines in the development of neuropathies, 
especially the roles of IL-1β, IL6, TNFα (Sweitzer et al., 2001; Zelenka et 
al., 2005). An interesting feature of cytokines and chemokines is the diver-
sity of activated signaling pathways, which allows them to contribute to a 
number of pathologies.  

There are remarkable similarities between pain and itch peripheral and 
central sensitization. Just as in neuropathic pain, chronic itch involves pe-
ripheral and central sensitization. Patients with atopic dermatitis, a chronic 
itch condition, showed increased levels of neurotrophin 4 (NT4) 
(Wahlgren, 1999), increased serum levels of NGF and SP as well as higher 
density of NGF fibers (Schulte-Herbrüggen et al., 2007), processes leading 
to sensitized pruriceptors. The increased activity of primary afferents re-
sults in sensitization of the second-order neurons in the dorsal horn, which 
leads to hypersensitivity to pruritic stimuli. Consequently, touch/brush-
evoked pruritus arises around the itching site, which is called “itchy skin” 
(Simone et al., 1991). Additionally, patients suffering from atopic dermati-
tis perceive normally painful stimuli as itching, known as punctuate hyper-
kinesis (Atanassoff et al., 1999). 

The dorsal horn; the switchboard between nociception 
and pain 
It was long thought that separation between pain and itch information was 
dependent on the specific cell types segregating the mediation of pain and 
itch already at the peripheral level. It is possible, however, that specific 
codes for itch and pain can be induced in the same type of cells, although 
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the segregation and processing takes place at higher levels of the nervous 
system (Johanek et al., 2008). 

The dorsal horn plays the role of a switchboard, where sensory trans-
mission of purely peripheral sensory information is transferred to higher 
CNS structures and is sensed as pain or itch. Nociceptive primary afferents 
terminate in the dorsal horn of the spinal cord, constituting the first synapse 
in the ascending pain transmission pathways to the sensory centers in the 
brain.  

Since the dorsal horn is a zone where a large number of neurons from 
both the periphery and the brain terminate or pass through, a huge variety 
of neurons are located there. There can central terminals of primary affer-
ent axons, excitatory and inhibitory interneurons, projection neurons termi-
nating in more distant areas of spinal cord or brain and the terminals of 
descending axons, projecting from different brain regions be found, play-
ing a modulating role in nociception. 

A characteristic feature of the dorsal horn is its architecture. It is divided 
into six parallel laminae (Rexed, 1952), based on the size and density of 
the neurons. Interestingly, two main classes of nociceptors terminate in 
different laminae. The peptidergic TrkA-expressing neurons project most 
heavily to lamina I and outer lamina II, while IB4-binding nonpeptidergic 
neurons are mostly found in the inner lamina II (Kashiba et al., 2001). Ad-
ditionally, it has been shown that lamina I with its peptidergic projections 
is crucial in inflammatory conditions, whilst lamina IIi and its nonpep-
tidergic projections is involved in neuropathic pain state (Hylden et al., 
1989; Lekan et al., 1996). Deeper laminae (III-IV) also play a pivotal role 
in pain transmission, especially after the activation by noxious stimuli such 
a hindpaw pinch (Morgan et al., 1994), and during tactile allodynia, as 
tactile and hair-follicale afferents terminate in those laminae (Campbell et 
al., 1988; Presley et al., 1990).  

The discovery that different submodulations of sensory information are 
transmitted to explicit laminae of the dorsal horn, imply the existence of 
specific local spinal neuronal circuits for each pain modality. Interconnec-
tions between spinal neurons have also been determined, demonstrating 
that different interneuronal subtypes received input from distinct types of 
C-fiber afferents (Lu et al., 2008). Inhibition between various modalities of 
sensory information via spinal interneurons could serve as an explanation 
for discrimination between pain and itch sensation and determine the ap-
propriate behavioral response.  
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Figure 4. Representation of the dorsal horn with primary afferents terminating in 

distinct lamina. Adapted from (Basbaum et al., 2009). 

Interneurons: the key to the spinal sensory circuits 
The first modulation of sensory information occurs in the interneurons, 
which are responsible for maintaining the balance between inhibitory and 
excitatory local circuits to preserve normal sensory function (Willis & 
Coggeshall, 2004). The dorsal horn interneurons represent a complicated 
and still not well-described group of cells. They are divided into two func-
tional types: inhibitory, which use gamma aminobutyric acid 
GABA/glycine as their transmitter, and excitatory glutamatergic cells 
(Spike et al., 1993). Although there have been many attempts to classify 
interneurons in the most superficial laminae (I-III), a generally accepted 
representation is still to be described. The most acknowledged pattern in-
cludes four main morphological types of neurons: islet and central cells 
with rostrocaudal dendrites, and radial and vertical cells with dorsoventral 
extension of dendrites (Grudt & Perl, 2002). Some trials to connect the 
morphological classes with functional populations have been performed, 
for example, islet cells consisting of 30% of all lamina II interneurons, 
were shown to contain GABA and a subset of them was enriched with 
glycine. The remaining lamina II cells, radial and most vertical cells were 
shown to co-express vesicular glutamate transporter 2 (VGLUT2) (Todd & 
McKenzie, 1989; Yasaka et al., 2007). However, the relationship between 
transmitter and morphology is more complex, as neither GABAergic nor 
glutamatergic transmission can be limited to an exclusive type of neurons 
(Heinke et al., 2004).  

Little is known about excitatory interneurons, due to the difficulty with 
discrimination between the actions of glutamate released from excitatory 
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interneurons and primary afferents. Inhibitory interneurons were more 
thoroughly studied and were shown to play a crucial role in nociception, 
for example intrathecal administration of GABA or glycine receptor antag-
onists led to tactile allodynia (Sivilotti & Woolf, 1994). 

Recently, interneurons were shown to enable the cross-inhibition be-
tween different submodalities of sensory information. Very elegant evi-
dence for this phenomenon was described by the mechanism of activation 
of TRPM8, the receptor for menthol (Zheng et al., 2010). This study pro-
vided evidence on how cooling and other pain signals could inhibit one 
another within the spinal cord. TRPM8 primary afferents terminate selec-
tively on one type of interneuron, the tonic central interneurons and these 
afferents transmit the cold sensation (Zheng et al., 2010). The other noci-
ceptive modalities are conducted via C-fiber population terminating on a 
diverse subgroup of interneurons, islet interneurons. The two interneuron 
subtypes have the ability to inhibit each other, so when cold is transmitted 
the tonic central interneurons inhibit islet cells, thereby cold sensation is 
perceived, while another nociceptive information is silenced, and vice-
versa (Lu et al., 2008). These characteristic inhibitory processes within the 
dorsal horn could underlie other modalities of noxious signaling. 

Inhibitory processes between pain and itch - a central 
role of interneurons 
An understanding of the neuronal circuit behind the inhibition of itch by a 
counter-stimulus, like scratching, became an interest, as modulation of 
such a circuit could be a key to pain or itch relief. The central mechanism 
for these processes was suggested after the observation that a counter-
stimuli applied several centimeters distal to the area of itching, activating 
other then itch-signaling primary afferents, was still able to block itch 
(Kosteletzky et al., 2009). Similarly, the itch and hyperknesis normally 
induced by histamine were absent or greatly reduced when histamine was 
injected in an area of capsaicin-induced allodynia, suggesting a central 
neuronal inhibitory process that prevents or reduces the itch (Brull et al., 
1999). The effect of counter-stimuli on itch was confirmed by studies in-
cluding several different stimuli such as scratch, pin-prick, capsaicin injec-
tion, electrical stimulation, heat and cold (Brull et al., 1999; Yosipovitch et 
al., 2005; Yosipovitch et al., 2007). 

Disinhibition of the dorsal horn neuronal networks disrupts the balance 
in spinal circuits and is believed to be a key mechanism underlying hyper-
sensitivity observed in chronic pain states (Labrakakis et al., 2009). A good 
example for this is the local blockade of GABAA receptors and glycine 
receptors, resulting in symptoms of neuropathic and inflammatory pain 
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(Malan Jr et al., 2002). The mechanisms of development of chronic pain 
and itch are similar, thereby disinhibition could also be involved in itch 
processing. This hypothesis is supported by the identification of a specific 
subset of inhibitory interneurons in the superficial laminae of the dorsal 
horn, characterized by the expression of the transcription factor basic helix 
loop helix b5 (Bhlhb5) (Ross et al., 2010). Conditional deletion of Bhlhb5 
within these inhibitory neurons resulted in elevated scratch frequencies at 
that particular age, with no differences in nociception, implying that a ma-
jor function of these interneurons is to inhibit itch (Ross et al., 2010). The 
interaction between pain and itch on the spinal level was also confirmed by 
electrophysiological studies demonstrating that scratching inhibited the 
activity of histamine-responsive neurons (Davidson et al., 2009). Together, 
these studies confirm that the inhibition of itch by pain is a process occur-
ring on the spinal interneurons and further investigation of this mechanism 
could reveal new pathways for pain and itch modulation. 

Projection neurons and ascending pathways 
The spinal cord is the central passageway along which all pain messages 
travel between the brain and periphery (Catalano, 1964). The sensory mes-
sage, after modulation by interneurons, can be projected to the brain 
through projection neurons. The spinothalamic (STT) projections originate 
in laminae I, IV-V, VII-VIII. As lamina I receives most of sensory input, 
the STT cells that can be found there are in the focus of pain research 
(Craig, 2004).  

The axons of STT cells cross the spinal commissures to reach the mid-
dle of the anterior funiculus (Craig et al., 2002). The STT projections ter-
minate in six different regions of the thalamus, with the highest density in 
the ventral postlateral nucleus (Craig, 2004).  

The spinothalamic tract can be divided depending on the modality of the 
conveyed stimulus. The neospinothalamic tracts transmit acute (fast pain) 
and terminate in the thalamus and the cortex that processes the information 
(Richardson, 1973). These cells can be divided into nociceptive-specific 
cells, responding to noxious mechanical or thermal stimuli; polymodal 
nociceptive cells, responding to noxious heat, cold and pinch and ther-
moreceptive cells – activated by innocuous cooling and inhibited by warm-
ing the skin, or vice versa (Ferrington et al., 1987) 

Conversely, the paleospinothalamic tract conveys chronic pain. This 
"slow pain" is generally dull, aching, burning, and cramping. Slow pain 
follows the same spinal cord path as the fast pain, but once in the brain, 
separates and terminates in the hypothalamus for stimulation the release of 
stress hormones, and the limbic structures, where emotions are processed 
(Dufton, 1990).  
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Furthermore, ascending pathways are fundamental for conveying itch 
sensation to brain regions. (Davidson et al., 2007) reported that specific 
STT neurons responded to histaminergic and histaminergic-independent 
pruritogenic substances, arguing for separate peripheral pathways for dis-
tinct forms of itch. Concurrently, the authors demonstrated that noxious 
stimuli, besides activating nociceptive fibers, activated also pruritogenic 
STT neurons, adding further complexity to pain/itch transmission and 
questioning the existence of the so called labeled lines for pain/itch trans-
mission.  

Other ascending nociceptive pathways 
Spinobulbar projections that terminate in four different destinations in 
PAG are important for the integration of nociceptive activity with process-
es that are needed for homeostasis and behavioral responses. These projec-
tions can also modulate the experience of pain and itch, by affecting both 
spinal and forebrain activity (Wiberg et al., 1987).  

Descending control of nociception 
Just as perception of pain/itch is important for survival, it is equally im-
portant to regulate pain/itch signaling in the nervous system. The existence 
of a descending pain modulatory system was shown for the first time by 
(Head & Holmes., 1911) over a century ago, and was later confirmed by 
numerous studies (Kuner, 2010; Ossipov et al., 2010) (Eippert et al., 
2009). Many different brain regions give rise to descending control of spi-
nal nociception, creating a system essential for the experience of acute and 
chronic pain. The main descending control pathways originate from the 
midline periaqueductal grey-rostral ventromedial medulla system, dorsal 
reticular nucleus and ventrolateral medulla (Heinricher et al., 2009). De-
scending control is based on the dynamic shifts between pain inhibition 
and facilitation from the brain stem (Parker, 2009). This network strongly 
connects with the hypothalamus and limbic forebrain, including the amyg-
dala and anterior cingulated cortex, which modulate pain through such 
factors as fear, attention, and expectancy (Villemure & Bushnell, 2002). 

There are two monoaminergic pathways terminating in the dorsal horn: 
the serotonergic route, originating in the nucleus raphe magnus, and the 
noradrenergic pathway projecting from the locus coeruleus, and other pon-
tine regions (Crutcher & Bingham Jr, 1978). Another descending pathway 
consists of GABAergic axons from the rostral ventromedial medulla (Antal 
et al., 1996). 
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Pain and itch signaling molecules 
Deciphering of pain and itch pathways was greatly advanced by pre-
clinical studies, providing a list of possible transmitters involved in con-
duction of specific sensations. In general, we can divide the currently 
known signaling molecules into two groups: classical neurotransmitters, 
with glutamate as the main excitatory transmitter, and neuropeptides. 

Pain and glutamate 
The role of glutamate in nociception is well established. One of the initial 
experiments that suggested glutamate involvement in nociception demon-
strated that intrathecal glutamate-injection resulted in the development of 
hyperalgesia and spontaneous pain behavior (Wilcox, 1987). This observa-
tion initiated a countless series of analyzes focused on the role of glutamate 
role in nociception and on the search for potential targets for pain treatment 
within the glutamatergic system. A direct injection of glutamate in the 
mouse footpad or skin lumbar area (back) caused a nociceptive behavior 
(Murray et al., 1991). Additionally, the glutamate levels in the spinal cord 
are changed in different pain models, including the formalin test, (Omote et 
al., 1998) or nerve injury in rats (Somers & Clemente, 2002). Furthermore, 
glutamate transmission plays a role in central sensitization of chronic pain 
states (Woolf et al., 1994).  

Persistent pain states involve the development of hyperexcitability, lead-
ing to enhanced processing of the nociceptive message and increased spon-
taneous firing of primary afferents. Glutamatergic receptors are known to 
play role in these processes. Generally, glutamatergic receptors can be 
divided into two groups, metabotropic G-protein-coupled receptors and 
ionotropic, ligand-gated ion channels. Furthermore, metabotropic receptors 
are divided in eight subtypes, mGluR1-8, while ionotropic receptors con-
sist of NMDA, AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoazole-4-
propionic acid) and kainate receptors. Pharmacological manipulations of 
glutamate receptors were carried out in several studies, in order to prevent 
the development and maintenance of neuropathy (Seltzer et al., 1991; 
Dogrul et al., 2000; Parsons, 2001). NMDA antagonists have been efficient 
in attenuating chronic pain associated with central sensitization in several 
animal models of nerve injury (Davar et al., 1991; Hu et al., 2006; Schmidt 
et al., 2012). The pursuit of NMDA antagonists in clinical trials began in 
the 1980s, however, a fully satisfactory drug has not yet been discovered.  

The other type of glutamatergic receptors, the metabotropic receptors, 
was also widely studied in neuropathies. Group I mGluRs in both primary 
sensory neurons and dorsal horn contribute to pain hypersensitivity in-
duced by inflammation and nerve injury (Guo et al., 2004; Tomiyama et 
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al., 2005). Especially, mGluR5 coupling with the TRPV1 receptor plays an 
important role in normalizing presynaptic glutamate release (Kim et al., 
2009). In general, group I mGluRs (mGluRI) fulfill the pronociceptive 
function, with centrally expressed mGluRI involved in positive feedback 
control of glutamate release, whereas group II/III mGluRs have antino-
ciceptive action, producing negative feedback (Yang & Gereau, 2003; 
Ansah et al., 2009). Even if mGluRs appear to be a promising target, de-
signing a therapeutically efficient drug represents a great difficulty. The 
cognitive side effects and unsatisfactory treatment results were a common 
drawback of the clinical trials (Roberts, 1995) possibly due to wide expres-
sion of glutamate receptors in the central nervous system, raising the need 
for studies of alternative pathways to affect glutamatergic system. 

Vesicular glutamate transporters: a new target for 
deciphering glutamate transmission in pain pathways? 
Glutamate is a ubiquitous amino-acid which, to act as a neurotransmitter, 
needs to be packaged and transported into vehicles and then released at the 
axon terminal (Shigeri et al., 2004). Glutamate transporters, which can be 
divided into two groups, excitatory amino-acid transporters (EAAT) that is 
dependent on electrochemical gradient of sodium ions and vesicular gluta-
mate transporters (VGLUTs) (Shigeri et al., 2004) which control glutamate 
transportation and secretion. Glutamate is synthesized in presynaptic nerve 
terminals and packaged into synaptic vesicles by VGLUTs and is secreted 
into the synaptic cleft after vesicle and plasma membrane fusion (Bleich et 
al., 2003). Additionally, specific membrane-bound EAAT, localized both 
on pre- and postsynaptic neurons as well as on surrounding glia cells re-
move glutamate from synaptic cleft.  

Three forms of VGLUTs have been characterized in recent years: 
VGLUT1 (Ni et al., 1994; Bellocchio et al., 2000; Takamori et al., 2000), 
VGLUT2 (Herzog et al., 2001), VGLUT3 (Gras et al., 2002; Schafer et al., 
2002; Alvarez et al., 2004). The isolation and characterization of the 
VGLUTs was helpful in identifying cells that utilize glutamate as a neuro-
transmitter. VGLUTs are now considered to be the best available markers 
for glutamatergic neurons and represent an important gene family for the 
study of excitatory neurons in vivo (Alvarez et al., 2004).  

Recently an interesting model explaining different release probability of 
overlapping VGLUTs has been proposed (Weston et al., 2011). The specif-
ic expression pattern of endophilin A1, a positive regulator of the release 
probability of different VGLUTs, can explain mechanism behind different 
release of glutamate from individual VGLUTs. VGLUT2-containing vesi-
cles have high levels of active endophilin, leading to high probability of 
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release, whereas VGLUT1-containing vesicles have lower level of active 
endophilin and consequently have a lower probability of release (Weston et 
al., 2011). The distribution patterns of VGLUT1 and VGLUT2 are known 
to be complementary, however, in several brain regions like hippocampal 
and cortex neurons (Conti et al., 2005; Nakamura et al., 2005) as well as 
cerebellum mossy fibers (Hioki et al., 2004), co-existence of these two 
VGLUT isoforms has been shown. Those are the areas were the differential 
release probability effect can take place. 

 

Figure 5. Differential expression of VGLUTs in DRGs. Abundant expression of 
VGLUT1 (A) and VGLUT2 in DRG neurons (B) on the contrary to the scarce 

VGLUT3 expression (C). (D-I) Co-expression of VGLUTs. (D, G) VGLUT1 over-
laps with 35±2% of VGLUT2 neurons (n=3 animals/10 section) while (E, H) 

VGLUT3 is present in 4.1±0.9% of VGLUT2 positive neurons (n=3 animals/10 
section). (F, I) VGLUT1 and VGLUT3 represent mostly separate populations, with 

VGLUT3 overlapping with 2.4±0.4% of VGLUT1 neurons (n=3 animals/10 sec-
tion). Stainings based on immunohistochemistry. White arrows indicate overlap-

ping neurons. Scale bar=55µm. 

VGLUT1 
VGLUT1 and VGLUT2 are present in diverse sets of glutamatergic neu-
rons and are characterized by near-complementary expression pattern 
(Fremeau Jr et al., 2001). They account for most glutamatergic transmis-
sion. A characteristic feature of VGLUT1 during mouse development is the 
relatively low expression before birth that is strongly up-regulated postna-
tally (Nakamura et al., 2005). In the periphery, VGLUT1 is present in rela-
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tively large DRG neurons, whilst in the spinal cord it is distributed in the 
dorsomedial part of the intermediate zone (Kullander et al., 2003; Oliveira 
et al., 2003). Studies exploring the role of VGLUT1 in pain perception are 
currently quite scarce since full VGLUT1 knockout mice die about 3 
weeks after birth (Fremeau et al., 2004; Wojcik et al., 2004). The short 
survival time of VGLUT1 knockout mice contributed to problems with 
phenotyping, therefore VGLUT1 heterozygous animals were used for pain 
testing. VGLUT1+/- mice demonstrated a reduced sensitivity to thermal 
stimuli in the tail withdrawal test, suggesting a possible role of VGLUT1-
dependent transmission in pain (Leo et al., 2009). Other measurements 
performed in acute or chronic pain states did not show any obvious differ-
ences. In addition, the expression pattern of VGLUT1 suggests its presence 
in the population of small unmyelinated DRG neurons (Leo et al., 2009). 

VGLUT2 
The expression pattern of VGLUT2 in the main nervous system pain cen-
ters highlights a possible role of VGLUT2 in pain transmission (Hisano et 
al., 2000; Kaneko et al., 2002; Nakamura et al., 2005). Especially, its 
abundant expression in the DRGs and in the spinal cord indicates its im-
portance in nociceptive signal transmission (Brumovsky et al., 2007). 

Even if full VGLUT2 knockouts die after birth due to respiratory system 
failure (Moechars et al., 2006; Wallen-Mackenzie et al., 2006), a thorough 
battery of behavioral tests was performed on heterozygous animals 
(Vglut2+/-) (Leo et al., 2009). Surprisingly, no change was observed be-
tween knockout animals and their littermates in acute nociceptive tests. 
Inflammatory responses were also intact in Vglut2+/- mice. Only mechani-
cal and cold allodynia after chronic constriction injury was attenuated, 
suggesting an essential role of VLUT2-dependent glutamatergic signaling 
in development and maintenance of neuropathies. The lack of responses in 
other tests may be explained by insufficient reduction of glutamate trans-
mission or compensatory effects from other molecules (Leo et al., 2009). 
Therefore, another genetic approach to study VGLUT2 role in pain became 
an emerging need. The Cre-lox system enabled the spatially and temporally 
controlled deletion of Vglut2, and thus studies of glutamatergic transmis-
sion in explicit neuronal subpopulations (Wallen-Mackenzie et al., 2006). 

VGLUT3  
In contrast to the more abundant expression of VGLUT1 and VGLUT2, 
VGLUT3 is characterized by a more restricted expression pattern. In the 
brain, it is distributed in neurons using GABA and acetylcholine (Ach) 
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(Fremeau et al., 2002; Gras et al., 2002). In the trigeminal ganglia, it is 
present in 11% of all neurons, whilst 10% in the DRGs. It is expressed in 
an unmyelinated, nonpeptidergic population of sensory neurons projecting 
to superficial layers of the dorsal horn (Oliveira et al., 2003; Seal et al., 
2009). It was shown that these neurons convey two distinct features of 
mechanical pain: acute pain in response to noxious mechanical stimuli and 
punctuate hyperalgesia after tissue or nerve injury (Seal et al., 2009). 

A recent study by Weston et al (2011) showed the role of VGLUT3 in 
vesicular glutamate uptake and release in nonglutamatergic neurons. As 
VGLUT3 is located in serotonergic, cholinergic, and GABAergic neurons, 
these synapses co-release glutamate along with other classical neurotrans-
mitters, which implies a fast excitatory signaling component at these syn-
apses (Weston et al., 2011). 

Neuropeptides in pain 
The discovery of neuropeptides, a distinct group of molecules contained in 
and released from various sensory neurons, has increased knowledge about 
the self-regulatory activity of the brain and spinal cord (US & Gaddum, 
1931). The abundant, systemic expression of neuropeptides act to modulate 
acute and chronic pain signals throughout the body (Kopp, 1998). A dis-
tinct feature of neuropeptides is their co-localization with other peptides or 
neurotransmitters in the same nerve ending, which leads to mutual en-
hancement or inhibition of their actions (Costa et al., 1988; DeFelipe, 
1993). Even though neuropeptides and neurotransmitters often co-localize, 
they display a range of differences. Neurotransmitters, for instance, are 
synthesized locally and recaptured after secretion, while neuropeptides are 
synthesized in the soma as precursors and then processed to active peptides 
while transported down to the axon (Nusbaum et al., 2001). The expression 
levels of neuropeptides and neurotransmitters are also dissimilar, as neuro-
peptides are present at lower levels in tissues than classical neurotransmit-
ters but are active at receptors at correspondingly lower concentrations. 
Furthermore, whilst neurotransmitters influence membrane excitability via 
depolarization or hyperpolarization, neuropeptides actions include a range 
of effects such as changes in gene expression, glial cell morphology or 
synaptogenesis (Nusbaum et al., 2001). Additionally, some neuropeptides 
such as CGRP or neuropeptide Y (NPY) are released from non-neuronal 
cells and act on the same receptors as their neuronal equivalents (Brain & 
Cox, 2006).  

In summary, neuropeptides and neurotransmitters represent a complex 
system, with a wide scope of modulation during inflammation or other pain 
states, whilst providing the possibility of differential regulation in distinct 
pain states.  
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Substance P 
Substance P (SP), was the first discovered (US & Gaddum, 1931), and 
consequently the most widely studied neuropeptide. In the dorsal horn 
neurons three mammalian neurokinins: SP, neurokinin A, and neurokinin 
B, can be found, with SP playing a crucial role in different pain states. 
One of the first evidences of the role of SP in nociception was described 
using tooth pulp removal, a structure innervated almost solely by nocicep-
tive afferents (Henry, 1968). This procedure resulted in disappearance of 
SP-containing nerve endings in the trigeminal nucleus. Animal models 
using mice with a disruption of the SP gene, confirmed a role for SP in 
mechanical, thermal, and chemical nociception in somatic and visceral 
tissues (De Felipe et al., 1998). 

SP acts on nociceptors to change their excitability (Cao et al., 1998) and 
is essential for the signaling of moderate to intense pain stimuli. It is char-
acterized by an abundant expression in small, IB4 (-) dorsal root ganglion 
neurons, which terminate in inner lamina II (Zylka et al., 2005). SP is re-
leased after acute stimulation of these C-fibers by noxious heat, mechanical 
and cold stimuli (Fried et al., 1989; Lindh et al., 1989). The spinal applica-
tion of SP evokes activity in nociceptive dorsal horn neurons and produces 
excitation leading to hyperalgesia (Parsons et al., 1996). SP co-exists with 
glutamate (De Biasi & Rustioni, 1988) which can result in their co-release 
and mutual modulatory effects. Glutamatergic and SP-mediated transmis-
sion were shown to be a key component in hyperalgesia (Malmberg & 
Yaksh, 1992). 

Interestingly, SP was also postulated to contribute to itch transmission 
in Atopic Dermatitis (AD) and in other chronic itch diseases (Cookson & 
Smith, 2012). SP induces the release of nerve growth factors from 
keranocytes and histamine from mast cells, leading to skin inflammation 
(Baluk, 1997). In patients suffering from AD, expression levels in skin and 
plasma levels of SP were strongly up-regulated (Toyoda et al., 2002). 

CGRP 
Another neuropeptide of great importance, calcitonin gene related peptide 
(CGRP) and its receptors are involved in pain neurotransmission at differ-
ent levels of the nervous system. They act via potentiation of the excitatory 
effect induced by diverse noxious stimuli (Biella et al., 1991). The 
knowledge about the connection between CGRP and nociception originates 
mostly from the studies on migraine, as peripheral release of CGRP causes 
vasodilatation, relaxes smooth muscles and consequently contributes to 
migraine development (Benemei et al., 2009). Thus, several CGRP antag-
onists were introduced to clinical studies over the last years (Degnan et al., 
2008; Ho et al., 2010). 
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Animal models were used to investigate the role of CGRP in the re-
sponse to specific noxious stimuli. CGRP levels are known to regulate 
sensitivity to noxious heat (Mogil et al., 2005). Interestingly, CGRP 
knockout mice displayed reduced behavioral responses to capsaicin and 
impaired heat hyperalgesia, however, there were no changes in acute heat 
responsiveness (Zhang et al., 2001). Outside the central nervous system, 
CGRP is almost restricted to neurons expressing TRPV1 (Price & Flores, 
2007). The potential role of CGRP in heat transmission was additionally 
supported by the expression pattern of the CGRP-egfp reporter mouse 
where around half of all CGRP neurons in DRGs expressed TRPV1 and 
responded to capsaicin (McCoy et al., 2012). Intriguingly, more then 50% 
of all histamine- and chloroquine-responsive neurons are CGRP positive, 
suggesting a possible role of CGRP neurons in itch transmission (McCoy 
et al., 2012).  

SP and CGRP co-exist to a large extent 70%, in terminals of primary af-
ferent neurons in the dorsal horn of the spinal cord (Tuchscherer & 
Seybold, 1989). Consequently, they are released in response to similar 
noxious stimuli (Duggan et al., 1988; Yaksh et al., 1988; Morton et al., 
1990). SP and CGRP receptors couple to various signal transduction mech-
anisms providing the integration of diverse cellular mechanisms to support 
central sensitization (Ji & Woolf, 2001). This characteristic co-localization 
with other neuropeptides or neurotransmitters results in mutual blocking or 
enhancing of their effects during the release, which ultimately modulates 
pain transmission.  

Other neuropeptides of importance 
So far, over one hundred neuropeptides have been identified (Hokfelt et al., 
2003). Besides SP and CGRP, there are at least few other interesting can-
didates for pain research. Numerous pharmacological manipulations using 
NPY or NPY-antagonists revealed its important role in nociception. NPY 
and its receptors are expressed throughout the central and peripheral nerv-
ous system thus alteration of this system should result in modification of 
nociception (Chang et al., 1992; Zhang et al., 2000). Intrathecal NPY in-
jections reduce neuropathic pain behavior and molecular signs of neuropa-
thy such as c-fos expression (Intondi et al., 2008). Additionally, in models 
of peripheral inflammation, intrathecal NPY reduce thermal hyperalgesia 
(Taiwo & Taylor, 2002), once again confirming its role in inflammatory 
and chronic pain.  

One of the most interesting mechanisms of action in nociceptive pro-
cessing was described for galanin, as it both enhances and inhibits pain 
transmission. Endogenously, galanin is expressed at very low levels in the 
DRGs, however, it becomes up-regulated after peripheral nerve injury fa-
cilitating pain transmission (Bacon et al., 2007). Intrathecal injection of 
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galanin confirmed a biphasic effect, both facilitation and inhibition of pain 
signaling in a dose- and modality-dependent fashion (Cridland & Henry, 
1988; Post et al., 1988)  

Opioids are known to play a crucial role in nociception. Opioid peptides 
in the dorsal horn are encoded by the preproenkephalin and preprody-
norphin genes and are expressed in different dorsal horn neurons (Contet et 
al., 2004). Dynorphin is a known pain modulator, acting mostly on kappa 
receptors. Han and Xie found that injecting dynorphin into the rat spinal 
cord produced a dose-dependent analgesia that was measured by tail-flick 
latency (Han & Xie, 1984). Enkephalins were also shown to act on mu 
receptors (Noda et al., 1982) and they are known to play important role in 
nociception (Michael-Titus et al., 1989). Enkephalins can act as neuro-
modulators and inhibit another classical neurotransmitters, thus reducing 
the emotional and the physical impact of pain. Methionine-enkephalin and 
isoleucine-enkephalin, the two known isoforms of encephalin, can depress 
neurons throughout the central nervous system (Ribeiro-da-Silva et al., 
1992). Although, the exact mechanism of action of these neuropeptides is 
not known, the enkephalins are known as natural painkillers (Dickenson et 
al., 1987). Interestingly, enkephalin has been associated as well with his-
tamine dependent itch (Fjellner & Hagermark, 1982). 

Functional approaches in pain studies 
A better knowledge of the genetics of pain is necessary for improvement of 
current therapies. However, studies in human subjects are complex and 
need to involve large amount of subjects to obtain statistical power. Conse-
quently, a major force in progress in pain genetics was based on animal 
models. The two major approaches were developed: a bottom-up strategy 
(genotype-phenotype) and top-down (phenotype-genotype). 

The approach that revolutionized bottom-up pain research was the abil-
ity to create genetically modified mice (Jaenisch, 1988). By pronuclear 
injection of new genetic information into the mouse genome, it was possi-
ble to control the expression of specific genes, and thereby analyze their 
contribution to specific pain modalities. Commonly used modification of 
genome includes a gene knockout, where the altered gene will be translated 
into non-functional protein, if translated at all. A conditional knockout, on 
the other hand, allows gene deletion in time or space dependent manner 
using for example Cre-lox system (Sauer & Henderson, 1988).  

The Cre-lox system is now commonly used to acquire a region-specific 
deletion of specific genes, for example Vglut2, where the Cre protein binds 
to the lox sites that surround exons 4 to 6 of the Vglut2 gene (Wallen-
Mackenzie et al., 2006). Cre recombinates the lox sites and thereby excises 
the exons and pastes lox together. This results in the generation of a non-
functional VGLUT2 protein. By using a known promoter, the genetic mod-
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ification is only applied in the cells where the promoter is turned on at 
some time point during the lifespan of the animal. This makes it a very 
efficient tool for investigating the effects caused by the absence of a specif-
ic protein in targeted cells (Lindeberg et al., 2004). By crossing the Cre-
expressing animals with reporters such as TaumGFP (Hippenmeyer et al., 
2005) and tdtomato (Madisen et al., 2010) it is possible to visualize the 
affected cells. Additionally, by using a diphtheria toxin-expressing mouse 
(Ivanova et al., 2005) it is possible to specifically delete cells expressing 
the known promoter. These two approaches are great tools to study either 
the function of specific genes or an entire cellular population.  

The problem with bottom-up strategies, using knockouts and conditional 
knockouts, is the lack of animal models that relates better to human condi-
tions. Human self-rating scales and questionnaires represent a reliable and 
accurate way of measuring pain. Since rodents cannot self-report, their 
responses to noxious stimuli are relatively objectively scored. However, 
these tests measure reflexes or innate responses that do not directly corre-
spond to clinical outcomes (Mogil, 2009). Therefore, more operant-based 
measures, requiring spinal-cerebrospinal integration as well as spontaneous 
pain measurements have been introduced to the pain testing, such as tem-
perature preference using compartments with various temperatures that 
animal can choose to be in, rather the reflex based hot plate test or the 
Mouse Grimace Scale to estimate spontaneous chronic pain (Langford et 
al., 2010).  

Despite the difficulties with the interpretation of behavioral data, the in-
troduction of a distinct top-down strategy, the microarray technique, 
brought pain research to yet another level (Schena et al., 1995). This 
throughput procedure for assessing gene expression on a system-wide ge-
nomic scale, gives hope for identification of the network of gene regulation 
in different pain conditions. However, the evaluation of relevance of the 
genes levels received in output data, still presents significant difficulties. 
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Aims 

The overall aim of this work is to increase the understanding of the mecha-
nisms underlying pain and itch transmission as well as the glutamatergic 
and peptidergic contributions to these processes. 
 
Specific aims: 
 
Paper I 
To investigate the role of VGLUT2-mediated glutamatergic signaling in 
peripheral pain pathways 
 
Paper II 
To study the role of VGLUT2 signaling in Nav1.8 primary neurons with 
respect to the previous findings about the role of this channel in pain 
transmission  

 
Paper III 
To analyze the behavioral and molecular consequences of Vglut2 deletion 
from TRPV1 expressing cells 

 
Paper IV 
To study the glutamatergic and peptidergic (SP) components in pain trans-
mission in the TRPV1 neuronal population 
 
Paper V 
To study glutamatergic and peptidergic (SP, GRP) components in itch 
transmission in the TRPV1 neuronal population 
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Results and Discussion 

Glutamate, glutamate receptors and transporters, are located in areas of the 
central and peripheral nervous system that are involved in pain sensation 
and transmission, creating an interesting target for novel pain therapies. 
Their widespread distribution and range of function, however, result in 
extensive side effects, which have hampered the investigation of glutama-
tergic signaling in nociception. Therefore, studies based on a region-
specific deletion of the glutamatergic system components, became a neces-
sity. Particularly, better control over peripheral glutamatergic transmission, 
and thus inhibition of peripheral and central hyperalgesia, could prevent 
maladaptive plasticity and development of persistent pain states.  

Pain is a complex consolidation of processes, and certainly does not de-
pend on solely one transmitter, but rather involves several signaling path-
ways. The discovery that classical neurotransmitters co-exist with neuro-
peptides within the same neuron opened new avenues for investigation of 
mutual interactions and modulation of these two systems. 

In this thesis three different mice lines with peripheral glutamatergic 
signaling alterations, were investigated. Vglut2f/f;Ht-PaCre displayed explicit 
Vglut2 deletion in the DRG, while the other two, Vglut2f/f;Nav1.8Cre and 
Vglut2f/f;TRPV1Cre, were characterized by expression of Cre and hence subse-
quent alteration of VGLUT2 expression restricted to certain neuronal 
populations in the DRG. Further pharmacological manipulations revealed 
the peptidergic and glutamatergic contribution to transmission of different 
pain modalities. 

Glutamate in acute nociception 
A role for glutamate in acute pain states is well established in the literature, 
with AMPA and kainate receptors subtypes accounting for the mediation of 
the nociceptive signal (Bleakman et al., 2006; Spicarova & Palecek, 2010). 
This indicates that disruption in glutamatergic signaling in primary affer-
ents could result in nociceptive changes. Behavioral analyzes of heterozy-
gous Vglut2+/- animals, however, did not show any remarkable changes in 
acute mechanical and thermal nociception. On the contrary, explicit loss of 
VGLUT2-dependent glutamatergic transmission in all DRG neurons, using 
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the Vglut2f/f;Ht-Pa-Cre line, led to decreased sensitivity to all applied painful 
stimuli, indicating its crucial role in acute pain transduction (Paper I).  

This discrepancy shows that there must exist a threshold of the level of 
VGLUT2 expression in DRGs, necessary for intact nociception. It was 
shown previously that a single VGLUT is sufficient to fill a synaptic vesi-
cle (Daniels et al., 2006), thus, ablation of Vglut2 reduce the number of 
functional vesicles and can determine the explicit set of behaviors depend-
ent on glutamatergic transmission. The remaining hesitation is whether 
VGLUT2-dependent signaling, contributing to nociceptive changes, acts 
only based on the threshold levels or is it a population-dependent effect. 
The investigation of explicit mice lines targeting partially different sub-
populations of neurons, gives a sharper view on this topic.  

Mechanosensation 
Skin is the largest organ of the human body and it is constantly exposed to 
different types of mechanical stimulations, ranging from vibration of air, 
light touch to high pressure. Mechanosensation was for a long time one of 
the most indefinable sensations, due to the high heterogeneity of mechani-
cal stimuli. Currently, increasing evidence indicates that mechanical nox-
ious stimuli are conducted by more than one channel or pathway. The list 
of potential mechanotransducers includes TRP channels, potassium chan-
nels (Delmas et al., 2011), and the novel channel family Fam38a and b 
(Piezo1 and 2) proteins (Moechars et al., 2006; Kim et al., 2012).  

Discovery of the invertebrate sodium channel family ENaC/DEG, acting 
as a mechanosensor (Treede et al., 1992) increased the interest in mamma-
lian voltage-gated sodium channels. Distinctive mouse strains with ablation 
of Nav1.8, Nav1.7 or both, exhibited an explicit insensitivity to painful 
mechanical pressure while their ability to sense low threshold mechanical 
stimuli remained unaltered (Nassar et al., 2005). Similarly, transgenic mice 
lacking the Nav1.8-expressing subset of sensory neurons, exhibited attenu-
ated responses to high threshold mechanical stimulation (Abrahamsen et 
al., 2008). Furthermore, Vglut2f/f;Nav1.8Cre deficient mice, displayed de-
creased responses to acute noxious mechanical stimulus (Paper II, Liu et 
al., 2010), corroborating a contribution of VGLUT2-dependent glutama-
tergic transmission to mechanosensation in Nav1.8 neurons. Interestingly, 
no differences between Vglut2f/f;Nav1.8Cre mice and controls were observed in 
terms of Von Frey-induced pricking pain, neither heat nor cold sensations, 
nor acute inflammation (formalin test), suggesting that VGLUT2-mediated 
transmission in Nav1.8 neurons is exclusive for noxious mechanosensation 
(Paper II). 

Additionally, Cavanaugh et al. (2009) proposed a novel candidate, 
MrgprD as an essential component of mechanical sensation. Since the 
knockout mice displayed just partially reduced mechanical sensitivity, the 
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authors did not rule out the existence of MrgrprD-/- populations important 
for this modality, leaving the door open for signaling from Nav1.8 positive 
neurons. Moreover, similarly to Nav1.8 positive neurons, VGLUT2-
dependent signaling is highly probable to account for the observed pheno-
type, especially that 86% of MrgprD neurons were shown to be Vglut2 
positive (Paper II). 

The TRP family is typically associated with thermal sensation, however, 
two members of the family, TRPA1 (Kwan et al., 2009) and TRPV4 
(Suzuki et al., 2003), have been connected to mechanotransduction. 
TRPV1 neurons, conversely, are not directly contributing to mechanosen-
sation, as neither mice lacking the TRPV1 gene (Caterina et al., 2000; 
Bölcskei et al., 2005), nor the TRPV1 expressing neurons (Paper IV) nor 
Vglut2f/f;TRPV1-Cre mice (Paper III) showed mechanosensory alterations. The 
76% overlap of the TRPV1 neurons with the Nav1.8 population could par-
tially explain this effect, as even though a major part of the Nav1.8 popula-
tion is affected in Vglut2f/f;TRPV1-Cre mice, there is still a quarter of Nav1.8 
cells that can function normally. These neurons together with for example 
MrgprD neurons, could possibly compensate for significant loss of Vglut2. 
Interestingly, the Vglut2f/f;Per-Cre strain, affecting a slightly larger DRG pop-
ulation (68%) then Vglut2f/f;TRPV1-Cre, displayed reduced responses to nox-
ious mechanical stimulation (Scherrer et al., 2010). This discrepancy could 
arise due to a more pronounced loss of Vglut2 or a larger Nav1.8 popula-
tion affected, especially that Nav1.8 overlap to 85% with peripherin neu-
rons (Abrahamsen et al., 2008). 

Additional evidence supporting the contribution of glutamate to mecha-
nosensation is provided from the analysis of VGLUT3 knockout mice. 
Mice lacking VGLUT3 had specific behavioral defect in acute mechanical 
pain, but no changes in responses to innocuous mechanical stimuli (Seal et 
al., 2009). VGLUT3 represents a rather scarce population of DRG neurons 
in comparison to the other two VGLUTs, which could explain the not en-
tirely absent mechanosensation (Seal et al., 2009). 

All these data give clear evidence supporting a central role of glutama-
tergic transmission in DRG neurons in mechanical nociception. The strik-
ingly different phenotypes of Nav1.8 and TRPV1 altered mice in response 
to mechanical stimulation additionally strengthen the contribution of 
Nav1.8 neurons in mechanosensation. The intriguing caveat is represented 
by the not complete co-expression of Nav1.8 neurons with TRPV1, which 
could account for dissimilar phenotypes of these two strains in mecha-
nosensation. There is no final agreement on the exact number to which the 
expression of these channels overlap in DRGs. Different groups report 
slightly different results where the numbers vary between 76% (Paper II, 
based on immunohistochemistry and TaumGFP reporter overlap studies) to 
86% (Shields et al., 2012) (based on immunohistochemistry and tdTomato 
reporter overlap studies). What has to be agreed on is that these two neu-



 40 

ronal populations somehow contribute to different modalities of pain. 
While ablation of the Nav1.8 population led to strongly decreased cold and 
mechanical sensation (Abrahamsen et al., 2008), the deletion of TRPV1 
expressing neurons results in decreased heat and attenuates itch sensation 
(Paper IV). There is slight trend towards increased heat sensitivity among 
DTA;Nav1.8Cre mice when tested with Hargreaves, however, hot plate 
measurements did not show any differences between litter mate controls 
and DTA;Nav1.8Cre mice. Similarly, ablating Vglut2 from these two popu-
lations resulted in strikingly different phenotypes, with respect to acute 
nociception. Vglut2f/f;TRPV1-Cre mice were characterized by decreased heat 
sensitivity (Paper III) while Vglut2f/f;Nav1.8-Cre mice displayed reduced me-
chanical nociception (Paper II). 

All in all, glutamatergic transmission plays a key role in mechanosensa-
tion and VGLUT2-mediated glutamatergic transmission in Nav1.8 neurons 
is an indispensable component of acute mechanical pain transmission. 

 
Figure 6. Illustration of transmission pathways of mechanosensation. (A-B) Re-

moval of VGLUT2 and VGLUT3-mediated transmission from the DRGs (VGLUT2, 
Paper I) or completely (VGLUT3, Seal et al, 2009) resulted in attenuated mecha-
nosensation. Ablation of the Nav1.8 population (Abrahamsen et al, 2008))(C) and 
Vglut2 in Nav1.8 expressing neurons (Paper II)(D) contributed to decreased re-
sponses to mechanical stimulus, but alteration in the TRPV1 population did not 

affect the phenotype (E, F) (Paper III-IV). 
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Thermal nociception-heat 
Out of all modalities of pain, temperature sensation received for a long 
time little attention, even though it is crucial for our interaction with the 
environment. The discovery of the TRP family (Minke, 1977) initiated a 
revolution in the concept of thermosensation.  

To date there are several pieces of evidence supporting TRPV1 as an 
endogenous transducer of noxious heat (Tominaga & Julius, 2000). Never-
theless, the initial results on the contribution of TRPV1 to heat responses 
were confusing. As far as pharmacological manipulations of the receptor, 
resulted in altered temperature perception (Szelenyi et al., 2004), the out-
come of TRPV1 knockout mice studies was not homogenous (Caterina et 
al., 2000; Woodbury et al., 2004). 

The final confirmation of TRPV1 signaling in response to heat arose 
from studies deleting the TRPV1 neurons. Ablation of the entire TRPV1 
population resulted in a decreased sensitivity to heat, confirmed by two 
independent studies using DTA;TRPV1Cre strains (Mishra et al., 2011); 
Paper IV). However, the exact transmitters behind the observed phenotype 
remained unrecognized.  

Deletion of only Vglut2 from the TRPV1 neuronal subpopulation result-
ed in significant deficiency in thermal nociception, stressing the im-
portance of glutamatergic transmission for this modality of pain (Paper III). 
Moreover, the other VGLUT2-deficient mice lines, Vglut2f/f;Ht-Pa-Cre (Paper 
I) and Vglut2f/f;Per-Cre (Scherrer et al., 2010) displayed decreased sensitivity 
to acute heat. Out of the two available Vglut2f/f;Nav1.8-Cre mice lines (Paper II; 
(Liu et al., 2010) only the latter, affecting a larger population of DRG neu-
rons (88%), resulted in decreased heat sensitivity (Liu et al., 2010). The 
lack of a heat phenotype in DTA;Nav1.8Cre mice subtracted Nav1.8 neu-
rons as a heat transmitter (Abrahamsen et al., 2008). Therefore, the pheno-
type observed in the Vglut2f/f;Nav1.8-Cre mice published by Liu and co-workers 
might result from greater overlap with TRPV1 neurons, approximately 
83% of the TRPV1 (Liu et al., 2010) in contrast to 76% of TRPV1 neurons 
(Paper II), as well as a larger Vglut2 ablation (81%(Liu et al., 2010); vs 
56% Paper II). 

Another transmitter that could act as a heat mediator is SP. The contri-
bution of SP in heat transmission was established by numerous studies 
(Kuraishi et al., 1985). SP positive neurons in DRGs were also found to 
overlap to 70% with TRPV1 positive/VGLUT2 positive neurons (Paper 
IV). Surprisingly though, pharmacological manipulation of SP receptors in 
Vglut2f/f;TRPV1-Cre control littermates, resulted in unchanged responses to 
noxious heat (Paper IV).  

Together, these data indicate that VGLUT2-mediated transmission in 
TRPV1 neurons is the main pathway of acute heat transmission, and 
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strongly suggest the TRPV1 population as a heat mediating primary affer-
ents.  

 
Figure 7. Illustration of different mediators involved in heat transmission. 

VGLUT2-dependent transmission but not SP signaling, mediates heat sensation in 
TRPV1 neurons (Papers III-IV). (C) SP signaling was disrupted using the NK1R 

antagonist Win51078. 

Thermal nociception-cold 
The perception of cold pain is described at temperatures of 15°C and below 
(Morin & Bushnell, 1998). As the transition from cooling sensation to 
painful cold is not well described, defining a noxious or innocuous cold 
stimulus is problematic, which is one of the reasons behind the limited 
knowledge about cold sensation. What is known is that cold-sensing neu-
rons in DRGs are relatively small, consisting of around 7% of all DRG 
neurons (Reid & Flonta, 2001). There have been numerous mechanisms 
proposed for cold transduction, including direct ion channel activation or 
inhibition of Na+/K+ ATPase (Green, 2004; Reid, 2005). Among all voltage 
gated sodium channels, the tetradotoxin (TTX)-resistant ones are especially 
important for the function of C-fibers at low temperatures, as C-fibers are 
not sensitive to TTX at lower temperatures (Pinto et al., 2008). This result-
ed in the discovery that Nav1.8 neurons are crucial for cold sensation, as 
ablation of these neurons led to insensitivity to noxious cold stimuli 
(Abrahamsen et al., 2008). Surprisingly, mice deficient of Vglut2 in 
Nav1.8 neurons did not show any alteration in cold sensation (Paper II), 
suggesting that glutamatergic transmission in Nav1.8 neurons is not neces-
sary for cold sensation. On the contrary, reduced responsiveness of 
Vglut2f/f;Ht-Pa-Cre mice to cold stimuli strongly suggests a role of glutamate in 
cold sensation, therefore, the results from Vglut2f/fNav1.8-Cre mice were con-
fusing. An explanation for this caveat arose from further analyses of 
TRPV1 mice strains.  



 43 

The contribution of the TRP family members to cold sensation has been 
described, with emphasis on the involvement of the TRPM8 and TRPA1 
channels. As TRPV1 is known to overlap to almost 100% with the TRPA1 
population (Salas et al., 2009) and to big extent with TRPM8, during pre-
natal stages (Mishra et al., 2011), the cold pain phenotype could be ex-
pected in mice with alterations in the TRPV1 population. Complete abla-
tion of the population resulted in decreased sensitivity to cold sensation 
((Mishra et al., 2011); Paper IV), but removal of only Vglut2 did not show 
any modification in Vglut2f/f;TRPV1-Cre mice behavior (Paper IV). It was pre-
viously shown that enhancement of synaptic transmission through SP sig-
naling is involved at least in part in cold stress-induced hyperalgesia (Satoh 
et al., 1992), thus this peptide could play a role in cold sensation. In fact, 
additional ablation of SP transmission in Vglut2f/f;TRPV1-Cre mice resulted in 
decreased cold perception (Paper IV). This clearly suggests that both 
VGLUT2- dependent glutamate transmission and SP signaling are essential 
for cold transmission in primary afferents.  

To summarize, current knowledge indicates that a complementary sig-
naling of glutamate and SP are essential for intact cold sensation.  

 
Figure 8. Illustration of the transmission of cold sensation in primary afferent 

neurons expressing TRPV1, displaying a reciprocal function of VGLUT2 and SP. 
(A) Deletion of the entire TRPV1 population resulted in attenuated cold sensation 
(Paper IV, (Mishra et al., 2011)). Ablation of only VGLUT2-dependent glutama-

tergic transmission (B) or SP-mediated signaling (C) did not alter the cold sensa-
tion (Paper IV). (D) Concurrent ablation of VGLUT2-mediated and SP-mediated 

signaling resulted in attenuated responses to cold (Paper IV).
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Formalin-induced inflammation 
Introduction of the formalin test into the pain field (Dubuisson & Dennis, 
1977) revolutionized the investigation of inflammatory pain. The two main 
advantages of this method are the lack of restraint of animal and the con-
tinuous stimulus, which makes a greater resemblance to a clinically ob-
served inflammatory state. The most distinct feature of this test is the bi-
phasic manifestation, involving diverse nociceptive pathways. The first, 
acute phase is due to a direct effect on nociceptors, while the second phase 
is the inflammatory response (Hunskaar & Hole, 1987). These two phases 
correspond well to the general mechanism of inflammation (Hunskaar & 
Hole, 1987). 

Hyperalgesia, the essential feature of inflammation, consists of two in-
dividual components, a peripheral activation of local receptors followed by 
a facilitation of central pathways mediating inflammation (Treede et al., 
1992). The prolonged stimulation leads to the activation of primary sensory 
afferents, which in response release peptide neuromodulators (SP, CGRP) 
together with glutamate (Ikeda et al., 2006; Zhao et al., 2009). The role of 
glutamate is to transmit fast excitatory postsynaptic potentials in the dorsal 
horn neurons (Santos et al., 2006) by binding to its receptors located on 
second order neurons.  

Not surprisingly, peripheral ablation of Vglut2 using the Vglut2f/f;Ht-Pa-Cre 
line, resulted in decreased formalin-induced nociceptive behavior, in both 
phases (Paper I). Interestingly, heterozygous Vglut2+/- animals did not 
show any alteration in pain responses after formalin injections (Leo et al., 
2009), suggesting a probable population threshold. Screening through dif-
ferent Cre lines with Vglut2 ablation in specific subpopulations of neurons 
supports this hypothesis. Vglut2f/f;Th-Cre mice, lacking Vglut2 in 74% DRG 
neurons showed reduced sensitivity to inflammatory pain (Paper III). How-
ever, other lines with a slightly smaller number of affected cells, including 
Vglut2f/f;TRPV1-Cre with 60% (Paper III), Vglut2f/f;Nav1.8Cre with 64% (Paper II) 
and Vglut2f/f;Per-Cre (Scherrer et al., 2010) with 60% affected cells did not 
show any alteration in responses to formalin, compared to their littermates. 
This could then suggest that the general population threshold to maintain 
the VGLUT2-mediated transmission of inflammatory pain in primary af-
ferents is around 70%.  

Nevertheless, the population threshold theory fails to explain the behav-
ioral responses of DTA;Nav1.8Cre and DTA;TRPV1Cre lines. Both of these 
lines, with complete ablation of Nav1.8 or TRPV1 neurons, showed atten-
uated responses to formalin in the second phase (Abrahamsen et al., 2008; 
Mishra et al., 2011). This observation suggests that another transmitter 
might co-act with glutamate, in mediating the response to formalin injec-
tion. 
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Release of neuropeptides from nerve endings can result in a range of ac-
tions including, smooth muscle contraction, vasodilatation and secretion 
from specific glands, all leading to neurogenic inflammation (Pernow, 
1983). Therefore, investigation of possible connections between glutama-
tergic and peptidergic systems became noteworthy. As mentioned above 
Vglut2f/f;TRPV1-Cre and Vglut2f/f;Nav1.8Cre mice did not show any alteration in 
inflammatory responses, however, after pretreatment with a SP antagonist, 
the responses of VGLUT2-deficient mice were attenuated (Paper IV; Paper 
II). This would suggest that after Vglut2 ablation, the remaining VGLUT2 
positive cells, together with SP were sufficient to transmit the inflammato-
ry pain signal, and SP together with VGLUT2 are responsible for the 
transduction of inflammatory pain. All in all, these data corroborate that 
the formalin-induced inflammatory pain can be co-transmitted by 
VGLUT2-mediated release together with substance P. 

 
Figure 9. Illustration of transmitters involved in formalin-induced inflammation. 

Ablation of all TRPV1 (A) or Nav1.8 (E) neurons resulted in attenuated responses 
to formalin (Paper IV, Abrahamsen et al., 2008). Neither glutamate nor SP alone 

altered the inflammatory response in TRPV1 neurons (B-C) (Paper IV) nor in 
Nav1.8 neurons (F, G) (Paper II). VGLUT2-mediated glutamatergic transmission 
together with SP signaling plays an essential role in formalin-induced inflamma-

tion in TRPV1 neurons (D) (Paper IV) and in Nav1.8 neurons (H) (Paper II). 
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Glutamate in persistent pain states 
Persistent inflammatory states 
Clinically, inflammatory pain is more persistent than the normally used 
pre-clinical models, such as the formalin test, which focuses on the rela-
tively brief effects of the inflammatory pain response (Wilson et al., 2006). 
Therefore, tests using pro-inflammatory compounds, such as NGF or Car-
rageenan, are better predictive tools.  

Phosphorylation and trafficking of glutamate receptors as well as pre-
synaptic glutamate release, leading to increased neuronal excitability and 
enhanced synaptic transmission are crucial for generation and maintenance 
of inflammatory states (Liu & Salter, 2010). Therefore, deletion of Vglut2 
might result in a decreased hypersensitivity in inflammatory state. The 
comparison between different Cre lines deficient for Vglut2 in various pri-
mary afferent subpopulations supports this hypothesis, since the Vglut2f/f;Ht-

Pa-Cre, Vglut2f/f;Per-Cre and Vglut2f/f;Nav1.8Cre mouse lines all displayed attenuat-
ed heat hyperalgesia after intraplantarNGF/CFA-injections, indicating a 
role of glutamate in persistent inflammation (Paper I, Scherrer et al., 2009; 
Paper II and Liu et al., 2010). The only exception is represented by the 
Vglut2f/f;TRPV1-Cre mouse line, since these animals develop normal heat hy-
peralgesia (Paper IV). Interestingly, DTA;TRPV1-Cre mice, which lack nearly 
all TRPV1 neurons, showed a decreased heat sensitivity after the injections 
of either NGF or Carrageenan (Paper IV), suggesting that TRPV1 neurons 
play a role in transmission of inflammatory states. This discrepancy of 
phenotypes may indicate that some other factor compensate for Vglut2 
deletion during developmental stages. 

Another explanation for this phenomenon could be a developmental mo-
lecular switch occurring during early postnatal stages that underlies the 
development of sensitization of TRPV1 by NGF in the adult. NGF fails to 
sensitize TRPV1 neurons in prenatal and early postnatal stages (Zhu et al., 
2004). NGF is an essential molecule during inflammation, and was shown 
to increase in peripheral tissues during inflammation (Aloe et al., 1992). 
NGF can act on nociceptors directly by binding to trkA receptors or indi-
rectly by prompting mast cell degranulation (Skaper et al., 2001). NGF can 
also contribute to increased neuropeptide expression (Cho et al., 1997) and 
increased transcription of nociceptive neurotransmitters and ion channels, 
processes leading to inflammation. Interestingly, the switch does not in-
volve changes in the expression of the receptors, trkA (the high affinity 
receptor for NGF), nor TRPV1. It is mostly associated with a change in the 
expression of signaling molecules, specifically up-regulation of ERK1/2 
and PI3K/P110α in the adult DRG, consistent with their previously shown 
role in NGF-induced sensitization (Zhu & Oxford, 2007). Thus ablation of 
Vglut2 during development could result in compensatory effects that alter 
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the signaling pathway on the prenatal stages and later affecting the switch 
of TRPV1 sensitization by NGF. 

 Like in the example of formalin-induced inflammation, the interaction 
between glutamatergic and peptidergic system may be part of the observed 
phenotype. Therefore, the contribution of classical neuropeptides to the 
development of persistent inflammation is possible. Endogenous substance 
P has previously been demonstrated to increase excitability of spinal inter-
neurons during persistent inflammation, supporting a role for SP in persis-
tent, peripheral inflammation (Parsons et al., 1996). Pretreatment of 
Vglut2f/f;TRPV1-Cre mice with a SP antagonist resulted in reduced responses to 
heat stimulation. These data confirm a reciprocal contribution of glutamate 
and SP-mediated signaling to inflammatory induced heat hyperalgesia in 
the TRPV1 population. 

Interestingly, the Vglut2f/f;Ht-Pa-Cre line expressed decreased punctuate 
hyperalgesia indicating that VGLUT2-mediated signaling plays part also in 
mechanical sensitivity during inflammatory states (Paper I). Additionally, 
both mice lacking the entire Nav1.8 population (Abrahamsen et al, 2008) 
as well as Vglut2f/f;Nav.8-Cre mice (Liu et al, 2010) displayed reduced punctu-
ate hyperalgesia. None of the other lines, however, where the mechanical 
responses were measured, displayed the phenotype (Paper IV; Scherrer et 
al, 2010), indicating VGLUT2-mediated glutamatergic transmission in 
Nav1.8 neurons as the main transmission pathway for this modality of 
pain.  

Glutamate in neuropathic pain 
Neuropathic pain covers a wide range of disease states and is characterized 
by a variety of symptoms (Woolf & Mannion, 1999b). This complexity 
reflects on poor treatment strategies that are based on pain relief rather than 
on prevention. Thus, deciphering the molecular basis of neuropathies is 
indispensable for better clinical intervention. 

The persistent pain states, inflammatory or neuropathic, share some 
mechanisms. Neuropathies involve additional maladaptive changes in neu-
ronal plasticity, leading to a changed pain transmission. The initial altera-
tion occurs in the periphery, when both injured and non-injured neurons in 
DRGs display massive disruption in transcription (Zimmermann, 2001). 
Following this, modification of the membrane properties as well as growth 
and transmitter function result in elevated excitation of neurons, initiating a 
cascade of peripheral and central sensitization (Xiao et al., 2002).  

Prevention of the development of central sensitization would simplify 
possible therapies and would reduce the occurrence of side effects. For that 
reason, considerable effort has been made to understand peripheral glu-
tamatergic signaling in neuropathic conditions. The first report to uncover 
the role of VGLUT2 in neuropathic pain was presented by Moechars and 
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co-workers (2006), who showed that heterozygous Vglut2+/- mice displayed 
reduced responsiveness to mechanical and cold allodynia after nerve inju-
ry, arguing for thalamic processing of the increased pain signal (Moechars 
et al., 2006). Evidence from the Vglut2f/f;Ht-Pa-Cre line suggested the role of 
peripheral glutamatergic transmission in the development of neuropathic 
pain, since these mice were resistant to heat hyperalgesia, cold allodynia 
and showed an attenuated response to punctuate hyperalgesia (Paper I). 
Interestingly, the Vglut2f/f;Nav1.8-Cre mice (affecting 64% of the Vglut2 ex-
pressing cells) did not show reduced hypersensitivity after nerve injury 
(Paper II). Similarly, ablation of Nav1.8 neurons did not result in any alter-
ation in the development of hypersensitivity (Abrahamsen et al., 2008). In 
contrast, deleting Vglut2 in a similar, albeit larger, neuronal population 
using a different Nav1.8-Cre driver mouse (88% of the Vglut2 expressing 
cells), led to a reduced development of punctuate hyperalgesia in a chronic 
pain model (Liu et al., 2010), suggesting that the extent of cells lacking 
Vglut2 is crucial for affecting the behavior. Further complexity is added in 
a report by Emery et al (2011), where specific deletion of HCN2 ion chan-
nel isoform from Nav1.8 neurons resulted in resistance to all modalities of 
neuropathic pain. The authors propose that there exists a mediator released 
upon injury, modulating voltage dependent activation of HCN2 and thus 
promoting repetitive firing, initiating neuropathic pain (Emery et al., 
2011). The explanation of the different phenotypes of DTA;Nav1.8Cre and 
mice lacking HCN2 in Nav1.8 neurons is not yet clear. 

The comparison of other available Cre lines with Vglut2 deficiency sup-
ports a role of VGLUT2-mediated transmission in development of specific 
submodulations of neuropathies. TRPV1 neurons evidently contribute to 
heat hyperalgesia, since complete deletion of the TRPV1 population (Paper 
IV, (Mishra et al., 2011)), or removing only Vglut2 from the TRPV1 popu-
lation (Paper IV) resulted in heat hyperalgesia after nerve injury. Addition-
ally, VGLUT2-mediated transmission in the peripherin population was 
shown to contribute to development of heat hyperalgesia (Scherrer et al., 
2010). Surprisingly, the Nav1.8-Cre line (Liu et al., 2010) affecting 81% of 
all DRG neurons and 88% of VGLUT2 positive neurons did not display 
altered heat hyperalgesia. This may suggest that heat hyperalgesia is a pain 
modality strictly dependent on the affected neuronal populations, most 
probably the TRPV1 neurons, but not the threshold of glutamatergic 
transmission. 

Punctuate hyperalgesia, a mechanical hypersensitivity to a probe of a 
small contact diameter, like a von Frey filament, represents a more com-
plex sensation, since Nav1.8 neurons, believed to be the main mecha-
notransducer, did not contribute to the development of punctuate hyperal-
gesia, neither when all neurons were ablated (Abrahamsen et al., 2008) nor 
upon Vglut2 deletion (Paper II). Accordingly, the evident phenotype in 
punctuate hyperalgesia in the other Nav1.8 driver (Liu et al., 2010) is like-
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ly to arise due to a larger population being targeted to delete Vglut2. Sur-
prisingly, Vglut2 deletion from the TRPV1 population, but not ablation of 
the entire TRPV1 population, resulted in resistance to punctuate hyperalge-
sia. This may indicate the existence of not yet identified neurons, which 
could control punctuate hyperalgesia via VGLUT2 mediated transmission. 
In other words, when the TRPV1 population is present, VGLUT2-mediated 
transmission in these neurons contribute to the development of punctuate 
hyperalgesia but in the case where all TRPV1 neurons have been deleted 
other neuronal subtypes uphold the punctuate hyperalgesic state.  

Interestingly, development of cold allodynia was prevented after dele-
tion of Vglut2 from all peripheral neurons (Paper I), but not when the 
VGLUT2 deficiency was restricted to a more specific population. Not even 
ablation of Vglut2 in the Nav1.8 population (Paper II), known to play a role 
in cold transduction, altered the phenotype, which could be due to compen-
satory effects during development. 

To summarize, VGLUT2-dependent glutamatergic transmission is cru-
cial for development and maintenance of neuropathic pain. Heat hyperalge-
sia can be associated with glutamatergic transmission in TRPV1 neurons, 
however, the development of other pain modalities remain unexplained, 
suggesting that additional neuronal populations may be involved in these 
pain states. 
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Candidate genes for future neuropathic pain studies 
Chronic pain is a complicated disease involving changes on sensory, emo-
tional, cognitive and autonomic levels. In humans additional factors such 
as earlier experiences, genetic background, social and environmental con-
ditions can influence the pain outcome (Marchi et al., 2009). As these fac-
tors are difficult to control, therefore the current approach includes a better 
description of molecular changes upon neuropathy, especially in the initial 
phase. Additionally, the molecular differences between those patients who 
develop neuropathy and those who are resistant could provide biomarkers 
for better chronic pain diagnostics. This approach represents a challenge 
that would need support from the pre-clinical field. 

Introduction of the microarray technology into pain research (Schena et 
al., 1995) has allowed for simultaneous analysis of expression of several 
thousand mRNA transcripts. This has resulted in multiple reports describ-
ing alteration in gene expression following a variety of inflammatory and 
neuropathic states in rodents. Despite the importance of this data, the 
struggle with interpretation of the information, including false positive 
results, as well as influence of other factors on the final result, has hindered 
the identification of candidate gene playing a specific role in development 
of various pain states.  

LaCroix-Fralish and co-workers performed a meta-analysis of all avail-
able data on microarray investigation in persistent pain states published 
until March 2009 (LaCroix-Fralish et al., 2011). Out of thousands of 
genes, only two potassium voltage-gated channel, delayed-rectifier, sub-
family S, member 1 (KCNS1) and GTP cyclohydrolase (GCH1) were suc-
cessfully predicted for association with humans (Tegeder et al., 2006; 
Costigan et al., 2010), showing the poor relation of the method to actual 
clinical status. The availability of a neuropathic pain resistant mice strain, 
Vglut2f/f;Ht-Pa-Cre, enabled an analysis of altered gene expression after nerve 
injury restricted to peripheral changes arising due to attenuated glutama-
tergic transmission (Paper I). Analyzes of the molecular changes induced 
by reduced glutamatergic transmission can lead to the discovery of other 
molecules of importance for chronic pain development. 

Our analysis revealed a group of genes with altered mRNA expression. 
Among the top 100 altered genes, the functional group analysis showed 
that around one third of the genes were related to ion transport. A relative-
ly large cluster consisted of genes connected to inflammatory responses 
and genes playing a role during development. Quantitive PCR results con-
firmed the altered gene expression levels of some selected candidates. Fu-
ture analysis of expression patterns of these markers in the peripheral and 
central nervous system can contribute to discovery of novel markers, 
which hopefully can be used as biomarkers. 
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The curious case of itch mediators 
The exact mechanism of itch transmission is still under discussion, even 
though the discovery of GRPR as a possible mediator of itch raised hopes 
for clarifying how itch-processing works. Still, the peripheral pathways of 
itch transmission remain poorly described. 

The striking similarity between pain and itch signaling pathways, espe-
cially in those processes that are involved in persistent pain and itch states, 
brought attention to mechanisms of central sensitization. It is a known 
phenomenon that atopic dermatitis patients feel itchy when weak mechani-
cal, normally non-pruritic stimulus is applied to the skin (Ikoma et al., 
2003), a process likely to arise from central sensitization. Considering the 
similarity of central sensitization in pain and itch pathways, the contribu-
tion of NMDA receptor antagonists in the inhibition of itch could be possi-
ble and in fact, was confirmed by several studies (Jinks & Carstens, 1998; 
Tan-No et al., 2000). The scratching phenotype, recapitulated in 
Vglut2f/f;Ht-Pa-Cre mice (Paper I), supports the prominent role of VGLUT2-
mediated signaling in the regulation of itch. Moreover, the lack of a spon-
taneous itch phenotype in several mouse lines, including Vglut2f/f;Per-Cre and 
Vglut2f/f;Nav1.8Cre, supports the idea that VGLUT2 regulates pruriception via 
specific subpopulations of DRG neurons (Table 2). 

The observations that itch is sensitive to temperatures, warm makes it 
worse, while cooling can soothe the itchy feeling, suggested a contribution 
of the TRP family members in the mediation of itch (Pfab et al., 2010). 
Genetic ablation of the TRPV1 population resulted in abolished responses 
to different pruritogenic substances, involving histamine-dependent and –
independent pathways (Mishra et al., 2011); Paper V). Furthermore, mice 
deficient of VGLUT2 in primary afferents expressing TRPV1, exhibited an 
elevated scratch behavior, which indicates that VGLUT2-dependent 
transmission in TRPV1 neurons is crucial for regulation of the pruritogenic 
pathway (Paper III, V). A remarkable confusion arose when this data (Pa-
per III) was compared to the study by (Liu et al., 2010) which suggest that 
Nav1.8 neurons were involved in itch. Importantly, the Nav1.8-Cre driver 
in that study was different from the one used in Paper II. The main differ-
ences between the lines include larger (81% vs 56%) number of DRG neu-
rons affected, as well as a higher percentage of TRPV1 neurons overlap-
ping with the Nav1.8 neurons, and therefore, affected by the loss of 
VGLUT2. Consequently, the prominent scratch behavior in this 
Vglut2f/f;Nav1.8Cre line could be explained by the ablation of VGLUT2 sig-
naling in TRPV1 neurons, and not necessarily in the Nav1.8 population. 

The observation that intracerebral administration of bombesin in rodents 
elicited grooming behavior, led to the hypothesis that bombesin can be 
involved in pruritus (Gmerek & Cowan, 1983). Ablation of GRPR, the 
mammalian homologue of the amphibian bombesin-like receptor, con-
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firmed the contribution of GRPR to processing of acute and chronic itch 
(Sun & Chen, 2007). Mice deficient of GRPR in dorsal horn neurons dis-
played reduced responses to all pruritogens, with no effect on pain behav-
ior. Interestingly, the spontaneous itch observed in Vglut2f/f;TH-Cre and 
Vglut2f/f;TRPV1-Cre mice, could be attenuated by genetic or pharmacological 
ablation of GRPR (Paper III, V). This strongly implies the importance of 
GRPR in itch mediation. Additionally, glutamate was shown to mediate 
excitatory transmission from primary unmyelinated C fibers to the superfi-
cial itch responsive dorsal horn neurons. The authors suggested that gluta-
mate function as the principle excitatory transmitter for itch (Koga et al., 
2011). Our results, however, indicate that glutamate can play a regulatory 
role in itch transmission, and not a mediating role. Further clarification of 
this caveat is necessary. 

The role of neuropeptides in itch transmission cannot be excluded. Sev-
eral pieces of evidence support a possible contribution of SP in itch trans-
mission. For example, SP in spinal post-synaptic nerves in naked mole rats 
was shown to be necessary for histamine-induced scratching behavior 
(Smith et al., 2010). Additionally, intradermally applied SP induced 
scratching behavior in mice (Andoh et al., 1998). Nevertheless, pharmaco-
logical ablation of SP transmission did not reverse elevated scratch behav-
ior of Vglut2f/f;TRPV1-Cre mice (Paper V), suggesting that SP signaling is not 
essential for the observed itch phenotype. 

The discovery that local spinal inhibitory interneurons might contribute 
to the modulation of itch pathways (Ross et al., 2010) opened a new ave-
nue for itch investigation. Better identification of spinal interneurons relat-
ed to itch could contribute to the understanding of pruritus signaling, but 
also add further evidence for the gate theory of pain (Melzack & Wall, 
1968). Gate theory of pain indicates that perceived pain is not a direct ef-
fect of stimulation of nociceptors, but rather the outcome of modulatory 
effects occurring on spinal interneurons (Wall, 1978). Therefore, under-
standing the mutual interactions between pain and itch, as well as identifi-
cation of exact interneuron populations, could explain better the theory. 

All in all, these data indicates VGLUT2-mediated glutamatergic signal-
ing in TRPV1 neurons as a major regulator of normal itch responses. It is 
likely that the itch signals converge in the spinal cord on GRPR positive 
interneurons. Additional modulatory processes occur at those interneurons, 
however, the exact neuronal subtypes need to be described to better under-
stand the mechanisms behind itch processing. 
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Summary and future perspective 

Recent studies of several distinct mouse lines lackingVGLUT2 in specific 
peripheral neuronal populations, have set the stage to elucidate the role of 
glutamate signaling in pain and itch transmission. The complexity of the 
glutamatergic system has caused confusion in the field regarding different 
populations of neurons activated by different pain modalities. The studies 
presented here provide convincing evidence for a pivotal role of VGLUT2 
in acute and chronic pain states. We have shown that the TRPV1 neuronal 
population accounts mostly for thermal nociception and heat hyperalgesia, 
whereas the Nav1.8 population is involved in mechanical sensation. Addi-
tionally, co-transmission of VGLUT2 and SP modulates acute and persis-
tent inflammatory responses. Furthermore, excitatory signaling from 
TRPV1/VGLUT2 positive neurons can regulate itch, probably through a 
mechanism involving interneuron populations or presynaptic interactions.  

The peripheral populations responsible for pain transmission are quite 
well described. There is, however, a gap in our current knowledge about 
dorsal horn interneurons and their role in pain and itch transmission, as 
well as in regulatory processes responsible for the balance between pain 
and itch. A better understanding of these circuits and synaptic connections 
in the spinal cord could improve the mechanistic understanding of clinical 
itch and pain, which will hopefully identify pharmacological targets for 
drug development. 

On our way to reach a better understanding of the sensory pathways, we 
will pursue the investigation of the contribution of different neuronal popu-
lations to specific pain and itch modalities. Further analysis of candidate 
genes revealed during microarray studies should provide a pool of genes 
with not only altered mRNA levels in spinal cord upon injury, but also a 
promising expression pattern. The genes with strictly spinal, dorsal horn 
expression patterns will be characterized, using specific Cre drivers and 
visualized. Engagement of advanced techniques, such as two-photon mi-
croscopy and optogenetics, will provide better tools for understanding the 
sensory circuits. Two-photon imaging, extensively used in different brain 
regions, will be applied for visualizing in vivo activity of the spinal dorsal 
horn neurons. The major experimental challenge, however, for this tech-
nique implication in spinal cord imaging, is the control of tissue move-
ment, arising from breathing artifact. We have currently managed to stabi-
lize the spinal cord preparation, and will continue analyzing the different 



 56 

neuronal activation patterns upon provocation with various pruritic and 
noxious stimuli. By combining optogenetics with behavioral studies we 
will observe the function of a chosen population of cells upon their real 
time activation or silencing with light. The advantage of using this method 
over genome manipulation is the rapid, immediate effect, without any 
compensatory effects occurring during development.  

Taken together, the future goal is to identify and describe the spinal 
components of the pain/itch pathways and to provide novel targets for 
pharmacological treatments. 
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