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Summary 
The pathomechanism underlying neuropathic pain is still unclear and for some 

diseases such as Guillain-Barré-Syndrome almost unexplored. For this, experimental 

autoimmune neuritis (EAN), a rat model of Guillain Barré-Syndrom (GBS), was 

established in our laboratory to detect nociceptive neurons for changes in their 

membrane properties that might be correlated to severe pain. EAN rats developed 

motor deficits, weight loss as well as mechanical allodynia, all symptoms resembling 

the clinical and pathological features of GBS. Current clamp recordings of small DRG 

neurons of EAN rats revealed a significant reduction in AP duration as well as signs of 

enhanced excitability such as lower rheobase and higher frequency of evoked AP 

discharge. These alterations have been detected in a subtype of DRG neurons that 

display sensitivity to capsaicin. Changes in these membrane properties were also 

accompanied by alterations of Na+ currents in the same subgroup of neurons. The 

transient TTXS Na+ current was clearly up-regulated in EAN animals, while the 

transient TTXR Na+ current tends to be down-regulated, leaving the total transient Na+ 

current unchanged. This switch in Na+ currents was again demonstrated in the 

significantly faster inactivation kinetics of the total transient Na+ current, reflecting the 

predominant role of the fast TTXS Na+ current in EAN DRG neurons. In addition, 

EAN induced a reduction in the magnitude of the total persistent Na+ current of cap+ 

DRG neurons that could be attributed to the TTXS INaP. These changes in Na+ currents 

can be considered as potential basis for the altered electrical properties observed in 

cap+ DRG neurons of EAN rats. 

Previous studies reported contradicting results concerning the role of T-type Ca2+ 

currents in supporting neuropathic pain. For this, in the second part of this study 

changes in T-type Ca2+ currents in nociceptive DRG neurons were analysed in a mouse 

model of partial nerve ligation-induced neuropathic pain. Our results show that the 

PNL animals suffered an increase in nociceptive sensitivity that was paralleled by a 

significant up-regulation of T-type Ca2+ currents in cap+ DRG neurons. 

Pharmacological experiments revealed that this increase was attributed to a Ni2+ 

resistant current component, a result that stands in contrast with a pronociceptive role 

of CaV3.2 in neuropathic pain suggested previously. However, mice lacking CaV3.2 

still suffered pain hypersensitivity following nerve injury. Also, T-type Ca2+ currents 

were significantly enhanced in DRG of PNL CaV3.2 KO mice. Moreover, RT-PCR 

revealed a lack of up-regulation of these channel subunits on the mRNA level. 

Collectively, our data suggest an up-regulation of one or both of the Ni2+ insensitive T-

type subunits (CaV3.1 or CaV3.3) in small cap+ DRG neurons after partial nerve 

ligation. These changes can explain the increased excitability, as evidenced by a 

considerable reduction of threshold of AP firing in the same subset of neurons. 

In conclusion, our present data demonstrate a role of Na+ currents as well as LVA-

currents in the increased cellular excitability and nociceptive sensitivity in different 

animal models of neuropathic pain. Further studies are required to identify the specific 

subunits involved and hence allow effective treatment with minimal side effects. 
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1 Introduction 

1.1 The peripheral nervous system/pain pathway 

Pain is an unpleasant sensation that alerts the body to potentially damaging stimuli and 

consequently triggers an appropriate protective response. Acute pain transmission is 

initiated by a subgroup of primary sensory neurons called nociceptors, which are 

defined by the International Association for the Study of Pain (IASP) as “a receptor 

preferentially sensitive to a noxious stimulus or to a stimulus which would become 

noxious if prolonged”. Accordingly, nociceptors have characteristic thresholds or 

sensitivities that distinguish them from other sensory nerve fibers (Burgess and Perl 

1967). 

Pain is induced by an external stimulus (mechanical, thermal, chemical or electrical) of 

sufficient energy that activates nerve endings of nociceptive neurons in skin, bone, 

joint, muscle or viscera, thus, initiating action potentials that are conducted towards 

their central terminals in the dorsal horn of the spinal cord. Consequently, in the dorsal 

horn, Ca2+ influx through VGCC (voltage gated calcium channels) triggers the release 

of nociceptive neurotransmitters (glutamate) or neuromodulators (e.g substance P), 

which in turn excite or sensitize secondary sensory neurons in the superficial laminae 

(I and II) of the dorsal horn. The dorsal horn neurons, in turn, transmit the pain 

messages to higher brain centers, including the reticular formation, thalamus and the 

cerebral cortex (Basbaum 2000). 

Primary sensory neurons can be classified into three main groups. Aα- and Aβ-fibers 

have large diameters and thick myelin sheaths. Thus, they are rapidly conducting and 

involved in detection of innocuous stimuli (Lewin and Moshourab 2004; Smith and 

Lewin 2009). The thinly myelinated Aδ-fibers have smaller axon diameters and are 

classified as either low-threshold, D-hair mechanoreceptors or mechanoreceptors 

activated by noxious stimuli (Aδ-mechanoreceptors) (Lewin and Moshourab 2004; 

Koltzenburg et al. 1997). The third group of neurons is the unmyelinated C-fibers, 

which are more abundant than A-fibers (Lewin and Moshourab 2004). Both Aδ- and 

C-fibres constitute most of nociceptors, where the Aδ-fibers mediate the 'first' rapid, 

acute sharp pain evoked by noxious stimuli and the C-fibers the 'second', more diffuse, 

dull pain. The C-fiber nociceptors are mostly polymodal. Hence, they are able to 

respond to noxious stimuli of all types: mechanical, heat and chemical (Bessou and 

Perl 1969). Some C-fiber nociceptors, however, respond only to noxious heat or 

mechanical stimuli, some to mechanical and heat and some to mechanical and cold. 

Another group of C-fibers, known as "sleeping" or "silent" are not activated by 

noxious stimuli (Handwerker et al. 1991; Schmidt et al. 1995; Weidner et al. 1999). 

Nevertheless, these fibers are able to sensitize after incubation with inflammatory 

mediators, where they become responsive to mechanical and/or heat stimuli (Meyer et 

al. 1991; Kress et al. 1992). The small diameter nociceptors terminate in the superficial 

laminae I and II of the dorsal horn, and the large diameter neurons terminate in laminas 

III and IV. 

Primary sensory neurons are pseudounipolar cells, where a single process arising from 

the cell body in the dorsal root ganglion (DRG) splits into a peripheral axon that 
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innervates the periphery and a central axon that synapses on second-order neurons in 

the dorsal horn of the spinal cord (Basbaum et al. 2009). Primary sensory 

neurons/DRG neurons can be grouped according to their size into small, medium and 

large neurons. Small DRGs represent the somas of thin Aδ- and C-type sensory fibers 

and are less than 31 µm in average diameter. Large DRG neurons arise from Aα- and -

Aβ-fibers and are larger than 45 µm in average diameter. The medium sized neurons 

(between 32-45 µm) could belong to either group (Lee et al. 1986; Scroggs and Fox 

1992). 

 
Fig. 1: Anatomy of primary sensory neurons. Sensory information is transmitted by 

the primary sensory neurons from the peripheral tissue to the spinal cord. The cell 

bodies of these neurons are located in the dorsal root ganglia. Cell bodies of 15–45   

m in diameter give rise to unmyelinated C and thinly-myelinated A -fibers. Cell 

bodies >45 m in diameter give rise to myelinated A -and A -sensory fibers 

(modified after Mantyh 2006). 

 

1.2 Neuropathic pain 

Neuropathic pain is a type of pain that does not protect or support healing. It is due to a 

disruption of the somatosensory system, and can be considered as a disease on its own. 

Neuropathic pain is defined by the IASP as pain "caused by a lesion or disease of the 

somatosensory nervous system". Up to one-sixth of the world population is affected 

and a variety of causes can lead to this maladaptive pain. Examples include mechanical 

nerve injury, autoimmune diseases (e.g. multiple sclerosis, Guillain–Barré syndrome), 

metabolic diseases (e.g. diabetic polyneuropathy), infections (e.g. herpes zoster, HIV) 

and neurotoxicity (e.g. chemotherapy of cancer or pharmacotherapy of tuberculosis). 

As a general rule, lesions leading to neuropathic pain must directly involve the 

nociceptive pathways (Campbell and Meyer 2006). Common features of neuropathic 

pain include burning or coldness, "pins and needles sensation", numbness and itching, 

attacks of pain without a cause as well as widespread pain not otherwise explainable.  

Moreover, patients might suffer abnormal sensations such as allodynia (pain response 

to a normal non-painful stimulus) and hyperalgesia (exaggerated response to a painful 

stimulus) (Bridges et al. 2001). It should be mentioned that neural damage leads to 

chronic neuropathic pain only in a minority of patients. The liability of pain varies 

according to gender, age, and anatomical site of injury. 

1.3 Mechanism/pathophysiology of neuropathic pain 

Chronic neuropathic pain is a result of maladaptive plasticity within the nociceptive 

system. Following nerve injury, multiple alterations both central and peripheral take 



Introduction 3 

 

 

place and lead to this complex pain phenotype. The plasticity of nociceptors is shown 

by a process called sensitization, where either non-responsive neurons become 

responsive, or neurons respond at a reduced threshold and/or produce responses of 

greater magnitude. Such sensitization is a result of repeated stimulation.  

Under normal conditions, the firing threshold of primary afferent neurons is usually 

not reached without a stimulus. However, following nerve injury there is a large 

increase in the level of spontaneous firing in the afferent neurons linked to the injury 

site (Wall and Gutnick 1974). It is suggested, that this ectopic discharge contribute to 

the development of hyperalgesia, allodynia and ongoing pain associated with nerve 

injury. Also, it has been observed that the central terminals of large myelinated fibers 

can form synapses in a part of the dorsal horn that normally receives nociceptive inputs 

as a consequence of nerve injury (Woolf et al. 1995). This anatomical rearrangement 

may allow low- threshold sensory information to be interpreted as nociceptive, thus, 

providing another explanation for the emergence of allodynia after peripheral nerve 

injury (Bridges, Thompson et al. 2001). 

Over time following peripheral nerve injury, the repetitive or prolonged noxious 

afferent input causes postsynaptic dorsal horn and higher order neurons up to the 

cortex to contribute to chronic pain. This central sensitization is characterized by 

lowering of activation thresholds of spinal neurons as well as the appearance of wind-

up phenomena (Mendell 1966; Wall and Gutnick 1974). Wind up-phenomenon is 

defined as the frequency-dependent increase in excitability of spinal cord neurons as a 

result of repetitive stimulation of C-fiber afferents. It leads to an increase in pain 

perception.  

Furthermore, decreased expression of inhibitory receptors on primary afferent 

terminals and postsynaptic neurons following nerve injury also contribute to the 

central sensitization. To this end, primary afferents reduce their expression of μ opioid 

receptors (Kohno et al. 2005) and a loss of pre- and postsynaptic GABAergic 

inhibition in the spinal cord has been recognized. 

Moreover, neurodegeneration takes place following nerve injury, where both primary 

sensory and dorsal horn neurons die after peripheral nerve injury (Tandrup et al. 2000; 

Okamoto et al. 2001). 

Immune mechanisms also play a critical role in initiation and maintenance of 

neuropathic pain.  Following peripheral nerve injury, a set of inflammatory mediators 

are released from injured and inflammatory cells that sensitize nociceptive neurons. 

This "inflammatory soup" includes kinins, amines, prostanoids, growth factors, 

chemokines, and cytokines, protons and ATP. The release of cytokines IL-1 and TNF-

α for example can directly modulate primary sensory neuron activity and elicit 

spontaneous action potential discharges (Jin and Gereau 2006; Wolf et al. 2006). In 

this regards, the deletion of IL-1 receptor type 1 or blocking of TNF-α attenuates pain 

behavior in neuropathic pain models (Jin and Gereau 2006; Wolf, Gabay et al. 2006). 

Furthermore, it has been observed that hyperalgesia is temporally linked with 

Wallerian degeneration and macrophage recruitment (Sommer et al. 1995; Myers et al. 

1996) suggesting a direct role of macrophages to nerve injury induced hyperalgesia. 
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In conclusion, the mechanisms of neuropathic pain develop during the disease to 

involve both peripheral and central pathophysiology. Therefore, it could be considered 

as a progressive nervous system disease. Treatment of neuropathic pain is still a 

challenging issue. Of the current pharmacological drugs used for treatment are the 

tricyclic anti-depressants that act by blocking noradrenaline and serotonin reuptake 

(Stahl 1998; Gilron et al. 2006). Certain anticonvulsants as carbamazepine and 

gabapentin can also relief neuropathic pain by blocking Na+ or Ca2+ channels 

(McQuay et al. 1996; Sindrup and Jensen 1999). Also opioids as methadone are used 

in controlling this chronic pain due to their NMDA antagonism as well as µ-opioid 

agonist properties (Gilron, Watson et al. 2006). However, these drugs relief pain in 

less than 50% of patients and are associated with considerable side effect (Bridges, 

Thompson et al. 2001). 

1.4 Action potentials and their role in pathological pain 
processing within the DRG 

The cell body of a nociceptor (DRG neurons) is a useful model for various studies as 

of the mechanism of transduction of noxious stimuli, transmission of electrical signals 

to the CNS, and release of neurotransmitters and neuropeptides at central and 

peripheral terminals (Malin et al. 2007; Cummins et al. 2009). The soma expresses a 

mixture of channels with a wide range of characteristics. These channels are also 

expressed in free nerve endings, central terminals and the axon (Basbaum, Bautista et 

al. 2009). Also, the excitability of DRG neuron somatas is affected by a variety of 

pathologies and injuries (Rush et al. 2007). The relatively easy isolation and spherical 

shape of these cell somatas as well as their involvement in a variety of diseases have 

made them a very good model for the study of the roles of different ion channels in 

electrogenesis. In addition, many functional characteristics of nociceptors are retained 

when sensory ganglia are dissociated and placed into culture (Kress and Reeh 1996).  

Hence, it is possible to examine chemical, thermal and mechanical sensitivity 

(Baccaglini and Hogan 1983; Cesare and McNaughton 1996; McCarter et al. 1999), 

thus allowing the identification of different DRG neurons as nociceptors and 

classification into different groups. 

Nociceptors are generally electrically silent (Woolf and Ma 2007), transmitting all or 

none action potentials only when stimulated. The majority of large DRG neurons (Aα-

and Aβ-neurons) display fast somatic action potentials and short 

afterhyperpolarizations (Gallego and Eyzaguirre 1978; Rose et al. 1986; Gurtu and 

Smith 1988; Koerber et al. 1988; Kim et al. 1998). In contrast, the action potentials of 

small fiber nociceptors have a characteristic morphology, as they have an unusually 

wide action potential with a hump or shoulder in the falling phase, and a long lasting 

afterhyperpolarization (AHP) (Gallego 1983; Ritter and Mendell 1992; Djouhri et al. 

1998; Lopez de Armentia et al. 2000). These cells also display a greater overshoot and 

much greater input resistance as well as slower rate of firing than fast-conducting large 

diameter neurons (Bessou et al. 1971; Gorke and Pierau 1980; Harper and Lawson 

1985 a). A recent study explored the inward cation currents giving the DRG neurons 

the characteristic shape of the action potential. They showed that Na+ currents that are 

TTX-resistant (Tetrodotoxin-resistant) are the major contributors to the AP upstroke, 
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where TTXS Na+ channels also play a significant role especially around the threshold. 

The shoulder of the AP was mainly carried by TTXR Na+ currents and HVA Ca2+  

currents (Blair and Bean 2002). 

 
Fig. 2: Action potentials of DRG neurons. (a) Small diameter C-fibers have wide 

action potential with a hump or shoulder in the repolarizing phase, which can be 

shown by the appearance of two peaks in the first derivative of the spike (dV/dt). (b) 

A-fibers, which are wide in diameter, have narrow action potentials. The first 

derivative of the spike show one peak only. (With permission from Springer: J Comp 

Physiol A, Volume 195, Smith, E. S. and G. R. Lewin, Nociceptors: a phylogenetic 

view, 1089-106, Copyright (2009)). (c) Different inward currents during an action 

potential clamp in a DRG neuron. TTXS Na+ marked in black, TTXR Na+ in blue, 

HVA Ca2+ in red, LVA Ca2+ in green (With permission from SfN: J Neurosci, 

Volume 22, Blair, N. T. and B. P. Bean, Roles of tetrodotoxin (TTX)-sensitive Na+ 

current, TTX-resistant Na+ current, and Ca2+ current in the action potentials of 

nociceptive sensory neurons, 10277-90, Copyright (2002)). 

 

Nerve injury leads to changes in the electrophysiological properties of nociceptive 

DRG neurons. An increased excitability (Abdulla and Smith 2001 a; Ma and LaMotte 

2005), amplification of responses (burst discharges in response to single stimulus) 

(Moldovan et al.) and spontaneous discharges (Nystrom and Hagbarth 1981; Nordin et 

al. 1984) have been found to occur from DRG neuron somatas or within the neuroma 

(Wall and Devor 1983; Kajander and Bennett 1992; Babbedge et al. 1996; Study and 

Kral 1996; Millan 1999). Increase in excitability within DRG neurons is associated 

with changes in the action potential morphology, including lower action potential 

threshold and higher spike height. The amount of current required to discharge an 

action potential is also reduced (Gurtu and Smith 1988; Zhang et al. 1997; Kim, Na et 

al. 1998; Stebbing et al. 1999; Abdulla and Smith 2001 a). However, there is a 

discrepancy in some spike changes. Where some authors report an increase in spike 

width (Gallego et al. 1987; Kim, Na et al. 1998; Stebbing, Eschenfelder et al. 1999; 

Abdulla and Smith 2001 a), others report either small changes (Gurtu and Smith 1988), 

no effect (Zhang, Donnelly et al. 1997), or even a reduction in the proportion of 

neurons with an inflection on their repolarizing phase of their APs (Oyelese and 

Kocsis 1996). Furthermore, some studies show a reduction in AHP of nociceptive Aδ-

fibers during peripheral inflammation (Djouhri and Lawson 1999), other studies, 
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however, find no changes in AHP after nerve injury (Abdulla and Smith 2001 a; Ma 

and LaMotte 2005). These discrepancies might be explained by the use of different cell 

types, animal species and/or animal models of neuropathic pain in the different studies. 

The alterations of action potential parameters following nerve injury depend on the 

activity of voltage-dependent ion channels. As mentioned, nociceptive DRG neurons 

express a wide variety of voltage-gated channels (e.g. NaV, CaV, KV) that convert the 

peripheral terminal stimulation into a set of action potentials, thereby encoding the 

intensity of the noxious stimulation applied. Alterations of cell excitability and firing 

behavior in neuropathic pain is correlated with changes of these channels as well as 

those contributing to frequency modulation (e.g. hyperpolarization-activated cyclic 

nucleotide-gated cation channel [HCN] and A-type KV4.3 and KV3.4 channels) (Hille 

2001). 

1.5 Voltage gated Na+ channels  

Voltage-gated Na+ channels (VGSC) are responsible for action potential initiation and 

propagation in excitable cells. These channels consist of a central α-subunit, that is 

sufficient for functional expression, and is associated with auxiliary β-subunits 

(Catterall 2000). The pore-forming α-subunit is composed of four homologous 

domains labeled I-IV, which fold together creating a central pore. Each domain 

contains six transmembrane helices labeled S1-S6 and an additional pore loop located 

between the S5 and S6 segments. These pore loops line the extracellular portion of the 

pore.  This is the entry and the narrowest part of the pore and is responsible for its ion 

selectivity. The inner exit from the pore is wider and lined by the S5 and S6 segments 

of the four domains. The voltage sensitivity of VGSC is due to the S4 segments in 

each domain, which contain positively charged amino acid residues at every third 

position. These residues are stabilized by forming ion pairs with negatively charged 

residues of the adjacent transmembrane segments. Membrane depolarization that 

changes the transmembrane electric field causes the S4 segments to spiral outward. 

This movement leads to channel activation due to a conformational change that opens 

the pore. The outward movement is catalyzed by exchange of the ion pair partners 

(Catterall 2012). Na+ channels inactivate within 1–2 ms upon activation. This fast 

inactivation is essential for repetitive firing of action potentials and control of 

excitability in nerve cells. The short intracellular loop connecting domains III and IV 

serves as inactivation gate (Vassilev et al. 1988) by folding into the channel structure 

and blocking the pore from the inside during sustained depolarization of the membrane 

(Kellenberger et al. 1996). 

The α-subunit is associated with one or two β-subunits, which consist of an N-terminal 

extracellular domain, a single transmembrane segment, and a short intracellular 

segment (Isom et al. 1992). Four β-subunits have been described (Morgan et al. 2000; 

Yu et al. 2003), where β1 and β3 interact non-covalently with α-subunits and β2 and 

β4 form disulfide bonds. β-subunits can modify the kinetics and voltage dependence of 

channel gating. Furthermore, these subunits play a role in localization and 

immobilization of Na+ channels in specific locations in excitable cells (Brackenbury 

and Isom 2011). 
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Na+ channels are closed at resting membrane potential, but open upon membrane 

depolarization due to a conformational change as previously described. The influx of 

Na+ ions through the channel pore leads to further membrane depolarization, which in 

turn activates more Na+ channels. However, Na+ channels remain open only for a short 

time (few milliseconds), even if depolarization is maintained, due to a process called 

fast inactivation. Here, the cytoplasmic domains of the channel drop into the inner pore 

and plug it. Na+ channels also undergo slow inactivation, a process that involves 

closing a gate at the extracellular end of the pore. Inactivated channels cannot be 

activated until the inactivation is removed, leading to a refractory period during which 

depolarization fails to open the channels. Membrane repolarization or 

hyperpolarization removes inactivation (Hille 2001).  

 
Fig. 3: Voltage gated Na+ channel primary structure. The α-subunit is composed of 

four homologous domains (I-IV). Each domain consists of six transmembrane 

segments (S1-S6) that are represented as cylinders. The polypeptide chains of each 

subunit are shown as bold lines. Pore-lining segments are marked in yellow. Amino 

residues that form the ion selectivity filter and the tetrodotoxin binding site are marked 

in white circles. The S4 voltage sensors are marked in blue and the site involved in 

forming the inactivation gate is marked in a red circle (modified after Catterall 2012). 

 

There are nine α-subunits (NaV1.1-NaV1.9), which are expressed in different excitable 

tissues. In addition, closely related Na+ channel-like proteins have been identified 

(NaX), which are not voltage gated and are involved in salt sensing (Watanabe et al. 

2000). The Na+ channels are distinguished by differences in their amino acid sequence, 

kinetics, Tetrodotoxin (TTX)-sensitivity and expression profiles. 

The Na+ channels give rise to different types of Na+ currents. The transient Na+ current 

(INaT), which is characterized by fast activation and inactivation, underlies the rising 

phase of the action potential, and therefore is important for action potential initiation. 

The noninactivating or persistent Na+ current (INaP), on the other hand, has been 

proposed to have functional roles in setting the membrane potential in a subthreshold 
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range. For this reason, INaP can regulate membrane depolarization, repetitive firing and 

enhance synaptic transmission (Kiss 2008). 

Most voltage-gated Na+ channels can be blocked by nanomolar concentrations of TTX 

and thereby are termed TTX-sensitive channels. The binding site of TTX, as well as 

other neurotoxins (saxitoxin, µ-conotoxin), is formed by amino acid residues in the 

pore loops of domain I. In contrast, NaV1.5, NaV1.8, and NaV1.9 are relatively resistant 

to this toxin, eliciting a TTXR current. A single amino acid substitution in the binding 

site of TTX confers the resistance (Fozzard and Hanck 1996; Catterall 2000). 

1.6 The role of Na+ channels in pain processing within DRG 
neurons 

Table 1: An overview of the different Na+ channels of DRG neurons (modified 

after Rush, Cummins et al. 2007). 

Na+ channel 

isoform 
Localization 

Kinetics & 

Pharmacology 
Biophysical properties 

NaV1.1 widespread fast TTXS unidentified 

NaV1.2 embryonic fast TTXS activates & inactivates at 

depolarized potentials 

compared to other TTXS 

channels, can produce 

resurgent current 

NaV1.3 embryonic fast TTXS rapid repriming 

characteristics, can produce 

persistent current in response 

to slow depolarizing ramps 

NaV1.5 embryonic fast TTXR not fully characterized 

NaV1.6 widespread fast TTXS rapid repriming 

characteristics, can produce 

persistent current as well as 

resurgent current 

NaV1.7 widespread fast TTXS slow repriming characteristics, 

can produce persistent current 

in response to slow 

depolarizing ramps 

NaV1.8 widespread slow TTXR rapid repriming 

characteristics, activates & 

inactivates at depolarized 

potentials 

NaV1.9 small 

nocicepctive cells 

persistent TTXR activates at hyperpolarized 

potentials and inactivates very 

slowly 

 

It has been proposed that changes in voltage-gated Na+ channels in the DRG neurons 

can participate in the induction of neuropathic pain. The abnormal excitability of 

injured and uninjured DRG neurons following nerve injury is related to changes in the 

density, distribution, and functional activity of these channels. In fact, abnormal Na+ 

channel accumulation has been observed in the tips of injured axons. Furthermore, the 
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use of Na+ channel blockers (such as lidocaine) in patients can effectively relief 

neuropathic pain of different etiologies (Priest and Kaczorowski 2007). 

A variety of Na+ channels are expressed in the DRG neurons (Kostyuk et al. 1981; 

Caffrey et al. 1992; Roy and Narahashi 1992; Elliott and Elliott 1993). These include 

NaV1.1 and NaV1.6 channels, which are expressed at high levels and are known to 

support TTX-sensitive (TTXS) Na+ currents. In addition, small diameter DRG neurons 

are unique in expression of three other types of Na+ channels: NaV1.7, which produces 

a transient TTXS Na+ current with slow repriming kinetics (Cummins et al. 1998); 

NaV1.8 encodes a TTXR Na+ current with slow activation, inactivation and rapid 

repriming  kinetics (Jeftinija 1994; Akopian et al. 1996; Sangameswaran et al. 1996) 

and NaV1.9 expressing a noninactivating (persistent) TTXR Na+ current (Dib-Hajj et al. 

1998). NaV1.8 has a high activation threshold, whereas NaV1.9 has hyperpolarized 

voltage dependence of activation near the resting membrane potential, where it may set 

threshold for activation (Baker and Bostock 1997). The expression of these various 

types of Na+ channels is not limited to the cell body and extends along the fibers 

(Brock et al. 1998; Strassman and Raymond 1999; Black et al. 2002; Black and 

Waxman 2002; Rush et al. 2005; Rush et al. 2006), which hints to the importance of 

these channels in conduction and fiber characteristics. 

 
Fig. 4: Na+ currents in DRG neurons. (A) Total Na+ current of a DRG neuron. The 

current can be pharmacologically separated by TTX, allowing the isolation of a TTXR 

component (B) and a TTXS component (C) by subtracting (B) from (A).  

 

Peripheral nerve injury causes a dramatic change in Na+ channel expression. This was 

first observed by Waxman et al., who showed that axotomy of the sciatic nerve causes 

a down-regulation of NaV1.8 and NaV1.9 and an up-regulation of NaV1.3 expression in 

nociceptive DRG neurons (Waxman et al. 1994; Dib-Hajj et al. 1996; Cummins and 

Waxman 1997; Dib-Hajj, Tyrrell et al. 1998; Cummins et al. 2000). NaV1.3 is 

normally only expressed during early stages of development and is undetectable in the 

adult rat nervous system (Beckh et al. 1989; Waxman, Kocsis et al. 1994; Felts et al. 

1997). The up-regulation of NaV1.3 expression is accompanied by the emergence of a 

rapidly repriming TTXS current in these cells (Cummins and Waxman 1997). These 

changes may be the cause of high frequency or spontaneous firing observed after nerve 

injury. Additionally, loss of persistent currents in DRG neurons after axotomy that 

participate in setting the resting potential (Stys et al. 1993) could produce a 

hyperpolarizing shift in resting potential. Again this might increase the amount of 

TTX-sensitive Na+ current available for electrogenesis. 

Another example demonstrating the plasticity of Na+ channels is the recording of 

TTXS and TTXR currents in DRG neurons from rats with diabetic neuropathy. The 

experiment showed increased amplitudes and hyperpolarized conductance voltage and 

steady state inactivation properties of both currents compared with control DRG 
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neurons. It has been proposed that changes in the voltage gating properties of the Na+ 

currents are related to the phosphorylation of NaV1.6, NaV1.7 and NaV1.8 channel 

proteins. Changes in current amplitudes are due to an increased expression of NaV1.3 

and NaV1.7 and reduced expression of NaV1.6 and NaV1.8 (Hong et al. 2004). 

Different injuries can lead to contrasting changes of certain Na+ channels in the DRG 

neurons. As mentioned above, NaV1.7 protein and current are both increased in the 

DRG in a rat model of painful diabetic neuropathy (Hong, Morrow et al. 2004; 

Chattopadhyay et al. 2008). Interestingly, the amount of NaV1.7 protein is reduced in 

the DRG neurons after SNI (spared nerve injury) and sciatic nerve axotomy in animals 

(Kim, Oh et al. 2002; Berta et al. 2008). Another example showing the plasticity of 

these channels is demonstrated by NaV1.8. The mRNA and protein levels of this 

subtype are increased following carrageenan injection into the hind paw of rodents, 

which is paralleled by an increase in TTXR current (Black et al. 2004; Coggeshall et al. 

2004). In contrast to inflammatory pain, peripheral nerve injury is associated with a 

decrease of NaV1.8 mRNA and protein level as well as loss of TTXR current in the 

small diameter neurons of the injured DRG (Cummins and Waxman 1997; Decosterd 

et al. 2002; Gold et al. 2003; Berta, Poirot et al. 2008). 

1.7 Voltage gated Ca2+ channels  

Voltage gated Ca2+ channels are composed of a central transmembrane α1-subunit, 

which is associated with an α2δ dimer, an intracellular β-subunit, and a 

transmembrane γ-subunit (Takahashi et al. 1987). The β-subunit is intracellular and 

has no transmembrane segments (Ruth et al. 1989). It is attached to the α1-subunit 

(Pragnell et al. 1994) through the intracellular loop connecting domains I and II. The 

α2-subunit is a glycoprotein located extracellularly and is attached to the membrane 

through disulfide linkage to the δ-subunit, that has a single transmembrane region 

(Gurnett et al. 1996). 

Expression of the α1-subunit is sufficient to produce functional Ca2+ channels, 

however with low expression level, abnormal kinetics and voltage dependence  (Perez-

Reyes et al. 1989). The α2δ subunit and β-subunit are important for normal gating 

properties and expression of these channels (Lacerda et al. 1991; Singer et al. 1991). 

The transmembrane structure and amino acid sequence of the α1-subunit of Ca2+ 

channels is like that of the voltage-gated Na+ channels (Tanabe et al. 1987), however 

with minor differences. The narrow extracellular portion of the pore that is lined by the 

pore loop contains a pair of glutamate residues in each domain that is required for Ca2+ 

selectivity (Heinemann et al. 1992). The addition of only three glutamate residues in 

the pore loops of domains II, III, and IV of Na+ channels are sufficient to confer Ca2+ 

selectivity (Heinemann, Terlau et al. 1992; Sather and McCleskey 2003). The inner 

exit from the pore, which is lined by the S6 segments, forms the receptor sites for the 

pore-blocking Ca2+ antagonist drugs specific for L-type Ca2+ channels (Hockerman et 

al. 1997). 
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Fig. 5: Voltage-gated Ca2+ channel primary structure. The α-subunit is composed 

of four homologous domains (I-IV). Each domain consists of six transmembrane 

segments (S1-S6) that are represented as cylinders. The polypeptide chains of each 

subunit are shown as bold lines. Pore-lining segments are marked in yellow. Amino 

residues that form the ion selectivity filter are marked in white circles. The S4 voltage 

sensors are marked in blue and the site involved in forming the inactivation gate is 

marked in a red circle. The associated α2δ dimer, intracellular β-subunit, and 

transmembrane γ-subunit are shown. The zigzag line of the δ-subunit represents its 

glycophosphatidylinositol anchor (modified after Catterall 2011). 

 

There are 10 α1-subunits of voltage gated Ca2+ channels, which can be divided into 

three families: CaV1, CaV2, and CaV3 (Snutch and Reiner 1992; Ertel et al. 2000). 

CaV1 type Ca2+ channels mediate L-type Ca2+ currents. These currents are called L-

type due to their slow voltage dependent inactivation, which makes them long lasting 

(Tsien et al. 1988). They are inhibited by dihydropyridines, phenylalkylamines and 

benzothiazepines (Reuter 1979; Tsien, Lipscombe et al. 1988). The CaV2 type Ca2+ 

channels form a distinct subfamily. CaV2.1 subunits (Mori et al. 1991; Starr et al. 

1991) give rise to P or Q-type Ca2+ currents, which are inhibited by ω-agatoxin IVA. 

CaV2.2 subunits mediate the N-type Ca2+ currents, which are blocked by ω-conotoxin 

GVIA (Dubel et al. 1992; Williams et al. 1992). CaV2.3 subunits form R-type Ca2+ 

channels, which are resistant to the inhibitors of L-type, N-type or P/Q-type Ca2+ 

currents (Soong et al. 1993). Also, this subfamily has intermediate voltage dependence 

of inactivation, which is more negative and faster than L-type but more positive and 

slower than T-type (Nowycky et al. 1985). The CaV3 Ca2+ channels mediate the T-type 

Ca2+ currents (Perez-Reyes et al. 1998). These α1-subunits are not closely related to 

the other two subfamilies, with 25% amino acid sequence identity. The CaV1 and CaV2 

families form the high voltage activated (HVA) Ca2+ channels, while CaV3 form the 

low voltage activated (LVA) or T-type Ca2+ channels. 
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1.8 T-type Ca2+ channels and their contribution to neuropathic 
pain within DRG 

CaV3 T-type channels are similar in structure to CaV1 and CaV2, however there is no 

clear evidence that they interact with the same auxiliary subunits and it is more 

probable that the α1-subunits function independently. 

T-type currents can be differentiated from the HVA currents by their voltage 

dependence, kinetics, single-channel currents and pharmacology (Bean 1985; Nilius et 

al. 1985). HVA Ca2+ channels have a high voltage of activation, large single channel 

conductance and slow voltage dependent inactivation (Catterall 2011). In contrast, T-

type channels activate at much more negative membrane potentials, and have a fast 

voltage dependence of inactivation. Hence, they open and inactivate rapidly at 

potentials near resting membrane potential and also recover rapidly from inactivation. 

They were named low-voltage activated Ca2+ currents for their negative voltage 

dependence (Carbone and Lux 1984) or T-type Ca2+ currents as they are transient 

(Nowycky, Fox et al. 1985). Near threshold potentials, these currents activate and 

inactivate relatively slowly, whereas at higher potentials activation and inactivation are 

faster. This produces a characteristic pattern where successive records cross each other. 

HVA channels do not produce this criss-crossing pattern because inactivation rates are 

much slower than activation rates (Randall and Tsien 1997). Furthermore, T-type 

currents close slowly upon repolarization (deactivate slowly) generating a tail current. 

They have small, equivalent, single channel conductance of Ba2+ and Ca2+ and are 

insensitive to dihydropyridines. These channels also exhibit a window current, as their 

steady state inactivation occurs over a similar range as activation. Since T-type 

currents peak at around 30 mV, they can be measured in isolation to test pulses at this 

potential (Perez-Reyes 2003). 

 
Fig. 6: Ca2+ currents in DRG neurons. (A) A family of inward T-type currents 

measured using a series of step depolarizations of -70 to +40 mV in 10 mV 

increments. At depolarized potentials T-type currents show faster activation and 

inactivation kinetics, which forms the typical criss-crossing pattern. (B) HVA-currents 

were measured using a series of step depolarizations of -70 to +40 mV in 10 mV 

increments. The currents show a weak inactivation over a 200 ms voltage pulse. 

 

Due to the unique biophysical properties of T-type currents and their ability to function 

near resting membrane potentials, they have an important role in neuronal excitability 

that has been shown in different neuronal cell types (Llinas 1988; Huguenard 1996; 

Perez-Reyes 2003). The entry of Ca2+ leads to membrane depolarization, which in turn 

activates other voltage gated ion channels as Na+ channels and thus can initiate action 

potential bursts. A previous study on medium sized DRG neurons showed that these 
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cells, when held at hyperpolarized potentials (-75 or -66 mV), elicit action potentials 

with an ADP (afterdepolarizing potentials) that were in conjunction with burst firing. 

In the same study, T-type currents were found to underlie the generation of ADPs 

(White et al. 1989).  

T-type currents are present in small and medium-sized DRG neurons. In small DRG 

neurons, the expression of T-type currents is usually of moderate density. A subtype of 

small DRG neurons called the "T-rich" cells have a high density of T-type current and 

almost totally lack any HVA-type Ca2+ currents (Todorovic and Jevtovic-Todorovic 

2007). On the other hand, some of the medium sized neurons express robust (referred 

to as "gigantic" by Scroggs and Fox) T-type currents. The neurons in this size range 

belong to Aδ high-and low-threshold mechanoreceptors (Shin et al. 2003; Dubreuil et 

al. 2004; Fang et al. 2005). 

There are at least three subtypes of the pore-forming α1-subunit of T-channels, α1G 

(CaV3.1) (Perez-Reyes, Cribbs et al. 1998), α1H (CaV3.2) (Cribbs et al. 1998) and α1I 

(CaV3.3) (Lee et al. 1999). The inactivation and deactivation properties are different in 

these related channels (Perez-Reyes 2003). CaV3.1 and 3.2 display fast inactivation, 

while CaV3.3 displays slow inactivation. The time course of recovery from inactivation 

is also different between the three isoforms, where CaV3.1 channels recover the fastest 

(Perez-Reyes 2003). The T-type Ca2+ channel family can also be pharmacologically 

distinguished. CaV3.2 Ca2+ channels are sensitive to divalent cations such as nickel 

(Ni2+, IC50 10 µM) and low micromolar concentrations of zinc (Zn2+) and copper 

(Cu2+). CaV3.1 and CaV3.3, on the other hand, are 20-fold less sensitive (Lee et al. 

1999). HVA channels are even less sensitive to Ni2+, except for CaV2.3 that resembles 

T-type channels in their sensitivity to Ni2+ (IC50 27 µm). However, these channels, 

unlike T-type channels, require stronger depolarization for channel opening (Zamponi 

et al. 1996). 

In small and medium-sized peripheral sensory neurons, CaV3.2 is the most abundant 

isoform of T-type channels, while CaV3.1 and CaV3.3 isoforms are much less 

frequently expressed in these neurons (Talley et al. 1999). 

Recent studies have suggested a role of T-type channels in neuropathic pain as several 

pharmacological blockers and modulators of T-type channels have been shown to 

alleviate neuropathic pain in vivo. For example (+)-ECN, a T-type channel blocker, 

has been reported to reverse thermal hyperalgesia in rats with CCI (chronic 

constriction injury) when injected in peripheral receptive fields of sensory neurons 

(Pathirathna et al. 2005). Mibefradil and ethosuximide effectively reversed 

hyperalgesia and allodynia in rats with CCI (Dogrul et al. 2003). However, these 

compounds do not selectively block T-Type channels, as they affect other voltage 

gated channels that influence the excitability of nociceptors, as HVA Ca2+ channels 

and voltage gated Na+ and K+ channels (Coulter et al. 1989; Jimenez et al. 2000; 

McNulty and Hanck 2004; Coste et al. 2007). Nevertheless, T-type currents were 

significantly diminished after application of the oxidizing agent DTNB, which in vivo 

diminished thermal and mechanical nociception (Todorovic et al. 2004). In a model of 

streptozotocin-induced diabetic neuropathy, Jagodic et al. found that in parallel with 

development of diabetic induced pain, T-type current was significantly increased in 
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medium size DRG cells. This was associated with more frequent ADPs as well as 

lower threshold of burst firing in these cells (Jagodic et al. 2007). The T-type currents 

in this study were blocked by Ni2+ and enhanced by L-cysteine, suggesting CaV3.2 

isoform as responsible for the up-regulation. Other studies have also demonstrated the 

role of CaV3.2 in contributing to neuropathic pain. Bourinet and colleagues showed 

that intrathecal administration of CaV3.2 antisense knock-down in DRG cells induced a 

large reduction of T-type currents, and reversed both thermal and mechanical 

hyperalgesia in rats with CCI (Bourinet et al. 2005). Moreover, the selective knock-

down of DRG CaV3.2 currents in vivo has effectively reversed mechanical and thermal 

hyperalgesia in STZ-induced diabetic neuropathy in rats (Messinger et al. 2009). It is 

however the case, that antisense oligonucleotide knock-down studies might be non 

specific due to possible off-target effects. 

In contrast to these results, Hogan and colleagues (Hogan et al. 2000; McCallum et al. 

2003) reported the loss of T-type currents in sensory neurons of rats with neuropathic 

pain. Additionally, an in-vivo study using CaV3.2 knock-out mice did not find a 

difference in thermal and mechanical hyperalgesia in CCI- and control mice (Choi et 

al. 2007). Other studies support a role of CaV3.1, where activation of thalamic CaV3.1 

channels may suppress visceral pain transmission. On the other hand, comparing the 

pain susceptibility of mice lacking CaV3.1 with that of their wild type littermates, 

revealed attenuation of neuropathic pain in the knock-out mice (Na et al. 2008). 

1.9  Animal models of neuropathic pain 

Different animal models of human diseases with neuropathic pain have been 

developed. These include rodent models of mechanical nerve trauma as chronic 

constriction injury (CCI: sciatic nerve is subjected to loose ligations), spinal nerve 

ligation (SNL: L5 or L6 spinal nerves are ligated), partial sciatic nerve ligation (PNL: 

1/3 to 1/2 of the sciatic nerve is tightly ligated) as well as spared nerve injury (SNI: 

peroneal and tibial branches of the sciatic nerve are tightly ligated). Furthermore, there 

are animal models of painful diabetic polyneuropathy (streptozotocin induced diabetic 

polyneuropathy), polyneuropathy due to chemotherapy (vincristine or paclitaxel 

induced painful peripheral polyneuropathy) and the acute autoimmune disease 

Guillain–Barré syndrome (the animal model is called experimental automimmune 

neuritis).   

1.9.1 Experimental autoimmune neuritis 

Guillain–Barré syndrome (GBS) is a human acute inflammatory demyelinating 

neuropathy, which is caused by an autoimmune attack of the peripheral nervous 

system, and is characterized by motor symptoms such as weakness or paralysis, as well 

as sensory disturbances (Hughes et al. 1999). There are several subtypes of GBS 

depending on the primary target of the autoimmune reaction. This includes the acute 

inflammatory demyelinating polyradiculoneuropathy (AIDP), which is the most 

common subtype, and the less frequent acute motor and sensory axonal neuropathy 

(AMSAN) and acute motor axonal neuropathy (AMAN) (Hughes, Hadden et al. 1999; 

Winer 2001; Hughes and Cornblath 2005). The incidence of GBS is not frequent, 

between 1–2 cases per 100,000 people annually, but it is the most common cause of 
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acute non-trauma-related paralysis (Hughes and Cornblath, 2005). GBS involves both 

cellular and humoral immunity (Ho et al. 1998). It can be triggered by minor infectious 

disease, where T-lymphocytes become activated, which in turn stimulates B cells to 

produce autoantibodies. The latter block nerve conduction (Takigawa et al. 2000; 

Weber et al. 2000), activate complement (Stoll et al. 1991; Sawant-Mane et al. 1996) 

and facilitate a macrophage attack in the peripheral nerve (Meyer zu Horste et al. 

2008). These macrophages, which act as antigen-presenting cells, lead to direct 

damage of myelinating Schwann cells and axons (Kiefer et al. 2001). The trigger of the 

cascade of autoimmune response targeting the PNS can be explained by the "molecular 

mimicry". Surface lipooligosaccaharide structures found on Campylobacter and other 

microbial species mimic peripheral nervous system (PNS) gangliosides, which have 

been identified as antigens in GBS (Yuki et al. 2004; Rinaldi and Willison 2008). 

Hence, a minor infection can cause the T-lymphocytes to become activated due to 

encountering of the microbial epitopes, and starts a cascade of autoimmune responses 

leading to the demyelination of the nerve roots and peripheral nerves. 

Pain is a common symptom of GBS occurring in 55-85 % of the cases (Ruts et al. 

2010). The symptoms include paraesthesia/dysesthesia, backache, neck, muscle, joint 

or visceral pain and other discomforts (Pentland and Donald 1994; Moulin et al. 1997). 

The patients with GBS describe the pain as distressing, horrible and require aggressive 

treatment (Moulin, Hagen et al. 1997). Several studies showed that in GBS patients 

with acute neuropathic pain, not only large myelinated fibers are affected but also 

small myelinated and unmyelinated fibers are impaired, which may account for the 

acute pain symptoms and its maintenance over time (Martinez et al. 2010). However, 

the exact mechanism of this ongoing pain is still unclear and the current 

pharmacotherapy are insufficient and are associated with considerable side effect. 

Experimental autoimmune neuritis (EAN) is a T-cell mediated acute demyelinating 

inflammatory disease of the peripheral nervous system, which serves as an animal 

model of AIDP (Hahn 1996). EAN was first described by Waksmann and Adams in 

1955, and can be induced in rats, mice, rabbits and guinea pigs by immunization with 

peripheral nerve myelin, purified peripheral myelin proteins P0, P2 or PMP-22, or 

synthetic immunogenic peptides of these proteins (Waksman and Adams 1955; 

Brostoff et al. 1972; Kadlubowski and Hughes 1979; Milner et al. 1987; Shin et al. 

1989; Gabriel et al. 1998). This immunization results in a reproducible disease with 

clinical and pathological features similar to AIDP (Meyer zu Horste et al. 2007). The 

pathogenesis of EAN comprises activation of T-cells, which cross the blood-nerve 

barrier, encounter their similar antigen in the endoneurium, and release mediators that 

open the blood-nerve barrier. This allows entry of antibodies and macrophages, which 

get activated by T-cells, invade the myelin sheaths and induce demyelination (Hughes 

and Cornblath 2005). Two weeks after immunization, animals usually develop 

weakness and ataxia. The close similarities between EAN and AIDP make EAN a 

potential model for studies of the mechanisms underlying pain in GBS. 

1.9.2 Partial sciatic nerve ligation 

Partial sciatic nerve ligation (PNL) is one of the most commonly used models of 

neuropathic pain, and it simulates the clinical condition of a nerve bruise. In this 
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model, a tight ligation is created around 33-50 % of the sciatic nerve, leaving the rest 

of the nerve “uninjured” (Seltzer et al. 1990). An immune response to the ligation 

leads to nerve swelling and constriction. This is associated with the development of 

spontaneous pain-like behavior, allodynia and hyperalgesia. 

 
Fig. 7: Illustration of the neuropathic pain animal models used in this doctoral 

thesis. (A) PNL (partial sciatic nerve ligation):  1/3 to 1/2 of the sciatic nerve is ligated 

using a medical thread. (B) EAN (Experimental autoimmune neuritis): induced by 

injection of P2 peptide that leads to an autoimmune response and demyelination of 

peripheral nerves (modified after Calvo et al. 2012).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 17 

 

 

1.10  Aims of the thesis 

Neuropathic pain is a pathological condition characterized by abnormal pain and is a 

consequence of the disruption of the somatosensory system by lesions of different 

etiologies. The pathogenesis of the severe pain is still not fully understood and for 

some diseases as Guillain–Barré syndrome quite unexplored. Current 

pharmacotherapies are only partially effective and are associated with considerable 

side effects. For the development of new specific and effective drugs, a detailed study 

of the pathomechanism underlying neuropathic pain in each particular disease is 

required. For this, the first goal of this study was to establish a rat model of Guillain–

Barré syndrome (EAN) in our laboratory, and to verify the development of pain 

(mechanical allodynia) in these animals, as in case of the human GBS. The second 

purpose of the study was to analyze the nociceptive DRG neurons for changes in their 

electrophysiological properties that might be correlated to chronic neuropathic pain.  

The occurrence of changes in T-type Ca2+ currents upon nerve injury has been 

controversial. Where some studies showed an up-regulation of T-type Ca2+ currents in 

nociceptive DRG neurons (Jagodic, Pathirathna et al. 2007; Jagodic et al. 2008), others 

reported their loss following nerve injury (Hogan, McCallum et al. 2000; McCallum et 

al. 2006). Also, the role of CaV3.2, the most abundant isoform of T-channels, in 

supporting the pain phenotype is not yet clear. Hence, the purpose of the second part of 

the study was to clarify the contribution of T-type currents of DRG neurons, especially 

CaV3.2, to the pathophysiology of neuropathic pain. Here, a mouse model of partial 

nerve ligation-induced neuropathic pain was used. Also, CaV3.2 knock-out mice and 

wild type littermates were utilized to assess the functional role of this subunit. 
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2 Materials and methods 

2.1 Experimental animal models  

All experimental procedures followed the guidelines of the German Animal Protection 

Law and were approved by local authorities (Landesamt für Natur, Umwelt und 

Verbraucherschutz NRW; AZ: 8.87-51.04.20.09.353). 

Animal husbandry and all behavioral experiments took place in the S1 

(Sicherheitsstufe 1, §§ 4-7 GenTSV) animal facility of the university clinics in Bonn 

(„Haus für experimentelle Therapy”, HET).  

2.1.1 Experimental autoimmune neuritis (EAN) 

2.1.1.1 Animals 

Experiments were carried out using male Lewis rats 6-7 weeks old. Lewis rats were 

chosen since they can develop EAN constantly (Hoffman et al. 1980). The animals 

were purchased from Charles River Laboratories (Sulzfeld, Germany). Maximum four 

rats were housed in plastic cages under controlled illumination (light-dark cycle: 

12:12 h) and environmental conditions (temperature: 22 ± 2 °C; humidity: 55 ± 5 %). 

Water and food pellets were freely available for all rats. Animals were housed in the 

cages for at least one week before the start of the experiments. 

2.1.1.2 Induction of EAN 

Three experimental groups were used: EAN, CFA and ICFA. Each group received a 

subcutaneous injection of both hind paws with a 100 µl of inoculum containing the 

following:  

• EAN: immunogenic bovine P2 peptide of peripheral myelin and complete 

Freund's adjuvant (CFA). 

• CFA: bovine serum albumin (BSA) and CFA 

• ICFA: phosphate buffered saline (1XPBS) and incomplete Freund's adjuvant 

(ICFA). 

For the EAN group, P2 antigen (neuritogeneic P2 peptide amino acids 53-78 

synthesized by Charité, Institute for Medicinal Immunology, Germany) was dissolved 

in 1XPBS to a concentration of 2 mg/ml and emulsified with an equal volume of CFA 

(Sigma, Germany). CFA contains 1 mg/ml inactivated Mycobacterium tuberculosis in 

mineral oil and was used to enhance the immune response at the site of injection. As it 

can cause inflammatory pain at higher concentrations two control groups (CFA and 

ICFA) were used to ensure that the pain phenotype in rats is a consequence of EAN 

and not due to CFA or the injection. For the CFA and ICFA control groups, an 

emulsion containing equal volumes of BSA dissolved in 1XPBS (2 mg/ml) and CFA 

or 1XPBS and ICFA (mineral oil lacking the Mycobacterium tuberculosis) (Sigma, 

Germany) was used. All injections were carried out under isoflurane anesthesia (3% in 

95% O2).  
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2.1.1.3 Animal monitoring (EAN evaluation) 

All animals were scored for clinical sings of EAN. Both clinical scores and body 

weight were assessed one day before immunization and on day 1, 3, 6, 8, 10, 13, 15, 

17, 21, 24, 28 and 31 after immunization (on the same days as the behavioral 

experiments). Severity of the disease was graded as follows: 0 = no illness; 1 = 

hanging tail tip; 2 = tail paralysis; 3 = inability to sit up; 4 = movement ataxia; 5 = 

slight hind leg paresis;  6 = modest hind leg paresis; 7 = strong hind leg paresis; 8 = 

complete paralysis; 9 = moribund and 10 = death. 

2.1.2 Partial sciatic nerve ligation 

2.1.2.1 Animals 

CaV3.2 knock-out (KO) mice and wild type (wt) littermates on a C57BL/6N 

background were used (Chen et al. 2003). Mice were taken from breeding colonies of 

our own animal facility and the genotype of the animals was determined by PCR 

(polymerase chain reaction). Due to problems with mouse supply wt mice were 

purchased in addition from Charles River Laboratories for experiments with only wt 

mice (action potential measurements and RT-PCR). 12 to 20 weeks old female mice 

were used for all experiments. The animals were housed in groups of six mice per cage 

under controlled illumination (light-dark cycle: 12:12 h) and environmental conditions 

(temperature: 22 ± 2 °C; humidity: 55 ± 5 %). All mice had free access to water and 

food pellets. Animals were housed in the cages for at least one week before the start of 

the experiments 

2.1.2.2  Partial sciatic nerve ligation  

The partial nerve ligation (PNL) model was first described in mice by Malmberg and 

Basbaum (Malmberg and Basbaum 1998), and has been shown to be a good model to 

investigate neuropathic pain. In our experiments, the right sciatic nerve was subjected 

to a partial ligation to induce neuropathic pain. For this, mice were initially 

anesthetized in a box with an oxygen/isoflurane mixture (2 – 2.5 % in 95 % O2). Then, 

they were fixed on the surgery table while keeping the stream of isoflurane (1,5 – 2 % 

in 95 % O2) to maintain anesthesia. The right hind leg was shaved, disinfected with 

betaisodona (Mundipharma GmbH), and a small incision to the skin was done using a 

scalpel. Using sharp scissors, the underlying muscle was punctured and the sciatic 

nerve was found with thin tweezers. Using a medical polypropylene thread (9-0), one 

half to one third of the nerve was tightly ligated. Afterward, muscle and skin were 

sutured with polypropylene threads (7-0; 5-0) and the lesion site was disinfected. Sham 

operation was performed in parallel in the control group mice by exposing the right 

sciatic nerve then closing the wound without ligation. 

2.2 Pain behavioral experiments 

2.2.1 Von Frey test 

Animals developing neuropathic pain show an increased sensitivity towards normally 

non noxious mechanical stimuli  (Costigan et al. 2009). This mechanical allodynia was 

assessed with a dynamic plantar aesthesiometer (Ugo Basile Biological Research 
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Apparatus; for mice: maximum force: 15 g, ramp: 20 s; for rats maximum force: 50 g, 

ramp: 50 s). It consists of an electronically controlled mobile pressure actuator that can 

apply a continuously increasing pressure with a metal filament (Von Frey filament) on 

the paw. The experiments were performed for both animal models. 

The behavioral experiments were performed in elevated transparent plexiglass 

chambers (9 x 9 x 13 cm) with a metal grid floor. In the middle of the plantar surface 

of the hind paw, the metal filament of the actuator (diameter: 0,5 mm) was applied 

with increasing force until a clear withdrawal response of the paw was triggered. Paw 

withdrawal thresholds (PWT) were automatically recorded and given as the 

withdrawal triggering force in grams. PWTs were calculated as the average of three 

consecutive tests with at least 3 min between each test to avoid habituation. Animals 

were not tested while being very active or sleeping. Testing chambers were cleaned 

with a 70 % ethanol solution between rats or mice. 

The animals were habituated to the experimental setup for > 1h during three 

consecutive days before the start of the experiments. After habituation, baseline 

behavioral measurements were conducted. One day later EAN or PNL was induced to 

the animals. To assess the development of pain, rats were regularly tested in the 

behavioral tests on day 1, 3, 6, 8, 10, 13, 15, 17, 21, 24, 28 and 31 after the induction 

of EAN. For mice, the Von Frey tests were conducted one week after the partial nerve 

ligation to assess the pain phenotype. Rats and mice were habituated to the chamber 

for at least 30 min on each day before behavioral tests were performed. 

2.3 Tissue preparation 

2.3.1 Preparation of single DRG neurons for electrophysiological 
experiments 

Animals were anaesthetized with isoflurane (Abott) and rapidly decapitated. With the 

help of a forceps, dorsal root ganglia (DRG) from lumbar levels (4-5) were collected in 

2 ml Neurobasal Medium A containing B27 supplement (Gibco, Invitrogen, 

Germany), 100 µg/ ml penicillin and 100 µg/ml streptomycin (Sigma, Germany). L4- 

and L5-DRGs were chosen as they contain cell bodies of sensory neurons innervating 

the peripheral receptive fields of the hindpaws, and hence contain almost exclusively 

cell bodies of the sciatic nerve.  For the PNL model, DRGs of the operated side were 

dissected, whereas for the EAN model, DRG of both sides were chosen. First, the 

dissected neurons were enzymatically digested by adding 0.125% crude collagenase 

general use type I (Sigma, Germany) in an incubation chamber enriched with carbogen 

at 37°C for 1.5 h. After centrifugation at 400 rpm for 4 min at room temperature, 

pellets were resuspended in Neurobasal medium. At room temperature, single neuronal 

somas were then obtained by a series of triturations. Finally, neurons were plated on 35 

mm diameter culture dishes that were coated with poly-L-lysine (Sigma), and stored at 

37°C in a humified 5% CO2 atmosphere. These dishes also served as recoding 

chamber. 

The electrophysiological experiments were performed starting from day 21 till day 30 

after EAN induction. For the PNL model the electrophysiological experiments were 

conducted a week after the operation for two consecutive weeks. Previous studies have 
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shown that mechanical allodynia persisted for a duration of 70 days following partial 

ligation of the sciatic nerve (Malmberg and Basbaum 1998).  

2.3.2 Preparation of DRG neurons for quantitative real time RT-PCR 
(PNL-model) 

Mice were sacrificed under anesthesia with isoflurane. Dorsal root ganglia (DRG) 

from lumbar levels (4-5) of the operated side were selected and quickly frozen in 

liquid nitrogen. The samples were subsequently stored at -80°C.  

2.3.3 Preparation of sciatic nerves for histological analysis (EAN-model) 

Rats were anaesthetized with isoflurane and rapidly decapitated. Sciatic nerves of both 

sides were collected in 4% GLA (glutaraldehyde, Serva) in 0.1 M HEPES buffer for 

fixation. 24 h later the GLA was washed out with 2% sodium azide solution (NaN3, 

Merck) and stored at 4 °C until histological analysis started. 

2.4  Classification of DRG neurons 

Due to the heterogenicity of the DRG neurons (some are heat sensitive, mechano 

sensitive or polymodal) they were sub-classified on the basis of several criteria. These 

included cell body size, binding to the plant lectin isolectin B4 (isolated from the plant 

Griffonia simplicifolia) (IB4, life technologies) and the responsiveness to the algogenic 

compound capsaicin (cap, Sigma-Aldrich).  

Neurons were divided into small (<25 μm for mice, <30 μm for rats), medium (30 to 

40 μm), and large (>40 μm) based on cell body diameter. Small diameter DRG 

neurons arise from C- and A-δ fibers that constitute most of nociceptors, whereas DRG 

neurons with larger cell body diameters are non-nociceptive (Harper and Lawson 1985 

b). For this reason we used small DRGs with a cell body diameter <25 µm for mice 

and < 30 µm for rats for the electrophysiological experiments. The cell body diameter 

was measured with a calibrated eyepiece reticule. 

According to the IB4-binding ability, unmyelinated C fibers can also be classified in 

two broad classes. IB4-negative (IB4
-) nociceptors represent the peptidergic population. 

They contain the peptide neurotransmitter substance P as well as the high-affinity 

tyrosine kinase receptor (TrKA) for nerve growth factor (NGF). IB4-binding neurons, 

on the other hand, do not express substance P or TrKA, but express Ret receptors that 

bind glial cell derived neurotrophic factor (GDNF). L4-5 DRG neurons were incubated 

for 10 min with 2 ml of the external solution containing 12 µg IB4 conjugated to a 

fluorescent dye (Alexa Fluor 488). The cells were then visualized using a fluorescent 

microscope, where only cells showing strong immunofluorescence along the plasma 

membrane were considered IB4-positive (IB4
+) (Fig. 13). IB4 was stored as stock 

solution (6 µg/ml) in the external solution.  

Furthermore, a subset of small diameter nociceptive DRG neurons express the TRPV1 

receptor (transient receptor potential cation channel subfamily V member 1), a 

polymodal nonselective cation channel that can be directly activated by harmful heat, 

vanilloid compounds and extracellular protons Hence, this subset of neurons are 

responsible for processing thermal noxious stimuli. In our experiments, the vanilloid 

TRPV1 agonist capsaicin was applied to classify small diameter DRG neurons into 
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capsaicin responsive (cap+) and unresponsive (cap-). In case application of 1 µM 

capsaicin gave rise to a nonselective inward current, these cells were considered as 

cap+ (Fig. 13). Capsaicin was applied at the end of the electrophysiological experiment 

in the voltage clamp mode with a holding potential of -56 mV (not LJP corrected) and 

was stored as 20 mM stock solution in ethanol and freshly diluted in the external 

buffer before the recordings. 

2.5 Electrophysiology 

2.5.1 Shared procedures 

A P-97 Flaming/Brown micropipette puller (Sutter Instrument company) was used to 

pull patch pipettes with a resistance of 3-5 MΩ from borosilicate glass capillaries 

(outer diameter: 1.5 mm, inner diameter: 0.86 mm; Science products, Germany). The 

glass pipettes were filled with the intracellular solution. Voltage clamp and current 

clamp recordings were conducted at room temperature. Voltage and current commands 

and digitization of membrane voltages and currents were controlled using a Digidata 

1322A interface with Clampex 8.2 of the pClamp software package (Molecular 

Devices), running on a personal computer.  

All voltage clamp and current clamp recordings were performed on small sized 

nociceptive DRG neurons within a maximum of 8 hours after preparation. The culture 

dishes containing the single neuronal cells were washed several times with the external 

buffer to wash out the Neurobasal medium. One cell per culture dish was analyzed.  

2.5.2 Voltage clamp recordings 

Whole-cell recordings were obtained with a seal resistance >1 GΩ in all recordings 

using Axopatch 200B amplifier (Axon Instruments, Molecular Devices; Ismaning, 

Germany). Cells with high leakage currents (holding current ≥ 500 pA) and series 

resistance greater than 12 MΩ were not considered for analysis. Capacitive transients 

were cancelled before each recording. To improve voltage control, the prediction and 

compensation circuit was set between 60 and 90 %. Voltage errors were not larger than 

3.8 mV or 1.5 mV for Na+ and Ca2+ current measurements respectively. All potentials 

shown were corrected for liquid junction potentials that were calculated using 

Clampex 8.2 software. The experiments were performed at room temperature. 

Unless otherwise indicated, all chemicals and drugs were obtained from Sigma, 

Germany. 

2.5.3 Determination of passive membrane properties 

Passive membrane properties were measured in the voltage clamp mode by analyzing 

the current response to a 10 mV depolarizing voltage step for 135 ms from a -80 mV 

holding potential. The current response is made up of a transient RC response formed 

by the cell capacitance Cm in series with pipette and access resistance (which make up 

the series resistance Rseries), and an ohmic or steady state component determined by 

membrane resistance Rm (Fig. 8). Rm is calculated as V/∆I, where V is the size of the 

voltage step and ∆I is the steady state current response. Cell capacitance was 

determined by quantifying the charge Q required to fully charge the membrane. Q 

(Q1+Q2) was measured as the total area under the transient current response to the 
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above mentioned voltage step, where the area of Q1 was quantified manually using 

Clampfit 9.2 software and Q2 was calculated as ∆I * τfast. τfast is the fast time constant 

of the transient RC response and was measured via a logarithmic bi-exponential fit on 

the transient . Cell capacitance Cm was then calculated as Q/V.  Series resistance Rseries 

was calculated as τfast/Cm.  

 
 

Fig. 8: Calculation of passive membrane properties of DRG neurons. Parameters 

of the current response to a 10 mV depolarizing voltage step used for calculation of 

passive membrane properties of DRG neurons. ∆I is the steady state current 

response, Q (Q1+Q2) is the total area under the transient current response and τfast is 

the fast time constant of the transient RC response. 

  

2.5.4 Recording of Na+ currents 

Transient and persistent Na+ currents were isolated from single DRG neurons using the 

following solutions:  bathing solution (in mM): 25 NaMS (Na methanesulfonate), 110 

TEA-Cl (tetraethylammonium-chloride) (Merck), 10 HEPES ((4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), 2 CaCl2, 3 MgCl2, 0.1 CdCl2 (Fluka), 5 4-AP (4-

aminopyridine, ACROS organics), 25 glucose. Osmolarity was adjusted with sucrose 

to 305 mOsmol/L; pH to 7.4 with NaOH. CdCl2 and 4-aminopyridine were used to 

block Ca2+ and A-type K+ currents respectively. The intracellular solution contained 

(in mM): 110 CsF, 10 HEPES-Na, 11 EGTA (ethylene glycol tetraacetic acid), 2 

MgCl2, 2 ATP-Na2. Osmolarity was adjusted with sucrose to 290 mOsmol/L; pH to 

7.25 with CsOH. Leakage currents were digitally subtracted using a P/4 protocol. Data 

were filtered at 10 KHz, and sampled at 10 KHz. The liquid junction potential between 

intra- and extracellular solution was +13 mV and all values were corrected 

accordingly.   

Cells were held at a membrane potential (Vhold) of -120 mV, and Na+ currents were 

generated by depolarizing steps for 470 ms to test potentials ranging from -100 to +20 

mV in 10 mV increments. Due to the continuous run-up of the transient Na+ current 

and a run-down of the persistent Na+ current in the beginning of the experiment, the 
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measurement was repeated at an interval of 2 min until the transient current was stable 

for two successive recordings. Subsequently, 1 µM TTX (Tetrodotoxin) was added to 

the perfusion, thus allowing the analysis of the TTX-resistant (TTXR) current. The 

TTX-sensitive (TTXS) current was determined by subtraction of TTXR current 

waveform from the total current waveform at each test potential. TTX was stored as 

stock solutions in H2O, diluted in the bathing solution and delivered using a 

multichannel, gravity-driven system. To confirm that Na+ was the major charge carrier 

in our measurements, the cells were finally perfused with the external solution 

containing a Na+ concentration of 3 mM. At this concentration, the reversal potential 

of Na+ current is at -35 mV. Indeed, an outward transient Na+ current was observed by 

depolarizing test potentials from -30 to +20 mV.  

2.5.5 Analysis of voltage clamp Na+ current recordings 

The recorded Na+ current show two phases in the response with different voltage 

dependencies and kinetics. This is due to the existence of transient (INaT) and persistent 

(INaP) Na+ currents. For the current voltage curves, the peak amplitudes of both INaT and 

INaP were measured, where the peak of INaT was measured at the beginning and the 

peak of INaP was analyzed at the end of the depolarizing pulse. Since INaT and INaP peak 

at around -20 mV and -60 mV respectively, the peak transient and persistent Na+ 

current was measured at these test potentials. 

For the fast Na+ currents, the steady state voltage dependent activation behavior was 

analyzed. For this, the peak current amplitudes were converted to Na+ conductance GNa 

by means of the following equation:  

equation 1 GNa=INa/(V-VNa) 

where INa is the peak current amplitude at a given potential (V) and VNa the Na+ 

reversal potential, which was found by linear regression of all Na+ current values at -10 

to +10 mV. Conductances were then normalized, averaged and fitted to the following 

Boltzmann function:  

equation 2 y=((A1-A2/1+e(V1/2-V)/dx))+A2 

where A1 is the maximum current, A2 the minimum current, V1/2 the voltage of half 

maximal activation and dx the slope factor.  

After activation, the inward transient Na+ current quickly shuts down even though the 

potential remains the same. The time course of INaT decay was evaluated via a double-

exponential fit using the following equation: 

equation 3 f(t)= ΣAie
-t/τi+C 

where Ai is peak amplitude of current component i, τ is the decay time constant and C 

amplitude of steady state component (sustained current after full inactivation). The 

decay time constant τ was evaluated at membrane potential (Vm) = -30 mV, where τ of 

the fast inactivating current component was analyzed and compared between the 

groups.  

The voltage dependence of steady state inactivation was determined using standard 

procedure with prepulses of 470 ms duration to voltages ranging from -100 to +20 mV, 

followed by a 30 ms test pulse to -10 mV. For analysis of the steady state voltage 
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dependent inactivation of fast Na+ currents, currents were normalized to the maximum 

and averaged. Data points were then fitted using equation 2. 

2.5.6 Recording of the Ca2+ current 

In these experiments, the capsaicin evoked current response was determined at the 

beginning of the experiment, as the external solutions for Ca2+ current isolation does 

not allow measurement of the inward current through the TRPV1 receptor. For this, 

the cap current response was elicited in the following external solution (in mM): 150 

NaCl, 5 KCl, 1 CaCl2, 1 MgCl2 and 10 HEPES. The cells were subsequently perfused 

with the external solution for Ca2+ current isolation. The solution contained the 

following (in mM): 152 TEA-Cl, 10 BaCl2 and 10 HEPES. Osmolarity of the solution 

was 305 mOsmol/L and did not need further adjustment, whereas the pH was adjusted 

to 7.4 with TEA-OH (tetraethylammoniumhydroxide). The intracellular solution 

contained the following (in mM): 135 TEA-OH, 10 EGTA, 40 HEPES and 2 MgCl2. 

The osmolarity of the solution was 295 mOsmol/L and pH was adjusted to 7.2 using 

HF. A fluoride (F-)-based internal solution facilitates run-down of high-voltage 

activated (HVA) Ca2+ current, thus minimizing contamination of T-type Ca2+ currents 

with HVA components. Leakage currents were digitally subtracted using a P/6 or P/8 

protocol. Data were filtered at 10 KHz, and sampled at 20 KHz. The liquid junction 

potential between intra- and extracellular solution was +7 mV and membrane 

potentials were corrected accordingly.  

L4-5 DRG neurons were held  at -100 mV  and total Ca2+ current was elicited by a 

standard voltage clamp protocol, where 200 ms depolarizing voltage steps ranging 

from -70 to +40 mV in 10 mV increments were applied. Different DRG neurons 

exhibited various types of Ca2+ currents. To isolate the T-type current we used another 

protocol that involves the application of a series of preconditioning pulses (500 ms 

duration to voltages ranging from -120 to +30 mV) then measuring the resulting peak 

amplitude at the second pulse at -30. Subsequently, the cells were perfused with 

external solution containing 50 µM Ni2+, and the Ni2+ resistant Ca2+ current was 

measured via the standard voltage clamp protocol mentioned above. The Ni2+ sensitive 

current component was isolated by digitally subtracting the Ni2+ resistant current from 

the total Ca2+current. 50 µM Ni2+ was used to allow the differentiation between the 

Ni2+ sensitive CaV3.2 (IC50 10 µM) and the 20-fold less Ni2+ sensitive CaV3.2 and 3.3 

(Lee, Gomora et al. 1999). To verify recording of Ca2+ currents, the cells were 

perfused at the end of the experiment with external solution containing 50 µM Ni2+ and 

200 µM Cd2+, which blocks all VGCC. Drugs were prepared as 100 mM stock solution 

of NiCl2 and CdCl2 in H2O and freshly diluted to appropriate concentrations at the time 

of the experiment in the bathing solution and delivered using a multichannel, gravity-

driven system. Manually controlled valves were used to switch between the solutions.  

2.5.7  Analysis of voltage clamp Ca2+ current  

Using the standard voltage clamp protocol, different types of Ca2+ current were 

evoked. The T-type current was analyzed by subtracting the peak current response 

from the current at the end of the depolarizing test potential to avoid contamination 

with HVA Ca2+ current. HVA current was analyzed by measuring the sustained current 

at the end of the depolarizing pulse. Peak HVA and T-type Ca2+ current was measured 
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at 0 mV and -30 mV respectively. The T-type Ca2+ current was also isolated in a 

different way using the prepulse protocol. Here, the total Ca2+ current was recorded 

from a well hyperpolarized potential of -100 mV. Then, the HVA current was recorded 

at -40 mV. At this potential the HVA channels are activated, while the T-type channels 

are inactivated. T-type Ca2+ current was then isolated by digitally subtracting the HVA 

current from the total Ca2+ current. 

2.5.8 Current clamp recordings 

For current clamp recordings in intact DRG neurons, we used the Axopatch 200B 

amplifier controlled by pCLAMP version 8.2 software. The extracellular solution 

contained the following (in mM): 150 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2 and 10 HEPES. 

Osmolarity of the solution was 305 mOsmol/L and did not need further adjustment, 

whereas the pH was changed to 7.4 with NaOH. The pipette solution used was (in 

mM): 20 KCl, 120 potassium gluconate, 10 EGTA, 10 HEPES, 2 MgCl2 and 2 ATP-

Na2. Osmolarity of the solution was 290 mOsmol/L and the pH was adjusted to 7.3 via 

KOH. Data were filtered at 10 KHz, and sampled at 30 KHz. The liquid junction 

potential determined for these solutions was +14 mV and all values and figures were 

corrected accordingly. 

Whole-cell configuration was obtained in the voltage clamp mode. Here, pipette 

capacitance was cancelled and passive membrane properties were measured. The 

membrane potential was then measured by switching to current clamp with no injected 

current (I=0). Cells with resting membrane potential more positive than -54 mV were 

excluded. Subsequently, we switched to fast current clamp mode (I-CLAMP FAST). 

To eliminate the micropipette voltage drop from the recording, bridge balance was 

carefully compensated. For single action potential (AP) recordings, cells were clamped 

to a holding potential of -70 mV and an action potential was evoked by 4 ms 

depolarizing current injections. To analyze the repetitive firing behavior, APs were 

evoked by repetitive 500 ms current injections increasing from 20 to 1000 pA with 

increments of 20-40 pA. Subsequently, a series of negative current injections with a 

step of −10 pA for 500 ms duration was applied to evoke hyperpolarization followed 

by a set of Ih (hyperpolarization-activated current)-induced depolarizing voltage sags 

to measure Ih. 

2.5.9  Analysis of current clamp recording 

Analysis of the parameters of single action potentials elicited by 4 ms current injection 

was done using Clampfit 9.2. The APs were analyzed at rheobase, which is defined as 

the minimum amount of depolarizing current that discharged an AP. The following 

was analyzed (see Fig. 9): repolarizing area: area during the repolarization phase of the 

action potential (i.e. returning to baseline); AHP area: the full length of the 

afterhyperpolarization following the action potential was difficult to measure because 

its approach to the holding potential was so gradual. Therefore, the area of the AHP 

relative to the holding potential was measured until 250 ms after beginning of the 

AHP. 

Action potentials during prolonged current injection (500ms) change depending on the 

time and occurrence during the current injection as well as the number of preceding 
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action potentials. Therefore we analyzed the first action potential elicited during the 

first 50 ms of current injection, for which the following properties were determined: 

threshold: determined as the voltage at the time point when the slope of the rising 

phase of the AP  exceeded 10 V/S; maximal amplitude: maximal amplitude of the 

action potential compared with 0 mV; 10-90% rise time: the time between 10% and 

90% percentile of the peak amplitude during the rising phase of the action potential; 

halfwidth (HW) above threshold: the time between the point to the left and to the right 

that are 50% of the peak amplitude relative to the threshold. These properties as well 

as the firing rate were analyzed using an IGOR routine that detected spikes 

automatically. 

 
 

Fig. 9: Different action potential parameters. For the first action potentials elicited 

by 500 ms or 4 ms current injection, the following parameters were analyzed: 

repolarizing area, AHP (afterhyperpolarization) area, AP amplitude, AP threshold, 

HW (halfwidth) relative to threshold and 10-90% rise time. 

 

In addition, the Ih induced depolarizing voltage sags was analyzed by measuring the 

difference between initial induced hyperpolarizing potential and the steady state 

potential at the end of the 500 ms current injection.  

2.6 Histological analysis: Methylene blue staining of semi thin 
sections 

Resin embedded samples of the sciatic nerve were used for the preparation of semi thin 

slices. Using the ultramicrotome, 900 nm thick transverse sections were cut. With the 

help of a glass knife boat, the semi thin sections were mounted on a glass slide 

containing one drop of distilled water and labeled (with the block number). The 

sections were dried on a hot plate for 1 hour at 75 °C and subsequently stained at 60 

°C for 30-40 seconds by adding few drops of the staining solution (toluidine blue) and 

then covered. The staining solution (solution C) is composed of a 1:1 mixture of 

solutions A and B, mentioned in the table below. The stained semi thin sections were 

examined with a compound light microscope. 
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Table 2: Methylene blue solution. 

Solution A 1g Sodiumborate (Merck) 

1 g Methylene blue (Merck) 

ad 100 ml H2O 

Solution B 1 g Azur II (Merck) 

ad 100 ml H2O 

Solution C 1:1 mixing of solutions A and B  

 

2.7 Quantitative real-time RT-PCR 

2.7.1 Preparation of cDNA  

For the RT-PCR analysis of CaV3.2, 15 wild type mice were ligated and other 15 were 

sham operated. Lumbar DRGs (L4-5) of the operated side were dissected from the PNL 

and sham operated mice on day 1, 3, 7, 10 and 14 after surgery. For mRNA isolation, 

100 µl lysis binding buffer was added to the DRGs and homogenized using a pistil. 

Subsequently, mRNA was isolated with a Dynabeads mRNA Direct Micro kit 

(Invitrogen) according to the manufacturer’s protocol. First-strand cDNA was prepared 

using RevertAid Reverse Transcriptase (Fermentas). The following primers were used: 

CaV3.2 forward (5'- ATG TCA TCA CCA TGT CCA TGG A-3'); CaV3.2 reverse (5'-

ACG TAG TTG CAG TAC TTA AGG GCC-3'); synaptophysin forward (5’- TTC 

AGG ACT CAA CAC CTC GGT -3’); synaptophysin reverse (5’- CAC GAA CCA 

TAG GTT GCC AAC -3’). 

2.7.2 Quantitative Real Time RT-PCR (Analysis of mRNA expression) 

The principle of Real-time PCR systems is based on the detection and quantification of 

a fluorescent reporter. The signal of this reporter increases in direct proportion to the 

amount of PCR product in a reaction. In our experiment, that reporter is the double-

strand DNA-specific dye SYBR Green. SYBR Green is able to bind double-stranded 

DNA, and emits light upon excitation. Thus, as a PCR product increases, the 

fluorescence also increases. 

Transcript quantification was performed by quantitative real time RT-PCR analysis 

according to the ∆∆Ct-method (Fink et al. 1998). To normalize expression, 

synaptophysin was amplified from all samples. For quantitative RT-PCR a 6.25-µl 

reaction volume was used containing 3.125 µl of Maxima SYBR Green/Rox qPCR 

Master Mix (Fermentas), 1.5 µl of diethyl pyrocarbonate H2O, 1.25 µl of cDNA, and 

0.1875 µl of each primer (10 pmol/ml; CaV3.2). Reactions were performed in 

triplicate. A preincubation time of 10 min at 94 °C was chosen, after which 40 PCR 

cycles (20 s at 94 °C, 30 s at 59 °C, and 40 s at 72 °C) were performed on an ABI 

Prism 9700HT system (PE Applied Biosystems, Foster City, CA). In each cycle, the 

SYBR Green fluorescence signal was measured. 
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2.8 Statistical analysis and software 

All data are presented as average ± standard error of the mean (SEM). 

In the behavioral experiments of the EAN animal model, differences between the three 

groups of rats (EAN, CFA and ICFA) were determined by two-way ANOVA, 

considering treatment and time course. In case of significant interactions, the two-way 

ANOVA was followed by Bonferroni's multiple comparison post test.  

Analysis of pain behavior of the PNL animal model was done by comparison of 

ipsilateral or contralateral side before and after PNL of the same group of mice via 

paired Student's t-test. 

For the electrophysiological data of the EAN animal model, comparison between the 

three different groups of rats was performed using one-way ANOVA test (parametric 

test) followed by Tukey's multiple comparison post test. In some cases, where 

variances were different between the groups, the nonparametric ANOVA Kruskal-

Wallis test was used followed by Dunn's multiple comparison test.  

Differences between the groups of mice of Ca2+ current as well as action potential 

recordings of mice was analyzed via unpaired Student's t-test. Analysis of differences 

in mRNA expression was done via unpaired Student's t-test.  In case variances were 

significantly different, an unpaired Student's t-test with Welch's correction has been 

performed. A chi-squared test has been performed, to analyze differences between the 

groups with respect to the type of Ca2+ current. 

For all tests the significance level was set at p<0.05. Data analyses were done with 

Clampfit 9.2 software (Molecular Devices, CA), IGOR (Wavemetrics Inc., Lake 

Oswego, OR). Graphpad Prism (Graphpad Software, Dan Diego, CA), and Excel 2003 

on a WindowsTM based PC-system (Microsoft, Redmond, WA). 
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3 Results 

3.1 Experimental autoimmune neuritis 

3.1.1 Clinical course of EAN 

EAN clinical scores were assessed immediately before immunization (day 0) and 

every day until day 31. All rats immunized with P2 antigen + CFA (n=8) developed 

clinical signs of EAN from day 11 post-immunization onwards. Severity of clinical 

EAN was mild to moderate. It started with mild paresis of the tail, then developed to 

slight or strong hind leg paralysis (Fig. 10). None of the rats died or developed 

complete paralysis. The disease peaked at day 14-17, and rats completely recovered by 

day 22 post-immunization. Control rats injected with ICFA (n=4) or CFA+BSA (n=7) 

did not develop any signs of EAN.  

 
Fig. 10: Clinical scores and body weight of EAN rats. Lewis rats were immunized 

(day 0) with synthetic neuritogenic P2 peptide plus CFA (n=8). Control rats were 

immunized with CFA plus BSA (n=7) or saline plus ICFA (n=4). Rats were monitored 

for clinical signs of EAN (A) and for body weight (B) for 28 days post-immunization. 

Only rats immunized with P2 developed clinical signs of EAN. A significant weight 

difference was observed between P2-immunized rats and ICFA-or CFA-immunized 

controls (two-way ANOVA followed by Bonferroni post test depicted as asterisks, 

where the blue asterisks represent differences between EAN and ICFA, and the green 

ones between EAN and CFA). 

  

As a further indicator of the disease, EAN rats began to lose weight at the same time, 

where clinical signs started to appear (Fig. 10). The weight loss continued throughout 

the period of maximal illness and paralleled the severity of the disease. There was no 

weight loss observed in both ICFA- and CFA-control groups (two-way ANOVA 

showed a significant time and treatment effect on weight loss, p<0.0001, F=52.72, 
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df=10 and p<0.0001, F=205.06, df=2 respectively. ANOVA was followed by 

Bonferroni post test, depicted as asterisks in Fig. 10B, where the blue asterisks 

represent differences between EAN and ICFA, and the green ones between EAN and 

CFA).  

3.1.2 Histology of the sciatic nerves 

To further validate our animal model, a histological analysis of the sciatic nerves was 

performed to check for typical histological signs of EAN. As mentioned in the 

introduction, the main target of the autoimmune reaction in EAN is the myelin sheath. 

To assess the demyelination of the peripheral nerves, methylene blue staining of (semi-

thin slices) transverse sections of sciatic nerves of EAN as well as of the two control 

groups was performed. Sciatic nerves were collected from the rats at disease peak (day 

15 post-immunization, mean clinical score of EAN=6.5 ± 0.19). Light microscopy of 

resin-embedded rat sciatic sections revealed in a considerable number of axons of 

EAN rats a reduced thickness of myelin sheath as sign for demyelination. In addition, 

the overall number of axons was clearly reduced (Fig. 11). This reveals that besides 

demyelination, axonal pathology may play a significant role in the course of EAN. No 

abnormalities of the sciatic nerves were observed in the two control groups. 

 
 

Fig. 11: Demyelination of sciatic nerves of EAN rats. Light microscopic illustrations 

of sciatic nerve sections stained with methylene blue collected from CFA and ICFA 

control rats as well as EAN rats at disease peak (day 15). Rats with EAN exhibited 

evidence of axonal demyelination and reduced axonal density. 

  

3.1.3  Mechanical allodynia during the course of EAN 

To examine whether pain responses are altered during EAN, we examined withdrawal 

thresholds in response to mechanical stimuli in both hindpaws. Since no significant 

difference was observed between right and left hindpaws, both sides were pooled for 

each animal. Baseline responses of the rats in the von Frey test were similar in all 

treatment groups (Fig. 12). On day 1-3, all groups of rats showed a decrease in paw 

withdrawal latency compared to the basal data, which is presumably due to an 

unspecific reaction to the injection or to a continuously shortening of response 

latencies as seen during repeated testing. An obvious decrease in withdrawal response 

latencies to mechanical stimuli was observed in the EAN group (n=8) starting from 

day 6 post-immunization, which remained throughout the entire period tested (till day 

28) even after disappearance of clinical signs (day 24). There were no differences in 

withdrawal threshold detected between ICFA- and CFA-injected group (n=4, n=7 

respectively) during the entire experiment (two-way ANOVA showed a significant 

time and treatment effect on withdrawal responses, p<0.0001, F=60.87, df=11 and 
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p<0.0001, F=86.90, df=2 respectively. Also, a significant interference of the two 

factors, time and treatment, p=0.013, F=1.84, df=22. ANOVA was followed by 

Bonferroni post test depicted as asterisks in Fig. 12, where the blue asterisks represent 

differences between EAN and ICFA, and the green ones between EAN and CFA). 

Fig. 12 represents the results of one behavioral experiment, and Fig. 10 shows their 

corresponding clinical monitoring. However, these experiments were also performed 

for all animals used for electrophysiological recordings to verify the pain symptoms 

for each animal, hence allowing for a correlation between pain symptoms and 

electrophysiological changes. The results of these experiments were not included in 

this figure. 

 
 

Fig. 12: Pain responses are altered in EAN rats. Mechanical withdrawal thresholds 

of hindpaws of P2-immunized rats (EAN) and CFA-and ICFA-immunized controls. 

Withdrawal thresholds of EAN rats were significantly lower than in both control 

groups from day 6-28 post-immunization (EAN: n=8; CFA: n=7; ICFA: n=4, two-way 

ANOVA followed by Bonferroni post test depicted as asterisks, where the blue 

asterisks represent differences between EAN and ICFA, and the green ones between 

EAN and CFA). 

  

3.1.4  DRG neuron classification 

For electrophysiological experiments DRG neurons were dissociated from L4-5 DRG-

ganglia on day 17-30 by a combination of enzymatical und mechanical methods 

(2.3.1). As nociceptive DRG neurons can be distinguished by their smaller cell 

diameter from other, non-nociceptive DRG neurons, only small DRG neurons 

(diameter < 30 µM) were used for this study (Harper and Lawson 1985 b).  

To further detect possible nociceptor subclass specific differences, each cell was 

analyzed for its responsiveness to the TRPV1 receptor agonist capsaicin as well as the 

IB4-binding capacity. The polymodal nonselective cation channel TRPV1 is activated 

by harmful heat, extracellular protons and vanilloid compounds (Snider and McMahon 

1998; McCleskey and Gold 1999; Petruska et al. 2000). It is an important selective 

marker of nociceptive function of DRG cells (Caterina and Julius 2001), and the 

majority of small sized sensory neurons express this receptor. In the voltage clamp 

mode of the whole-cell configuration, 1 µM capsaicin gave rise to a nonselective 

inward current in the majority of cells (Fig. 13 A). The percentage of caps+ cells 

(100% of ICFA, 88.5 % of CFA, 82 % of EAN) as well as the magnitude of the 
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capsaicin-induced current (ICFA: -3.5 nA ± 0.76, n=15,CFA: -2.4 nA ± 0.4, n=14, 

EAN: -2.5 nA ±0.3, n=28) (Fig. 13 A) was not significantly different between  groups.  

Furthermore, nociceptors can be classified according to their ability to bind the 

glycoprotein IB4 from the plant Griffonia simplicifolia.  IB4
- nociceptors represent the 

peptidergic population. They contain peptide neurotransmitters substance P and are 

able to respond to NGF by expressing TrKA, the high-affinity tyrosine kinase receptor 

for nerve growth factor (NGF). IB4
+ neurons, on the other hand, do not express 

substance P or TrKA, but express Ret receptors that bind glial cell derived neuropathic 

factor (GDNF). To check for the IB4-binding capacity, DRG neurons were incubated 

with external solution containing fluorescent-dye-labeled IB4. Cells showing an intense 

green fluorescence along the outer cell membrane are considered IB4
+ (Fig. 13 B).   

Classification of nociceptors according to their IB4-binding capacity revealed that the 

majority of small DRG neurons were IB4
+ (73% of ICFA, 71% of CFA, 88% of EAN). 

The percentage of IB4
+ cells was in agreement with previous findings (e.g. 89% IB4+, 

(Fang et al. 2006) and was not different between groups. 

 
 

Fig. 13: Classification of DRG neurons according to capsaicin-evoked current 

response and IB4-binding. (A) Capsaicin evoked current response in small DRG 

neurons. (Aa) Application of 1 µM capsaicin in the voltage clamp mode gave rise to a 

nonselective inward current in a subset of cells. Representative currents from a non-

responsive (cap-) and a responsive (cap+) control cell are shown (upper trace and lower 

trace, respectively). (Ab) Histograms indicate the percentages of cap+ and cap- cells in 

the different experimental groups. There was no statistically significant difference 

between percentages of cells responding to capsaicin in the ICFA- (100%, n=16), 

CFA- (88.5%, n=19) and EAN-group (82%, n=55). (Ac) The maximal capsaicin-

induced current amplitude of cap+ cells was not significantly different between 

experimental groups. (B) The majority of small sized DRG cells were IB4
+. (Ba) 

Microphotograph of acutely dissociated DRG cell from a control rat showing a bright-

field image on the left and a fluorescent image on the right. (Bb) Histograms show that 

the majority of small sized DRG cells in all experimental groups were IB4
+ (ICFA 

73%, n= 15, CFA 71%, n=14, EAN 88%, n= 34). 
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Based on the large overlap between capsaicin-responsiveness and IB4-binding capacity 

found in the small DRG neurons of the three different groups (ICFA: 75% of cap+ are 

IB4
+, 100% of IB4+ are cap+; CFA: 64% of cap+ are IB4

+, 90% of IB4
+ are cap+; EAN: 

85% of cap+ are IB4
+, 79% of IB4

+ are cap+), we classified the neurons for the 

following electrophysiological experiments according to their capsaicin-

responsiveness. 

3.1.5 Passive membrane properties 

After obtaining the whole-cell configuration we first analyzed the passive membrane 

properties. In cap+ neurons, the resting membrane potential as well as the input 

resistance (ICFA: n=20, CFA: n=17, EAN: n=45) were similar between groups (one-

way ANOVA, p=0.24, F=1.47, df=80; one-way ANOVA, p=0.40, F=0.94, df=81 

respectively). A small, but significant difference was found in the capacity of neurons 

between the EAN group and the ICFA control group (one-way ANOVA, p=0.036, 

F=3.47, df=81 followed by Tukey's multiple comparison test depicted as asterisk in 

Fig. 14).  

It should be noted that the passive membrane properties represented in Fig. 14 are 

measured before current clamp recordings (AP measurements). Since the number of 

cap- neurons of both control groups were too small (ICFA: n=0, CFA: n=2), we could 

not analyse differences in passive membrane properties in this group of neurons. 

 
 

Fig. 14: Passive membrane properties of small cap+ DRG neurons. There were no 

significant differences between cap+ EAN cells and cap+ ICFA or CFA cells with 

respect to the input resistance (b) and resting membrane potential (c). A small but 

significant difference was found in the capacity (a) between ICFA and EAN cells 

(ICFA: n=20, CFA: n=17, EAN: n=45) (one-way ANOVA followed by Tukey's 

multiple comparison test depicted as asterisk). 

 

3.1.6 EAN is associated with changes in AP waveform and repetitive 
firing properties of cap+ small sensory DRG neurons 

As the behavioral pain tests verified a significant neuropathic pain phenotype in EAN 

rats, we next analyzed nociceptive DRG neurons of EAN rats for changes in their 

electrophysiological properties that might be correlated to severe pain. It is known 

from other animal models of neuropathic pain that neuropathic pain behavior is 

associated with a hyperexcitability of nociceptive DRG neurons. Therefore, we first 

performed an analysis of single action potential parameters and subsequently evaluated 

the repetitive firing capacity.   
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Fig. 15: The repolarization phase is reduced in cap+ nociceptors from EAN rats. 

(Aa) Examples of APs evoked in cap+ DRG neurons by injection of 4 ms depolarizing 

current commands of increasing amplitude. Sample recordings are depicted for cap+ 

ICFA, CFA and EAN cells. (Ab) Histograms showing that the area of repolarizing 

phase of the AP is significantly reduced in cap+ EAN DRG cells compared to cap+ 

ICFA- and CFA controls. (Ac) Histograms showing no significant differences with 

respect to the AHP area in cap+ nociceptors of EAN rats compared to ICFA- and CFA 

controls. (Ba) Examples of the first AP evoked in cap+ DRG neurons by injection of 

500 ms depolarizing current commands of increasing amplitude. Sample recordings 

are depicted for ICFA, CFA and EAN cells. (Bb) The AP duration (HW relative to 

threshold) was significantly shorter in cap+ nociceptive neurons of EAN rats compared 

to the control groups. (Bc) Rheobase of AP firing was lowest in EAN group. A 

significant difference was found compared to the ICFA control group. (Bd) Rise time 

(10-90%) was significantly different in EAN group compared to ICFA group. (Be-f) 

Histograms showing no significant differences with respect to the (Be) AP threshold 

and (Bf) AP peak amplitude in cap+ nociceptors of EAN rats compared to ICFA-and 

CFA controls. The number of cells were 20, 17 and 45 for ICFA, CFA and EAN rats 

respectively. Statistical differences were detected using one-way ANOVA followed by 

Tukey's multiple comparison test depicted as asterisks in the figure. 

  

DRG cells of the three treatment groups generated overshooting action potentials in 

response to brief 4 ms current injections (Fig. 15 A) of increasing amplitude. DRG 

neurons of both control groups exhibited wide action potentials with an inflection in 

the falling phase. The presence of an inflection (“shoulder”) in the repolarizing phase 

of the action potential is a typical characteristic of small DRG neurons (Harper and 

Lawson 1985 a; Renganathan et al. 2001). In cap+ cells of EAN rats, however, this 

inflection, measured as repolarizing area of the action potentials (see Materials and 

Methods 2.5.9, Fig. 9), was significantly smaller compared to both CFA and ICFA 
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cap+ control groups (one-way ANOVA p<0.0001, F=12.93, df=77 followed by Tukey's 

multiple comparison test depicted as asterisks in Fig. 15 Ab). This result was 

confirmed by analyzing the first action potential evoked by prolonged depolarizing 

current injections (500 ms, Fig. 15 B). Here, the halfwidth of cap+ cells of the EAN 

group was significantly reduced compared to the ICFA- and CFA- group (one-way 

ANOVA p=0.0027, F=6.40, df=78 followed by Tukey's multiple comparison test 

depicted as asterisks in Fig. 15 Bb). There was no difference between CFA und ICFA 

control groups. Small but significant changes has been also observed in the rise time 

(10-90%) of these first evoked action potentials between cap+ neurons of EAN and 

ICFA rats (one-way ANOVA p=0.046, F=3.22, df=76 followed by Tukey's multiple 

comparison test depicted as asterisk in Fig. 15 Bd). Furthermore, the mean value of the 

rheobase of first elicited AP was smallest in EAN DRG cells, and a significant 

difference was shown compared to the ICFA control group (one-way ANOVA 

p=0.0092, F=5.03, df=71 followed by Tukey's multiple comparison test depicted as 

asterisks in Fig. 15 Bc). There was no difference in the action potential threshold (one-

way ANOVA p=0.11, F=2.28, df=77), action potential amplitude (one-way ANOVA 

p=0.18, F=1.78, df=75) and AHP area (250 ms) (one-way ANOVA p=0.11, F=2.25, 

df=79) between the different treatment groups. The number of cells used for the 

analysis of action potential morphology were 20, 17 and 45 for ICFA, CFA and EAN 

rats respectively. 

Since none of the analyzed neurons of the ICFA treated group and only two of the 

CFA treated group were found to be insensitive to 1 µM capsaicin, we could not detect 

potential changes of AP parameters between EAN rats and the control groups in cap- 

cells. However, 10 neurons of the EAN group did not show an inward current in 

response to capsaicin. The mean values of the AP parameters of cap- neurons of P2-

treated group were as follows: repolarizing area: 422 ms*mV ± 66; HW relative to 

threshold: 2.6 mV ± 0.2, rheobase: 148 pA ± 33, amplitude of (AHP): -10.7 mV ± 1.5; 

AHP area (250 ms): -1276 ms*mV ± 194, AP threshold: -25.9 mV ± 2.2, AP 

amplitude: 42.9 mV ± 3.02 and rise time (10-90%): 0.56 ms ± 0.06.  

As we found differences in the AP morphology of cap+ EAN cells, we analyzed 

whether the repetitive firing behavior of cap+ DRG neurons is also altered in EAN rats. 

We observed a high variability of firing behavior in response to 500 ms current 

injections among the cells of the same treatment group. However, analysis of the 

maximum firing frequency of nociceptive cap+ neurons revealed that this was 

significantly increased in EAN rats (n=33) compared to the ICFA control group 

(n=10), whereas the increase did not reach statistical significance compared to the 

CFA group (n=11) (one-way ANOVA p=0.0032, F=6.45, df=52 followed by Tukey's 

multiple comparison test depicted as asterisks in Fig. 16 B). The effect of EAN on 

repetitive discharge is demonstrated more clearly by studying the relationship between 

the HW (relative to threshold) of the action potential and the maximum firing 

frequency. Fig. 16 Bb shows that cap+ DRG neurons of EAN rats have the shortest 

action potential duration, as previously shown (Fig. 15 Bb), and the highest maximum 

firing rate compared to both controls. This implies, that the shorter the action potential 

duration, the higher the firing frequency of a cell. In summary, the above mentioned 



Results 37 

 

 

data reveal, that cap+ DRG neurons of EAN rats exhibit signs of an increased 

excitability.  

 
 

Fig. 16: The maximum firing frequency is increased in cap+ nociceptors from 

EAN rats. (A) Repetitive firing of DRG neurons elicited by injection of 500 ms 

depolarizing current commands of increasing amplitude (here shown for 680 pA). 

Sample recordings are depicted for cap+ ICFA, CFA and EAN cells. (Ba) Histogram 

showing that the firing frequency of cap+ EAN DRG cells was significantly increased 

compared to cap+ ICFA control neurons (one-way ANOVA followed by Tukey's 

multiple comparison test depicted as asterisks). (Bb) Relationship of AP duration (HW 

relative to threshold) and maximum firing rate shows that in cap+ cells of EAN rats, 

the short AP duration is associated with an increased firing frequency compared to 

ICFA- and CFA-controls. 

  

In addition, the Ih (hyperpolarization-activated current)-induced depolarizing voltage 

sags were analyzed in cap+ neurons of the three treatment groups. For this, a series of 

negative current injections with increasing steps of −10 pA for 500 ms duration were 

applied to the neurons. The results are summarized in Fig. 17. No difference was 

observed between EAN and ICFA or CFA controls with respect to the Ih induced 

depolarizing sags (ICFA: n=16, CFA: n=16, EAN: n=16). 
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Fig. 17: Ih induced depolarizing voltage sags are not altered in EAN rats. (A) 

Representative traces of membrane potentials of (Ab) ICFA, (Ac) CFA and (Ad) EAN 

cells that were elicited by a series of negative current injections (Aa). (B) Relationship 

between the voltage sags and the corresponding hyperpolarizing membrane potentials 

of ICFA, CFA and EAN DRG neurons. 

  

3.1.7 Impact of EAN on transient Na+ currents in DRG neurons 

The described changes in the action potential morphology and repetitive firing 

behavior of cap+ neurons implies that EAN might be associated with changes in ionic 

currents in the same subgroup of neurons. Na+ channels play an essential role in 

regulating the discharge behavior of excitable cells. Furthermore, the characteristic 

action potential configuration of nociceptive DRG neurons with the inflection in the 

falling phase is associated with the expression of specific Na+ channels subtypes as 

NaV1.8 and NaV1.9, and to a lower extent with voltage gated Ca2+ channels (Blair and 

Bean 2002). Hence, we sought to determine the potential basis for the difference in AP 

duration and especially the “smaller shoulder” by examining the properties of voltage 

gated Na+ currents. 

In initial experiments, we found that capsaicin application affected the INaP current 

amplitude. Fig. 18 A shows the persistent Na+ current of control DRG neurons 

measured before (n=39) and after (n=7) capsaicin application revealing a significant 

decrease in INaP when measured after capsaicin wash (unpaired t-test with Welch's 

correction, p=0.0009, t=3.75, df=26). For this, capsaicin was applied at the end of the 

experiments and cells were divided according to their capsaicin responsiveness into the 

cap+ and cap- group. 

In contrast to the current clamp recordings, more nociceptive neurons were found to be 

insensitive to capsaicin in the three different treatment groups after recording of Na+ 

currents. Analysis of the cumulative probability distribution of capsaicin evoked 

response measured before (n=8) and after (n=51) Na+ current measurement is 
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presented in Fig. 18 B. The analysis revealed a reduced capsaicin induced current 

response after Na+ current measurement when compared to the responses before the 

recordings. This reveals an impact of the preceding measurement on the capsaicin 

responsiveness. Therefore, the cap- group might contain cells that were actually cap+. 

However, this should not represent a problem for the analysis of the relevant subset of 

cap+ DRG neurons as this group might be a little smaller, but contain no false 

classified cells. 

 
Fig. 18: INaP is altered following capsaicin application. (A) Comparison of the 

persistent Na+ current of control DRG neurons (ICFA, CFA) when measured before 

(n=39) and after (n=7) capsaicin wash showing a significant reduction of INaP when 

measured after capsaicin application (unpaired t-test). (B) Cumulative probability 

distribution of capsaicin evoked response of control DRG neurons (ICFA, CFA or 

non-injected) before (n=8) and after (n=51) Na+ current measurement showing a 

reduction of capsaicin induced current when analyzed after Na+ current measurement. 

  

For the voltage clamp recordings of Na+ currents in nociceptice neurons, cells were 

held at -120 mV and subjected to depolarizing voltage steps of increasing amplitude. 

Representative traces of the total transient Na+ current (INaT) evoked by increasing 

voltage steps in a cap+ control neuron (CFA) are shown in Fig. 19 A. From this data 

we constructed current voltage curves (Fig. 19 B), where no changes in the peak 

magnitude of the total Na+ current were observed among the different treatment groups 

(one-way ANOVA p=0.11, F=2.29, df=48) (ICFA: n=13; CFA: n=21; EAN: -n=15) 

(Fig. 19 Ca). 

Since small nociceptive DRG neurons  express TTX-sensitive Na+ channels (Black et 

al. 1996; Sangameswaran et al. 1997) in combination with TTX-resistant NaV1.8 and 

NaV1.9 channels (Amaya et al. 2000; Fjell et al. 2000), we further examined the impact 

of EAN on the composition of TTXS and TTXR Na+ currents. Application of 1 µM 

TTX allowed the pharmacological separation of total INaT into a TTXR current 

component. TTXS Na+ current was obtained by digitally subtracting the TTXR current 

from the total Na+ current. Fig. 19 A shows representative traces of the TTXS and 

TTXR Na+ currents of the same cap+ CFA control neuron.  Analysis of the current 

voltage curves and the peak amplitudes revealed a clear up-regulation of the TTXS Na+ 

current of EAN nociceptive neurons (n=15) compared to ICFA and CFA control cells 

(n=12; n=21) (one-way ANOVA p<0.0001, F=13.32, df=47 followed by Tukey's 

multiple comparison test depicted as asterisks Fig. 19 Cc) at -20 mV. One-way 

ANOVA also showed a significant difference with respect to the TTXR peak current 
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responses at -20 mV (p=0.0081, F=5.37, df=47). Further analysis using Tukey's 

multiple comparison test showed a significant reduction of TTXR Na+ current of EAN 

cells compared to the ICFA control group, whereas the difference to the CFA group 

did not reach statistical significance (Fig. 19 Cb). 

 
 

Fig. 19: Fast Na+ currents are altered in EAN rats. (A) Representative current 

traces recorded from a cap+ CFA control cell. Total fast Na+ currents (INaT) (Ab) were 

elicited by a standard voltage clamp protocol (Aa). By application of 1 µM TTX, total 

INaT was pharmacologically separated into a TTXR current component (Ac), and by 

subtracting the TTXR from the total Na+ current, into a TTXS current component (Ad). 

(B) current-voltage relationship for (a) total, (b) TTXR and (c) TTXS INaT. Data are 

shown for cap+ EAN, cap+ ICFA and cap+ CFA cells. (C) Histograms showing total, 

TTXR and TTXS peak current densities at -20 mV of ICFA, CFA and EAN DRG 

neurons. (a) The total Na+ current was not altered in EAN rats. (b) TTXR Na+ current 

was smallest in EAN DRG cells. A significant difference was observed compared to 

the ICFA control group. (c) The TTXS current was significantly increased in DRG 

cells of EAN rats compared to both ICFA-and CFA controls. (d) Ratio of TTXS to 

TTXR currents calculated at -20 mV test potential. The ratio is significantly higher in 

EAN neurons compared to ICFA-and CFA controls. For statistical analysis, we used 

one-way ANOVA followed by Tukey's multiple comparison test depicted as asterisks.  
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In summary, EAN caused an up-regulation of the fast TTXS and a down-regulation of 

the fast TTXR Na+ current (in comparison to ICFA control group), though the total fast 

Na+ current of EAN nociceptive neurons remained unaffected. This hypothesis was 

confirmed by analyzing the ratio of TTXS to TTXR Na+ current that proved to be 

significantly higher in the EAN group compared to the ICFA as well as the CFA 

control group (one-way ANOVA p=0.0006, F=8.63, df=49 followed by Tukey's 

multiple comparison test depicted as asterisks in Fig. 19 Cd). 

From the current responses at each test potential, INaT activation curves of TTXR Na+ 

current were constructed for the different treatment groups by fitting with a Boltzmann 

function (see Materials and Methods 2.5.5).  An activation curve of TTXS Na+ current 

was constructed only for neurons of the EAN group (V50 = -32.62 mV ± 2.27; slope 

factor = 5.4 ± 0.55, n=13) as the TTXS Na+ current component of both ICFA and CFA 

controls were too small. The averaged normalized data and activation curve for each 

group of neurons are provided in figure (Fig. 20), where the voltage dependence as 

well as the steepness of the activation curves of TTXR Na+ current were not different 

between the groups (ICFA: n=10; CFA: n= 20; EAN: n=15) (one-way ANOVA 

p=0.63, F=0.47, df=44 and p=0.07, F=2.80, df=44 respectively).  

 
 

Fig. 20: Voltage dependence of steady state activation of TTXR INaT is not altered 

in EAN DRGs. (Aa) Steady state activation profiles of INaT TTXR for EAN, CFA and 

ICFA rats, and of INaT TTXS for EAN group (Ab). Data are shown for cap+ cells. 

Boltzmann equations reconstructed from fitted parameters of each group are shown as 

solid lines superimposed on the data points. There were no differences in the voltage 

dependence of activation of INaT TTXR between the three groups. (B) Voltage of half 

maximal activation (a) and slope factor of steady state activation (b).  

    

Furthermore, we determined the decay time constant (τDecay) of total, TTXS and TTXR 

transient Na+ current elicited at a test potential of -30 mV. As shown previously (Blair 
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and Bean 2002), the currents carried by TTXR Na+ channels displayed approximately 

fivefold slower inactivation kinetics compared with TTXS Na+ currents. Statistical 

analysis revealed that τDecay of TTXS and of TTXR Na+ currents were similar in the 

three groups of neurons (Fig. 21), suggesting that these currents were mediated by the 

same ion channels in the different groups. The decay time constant of the total 

transient Na+ current, on the other hand, was significantly smaller in neurons of the 

EAN group (n=12) compared to the ICFA and CFA control groups (n=10, n=13, 

respectively) (because of differences in variances between the groups, the 

nonparametric ANOVA Kruskal-Wallis test was used p=0.001 followed by Dunn's 

multiple comparison test depicted as asterisks in Fig. 21a). This result confirms our 

finding of a significant up-regulation of fast TTXS Na+ currents in EAN cells and 

reflects its relevant impact on the inactivation kinetics of the total Na+ current. 

 
 

Fig. 21: The decay time constant (τDecay) of total, TTXR and TTXS transient Na+ 

currents. Data are shown for cap+ DRG neurons of ICFA, CFA and EAN rats. τDecay 

was analyzed for currents elicited at a test potential of -30 mV. (a) Histograms 

showing that τDecay of total INaT was significantly smaller in EAN neurons than in both 

control groups (ANOVA Kruskal-Wallis test followed by Dunn's multiple comparison 

test depicted as asterisks). τDecay analyzed for TTXR (b) and TTXS (c) INaT was not 

altered among the different treatment groups. 

  

We also compared the three different groups of neurons with respect to the steady state 

inactivation of TTXR INaT. Representative families of INaT traces evoked by a 

depolarizing step to -10 mV preceded by prepulses to various potentials in a control 

neuron (CFA) are shown in Fig. 22 A. From these data we constructed TTXR INaT 

steady state inactivation curves for each of the tested neurons by fitting with a 

Boltzmann function. The averaged data for each group of neurons is provided in Fig. 

22 B. The steady state inactivation as well as the slope factor was similar in the three 

groups of neurons (one-way ANOVA p=0.36, F=1.05, df=44 and p=0.52, F=0.67, 

df=44 respectively) (ICFA: n=11; CFA: n= 19; EAN: n=15). We were only able to 

analyze the steady state inactivation of the TTXS Na+ current for EAN neurons, as the 

TTXS Na+ current component of both ICFA and CFA controls were too small. 

Comparing the properties of TTXS and TTXR currents of EAN neurons revealed the 

differences in their voltage dependent activation and inactivation that have been 

previously described (Roy and Narahashi 1992; Elliott and Elliott 1993). The half 

maximal voltage of activation of TTXS current was more hyperpolarized compared to 

TTXR current (V1/2 of TTXS: -32.6 mV ± 2.3, V1/2 of TTXR: -19.7 mV ± 2.3). The 

difference in the voltage dependence of inactivation was even larger, with the midpoint 
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for TTXS current shifted by ~30 mV in the hyperpolarized direction (V1/2 of TTXs: -

77.3 mV ± 1.9, V1/2 of TTXR: -43.8 mV ± 1.5). 

 
 

Fig. 22: Voltage dependence of steady state inactivation of TTXR INaT is not 

altered in EAN DRGs. (A) The voltage dependence of steady state inactivation 

obtained by a depolarizing step to -10 mV preceded by prepulses to various potentials 

in a control neuron (CFA). The total Na+ currents (Ab) were pharmacologically 

divided into a TTXR component (Ac) and into a TTXS current component (Ad). (B) 

Steady state inacitvation profiles of INaT TTXR for EAN, CFA and ICFA rats (a), and 

of INaT TTXS for the EAN group (b). Data are shown for cap+ cells. There were no 

differences in the voltage dependence of inactivation of INaT TTXR between the three 

groups. (C) Voltage of half maximal inactivation (a) and slope factor of steady state 

inactivation (b).  

    

Total, TTXS and TTXR transient Na+ current were also analyzed in cap- DRG neurons 

of ICFA, CFA and EAN animal groups. Representative traces of the different types of 

Na+ currents (INaT) of a cap- control neuron (CFA) are shown in Fig. 23 A. The 

corresponding current voltage curves and analysis of peak current amplitudes revealed 

no changes in the magnitude of the total Na+ current among the different treatment 

groups. Consistent with the cap+ cells, cap- cells of the EAN group tended to display 

increased TTXS currents and decreased TTXR transient Na+ currents (ICFA: n=6; 

CFA: -n= 5; EAN: n=5) (Fig. 23 C). Statistical tests, however, failed to show 

significant changes between EAN neurons and the two different control groups (one-

way ANOVA p=0.70, F=0.38, df=15 for TTXR and p=0.09, F=2.84, df=15 for TTXS). 
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Fig. 23: Fast Na+ currents are not altered in cap- cells of EAN rats. (A) 

Representative current traces recorded from a cap- control (CFA) cell. Total fast Na+ 

currents (INaT) (Ab) were elicited by a standard voltage clamp protocol (Aa). By 

application of 1 µM TTX, total INaT was pharmacologically separated into a TTXR 

current component (Ac), and by subtracting the TTXR from the total Na+ current, into a 

TTXS current component (Ad). (B) Current voltage relationship for (a) total, (b) TTXR 

and (c) TTXS INaT. Data are shown for cap- EAN, cap- ICFA and cap- CFA cells. (C) 

Histograms showing total, TTXR and TTXS peak current densities at -20 mV of ICFA, 

CFA and EAN DRG neurons. (a) Total, (b) TTXR and (c) TTXS Na+ current were not 

significantly altered in EAN rats. 

  

3.1.8 Impact of EAN on persistent Na+ currents in DRG neurons 

Numerous studies have shown that DRG neurons express multiple different Na+ 

channels (Kostyuk, Veselovsky et al. 1981; Caffrey, Eng et al. 1992), giving rise to 

transient (INaT) as well as persistent Na+ currents (INaP). NaV1.3 and NaV 1.6 can 

produce TTX-sensitive INaP in DRG neurons. NaV 1.9 and Nav1.8, on the other hand, 

give rise to TTX-resistant INaP, that can contribute to the long AP duration in small 

DRG neurons (Fang, Djouhri et al. 2006). 
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Fig. 24: INaP is reduced in DRG neurons of EAN rats. Peak persistent Na+ currents 

were measured at the end of the 480 ms depolarizing voltage step of the same pulse 

protocol used for transient Na+ currents. Representative current traces at -60 mV are 

shown for a cap+ control (ICFA) cell (A). Total persistent Na+ currents (b) were 

pharmacologically divided into TTXR (c) and TTXS (d) current components. (B) 

Magnification of the inset in (A). (C) Current voltage relationship for (a) total, (b) 

TTXR and (c) TTXS INaP. Data are shown for cap+ EAN, ICFA and CFA cells. (D) 

Histograms showing total, TTXR and TTXS peak current densities at -60 mV of ICFA, 

CFA and EAN DRG neurons. (a) Cap+ cells of EAN rats revealed a decrease in peak 

persistent Na+ current compared to cap+ control cells. This was due to a significant 

reduction of TTXS INaP. 

  

In our recordings, a persistent Na+ current could in fact be observed at the end of the 

prolonged command potential in cap+ as well as in cap- DRG neurons. A representative 

trace of the total persistent Na+ current (INaP) evoked by a -60 mV voltage step in a 

cap+ control neuron (ICFA) is shown in Fig. 24 A. INaP could also be 

pharmacologically separated into TTXS and TTXR components. According to previous 
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studies (Baker and Bostock 1997) the current voltage curves show that the persistent 

Na+ current activated at a quite hyperpolarized potential of -80 mV and reached a peak 

at -60 mV. Comparison of the three different treatment groups revealed a decrease in 

the peak current amplitude of the total persistent Na+ current of cap+ EAN neurons 

(n=15), that was significant compared to the CFA control group (n=21), but not to the 

ICFA control group (n=16) (one-way ANOVA p=0.03, F=3.77, df=51 followed by 

Tukey's multiple comparison test depicted as asterisks in Fig. 24 Da). Studying of the 

TTXS and TTXR current components showed that the decrease in the persistent Na+ 

current in EAN neurons could be mainly explained by a reduction of INaP TTXS. A 

significant reduction of the persistent TTXS Na+ current component of the EAN 

neurons (n=15) compared to ICFA (n=16) and CFA (n=21) was observed (since peak 

current response of EAN neurons was almost 0 pA, and variances were significantly 

different between the groups, the nonparametric ANOVA Kruskal-Wallis test was 

used p=0.0026 followed by Dunn's multiple comparison test depicted as asterisks in 

Fig. 24 Dc), where no changes could be detected for the TTXR INaP (nonparametric 

ANOVA Kruskal-Wallis test p=0.23). 

In addition, we measured the total, TTXS and TTXR persistent Na+ current in cap- 

DRG neurons of ICFA, CFA and EAN animal groups. There was a tendency of 

reduced INaP in EAN neurons, however, no significant changes in the peak current 

density (-60 mV) of the different persistent Na+ current components was detected 

among the different treatment groups (Fig. 25) (ICFA n=8, CFA n=7, EAN n=7) 

(nonparametric ANOVA Kruskal-Wallis test p=0.14 for TTXR INAP and p=0.67 for 

TTXS INaP). 

 



Results 47 

 

 

3.2 Partial sciatic nerve ligation 

In the second part of this study we used partial sciatic nerve ligation (PNL) as animal 

model of neuropathic pain due to nerve trauma. Here, the sciatic nerve of female wild 

type (wt) as well as female CaV3.2 knock-out (KO) mice was partially ligated to study 

the function of T-type Ca2+ currents in supporting neuropathic pain. 

3.2.1 Pain hypersensitivity in wild type mice after PNL 

Since painful responses towards innocuous mechanical stimuli (mechanical allodynia) 

can indicate the development of neuropathic pain (Costigan, Scholz et al. 2009), PNL-

mice (mice subjected to partial ligation of the sciatic nerve, see Materials and Methods 

2.1.2) as well as sham operated mice were tested in the von Frey test for mechanical 

 
Fig. 25: INaP is not altered in cap- DRG neurons of EAN rats. Peak persistent Na+ 

currents were measured at the end of the 480 ms depolarizing voltage step of the same 

pulse protocol used for transient Na+ currents. Representative current traces at -60 mV 

are shown for a cap- control (ICFA) cell (A). Total persistent Na+ currents (b) were 

pharmacologically divided into TTXR (c) and TTXS (d) current components. (B) 

Current voltage relationship for (a) total, (b) TTXR and (c) TTXS INaP. Data are shown 

for cap- EAN, ICFA and CFA cells. (C) Histograms showing that (a) total, (b) TTXR 

and (c) TTXS peak current densities at -60 mV of ICFA, CFA and EAN DRG neurons 

are not significantly different. 
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allodynia. Baseline responses were similar in PNL- and sham-operated mice. The 

partial ligation of the right sciatic nerve induced mechanical allodynia in the ipsilateral 

hind paws, revealed by significantly decreased mechanical withdrawal thresholds a 

week after PNL compared to the basal value in the von Frey test (paired t-test, 

p=0.0007, t=5.72, df=7, n=8) (Fig. 26). The mechanical withdrawal responses in sham-

operated mice remained unaffected (p=4.41, t=0.90, df=5, n=6). 

 
 

Fig. 26: Mechanical allodynia in PNL mice. The presence of PNL induced 

mechanical allodynia for animals used in the voltage clamp recordings was confirmed 

by the von Frey Filament test. Our results show a significant reduction of the paw 

withdrawal threshold (PWT) of the right side (ipsilateral, ligated) 7 days after surgery 

compared to the basal data measured before surgery. In contrast, PWTs of the left side 

(contralateral, non ligated) were not affected (B). Sham treatment did not affect the 

PWTs 7 days after surgery (A). 

  

3.2.2 Up-regulation of T-type Ca2+ current in a subpopulation of 
nociceptive DRG neurons after PNL 

Changes in T-type Ca2+ currents upon nerve injury has been quite controversial. T-type 

Ca2+ current has been shown to increase in small nociceptive DRG neurons of animal 

models of neuropathic pain due to chronic constrictive injury (CCI) and diabetic 

neuropathy (Jagodic, Pathirathna et al. 2007; Jagodic, Pathirathna et al. 2008). Other 

studies, however, reported a loss of the T-type current in DRG cells of animals after 

CCI (Hogan, McCallum et al. 2000). Due to these opposing results, we wanted to 

clarify the contribution of T-type currents of DRG neurons to the pathophysiology of 

neuropathic pain. For this, total Ca2+ currents were first recorded from small 

nociceptive DRG cells via a standard pulse protocol with voltage steps from -70 mV to 

+40 mV (10 mV increments). The total Ca2+ current can be divided into two main 

groups. The T-type Ca2+ currents activate by subthreshold membrane depolarization 

above -60 mV and display fast and almost complete inactivation. The HVA Ca2+ 

currents, on the other hand, show very slow inactivation (sustained current) during 

depolarizing test potentials. According to this, three different populations of DRG 

neurons were detected: a) cells rich in T-type (inactivating) Ca2+ current, b) cells with 

mixed HVA and T-type Ca2+ currents and c) cells exclusively with HVA Ca2+ current 

(Fig. 27).  
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Fig. 27: Various types of Ca2+ currents in small sized DRG neurons. (A) Total Ca2+ 

currents were evoked in small (15 – 25 µm) nociceptive L4-5 DRG cells by using a 

standard pulse protocol with voltage steps from -70 mV to +40 mV (10 mV 

increments). (B) Different DRG neurons exhibited various types of Ca2+ currents: a) 

Example of a cell rich in T-type (inactivating) Ca2+ current, b) example of a cell with 

mixed HVA and T-type Ca2+ currents (note both inactivating and sustained 

component),  c) example of a cell with a rather non-inactivating (sustained) HVA Ca2+ 

current.  

  

In the next step we analyzed the HVA and T-type currents. The T-type Ca2+ current 

was quantified by subtracting the sustained current at the end of the depolarizing pulse 

from the peak current response at -30 mV, as T-type currents peak at this test potential 

(wt sham: n=13; wt PNL: n=20) (Fig. 28 A). For a more accurate analysis, the T-type 

current was isolated using a pre-pulse protocol (Fig. 28 B) (see Materials and Methods 

2.5.7) (wt sham: n=6; wt PNL: n=16). With both methods, a significant increase in the 

T-type Ca2+ current in cap+ DRG cells was found after PNL (unpaired t-test with 

Welch's correction p=0.0002, t=4.34, df=26; p= 0.0056, t=3.16, df=17 respectively) 

(Fig. 28 C,D). For cap- neurons, on the other hand, the increase was not significant (wt 

sham: n=13; wt PNL: n=9) or (wt sham:  n=9; wt PNL: n=5) (unpaired t-test p=0.50, 

t=2.08, df=20; p= 0.12, t=1.67, df=12 respectively).  

Furthermore, a group of DRG cells with a high density of T-type current, called "T-

rich cells", were only seen in cap- cells under control conditions. Following nerve 

injury, T-rich cells have been observed in both the cap+ as well as the cap- groups 

(Table 3), but analysis of the distribution of "T-rich cells" cells by chi-squared test 

showed no differences between the groups. 
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Fig. 28: The T-type Ca2+ current is up-regulated in PNL mice. The figure shows 

representative current traces recorded from a PNL cap+ cell. The current was measured 

via two different pulse protocols. (A) Via a standard pulse protocol with voltage steps 

from -70 mV to +40 mV (10 mV increments), the T-type Ca2+ current was quantified 

by subtracting the sustained current at the end of the depolarizing pulse from the peak 

current response. Peak T-type current was measured at -30mV. (B) The second 

protocol used a preconditioning prepulse to isolate the T-type current based on the 

more hyperpolarized steady state inactivation of T-type Ca2+ current compared to 

HVA currents (see Materials and Methods 2.5.7). (C, D) With both methods we found 

a significant increase in the T-type Ca2+ current in small DRG cells after PNL. This 

increase was only seen in cap+ cells. Statistical analysis were done using unpaired t-

test. 

  

Table 3: Subdivision of cap+ and cap- DRG neurons into “T-rich” cells and cells 

with mixed HVA and T-type Ca2+ current. 

cap+ 

PNL 

cap- 

PNL 

cap+ 

sham 

cap- 

sham 
 

4 5 0 4 "T-rich” 

22 9 13 14 

HVA or mixed 

HVA and T-

type 
 

 



Results 51 

 

 

Previous studies have shown a significant reduction of HVA Ca2+ current following 

axotomy (Abdulla and Smith 2001 b) and  CFA induced inflammation (Lu et al. 2010). 

In this study, we also analyzed potential changes in HVA currents after PNL. The 

current was isolated by measuring the sustained current at the end of the depolarizing 

pulse at 0 mV, since HVA currents reach their peak at this test potential. Our results 

show, however, no significant changes in HVA Ca2+ current elicited at 0 mV after 

PNL in both cap+ (wt sham: n=13; wt PNL: n=21) (unpaired t-test with Welch's 

correction p=0.061, t=2.01, df=17)  and cap- cells (wt sham: n=14; wt PNL:  n=9) 

(unpaired t-test p=0.86, t=0.17, df=21) (Fig. 29). 

 
 

Fig. 29: The HVA Ca2+ current is not altered in DRG neurons of PNL mice. (A) 

Representative current trace recorded from a cap+ control cell. The HVA current was 

analyzed by measuring the sustained current at the end of the depolarizing pulse to 0 

mV. (B) There were no significant differences in the HVA current magnitude in small 

DRG neurons of PNL mice compared to sham operated animals. 

  

Furthermore, we wanted to detect which of the three T-type channel isoforms underlies 

the current up-regulation in cap+ cells after PNL. Due to the lack of specific blockers, 

we analyzed the sensitivity of the increased T-type current to Ni2+. Only CaV3.2 

channels are highly nickel sensitive (IC50 ~ 10 µM), while CaV3.1 and CaV3.2 are 20-

fold less sensitive (Lee, Gomora et al. 1999). For this, DRG neurons of PNL and 

sham-operated mice were depolarized to voltage steps from -70 mV to +40 mV (10 

mV increments) before and during application of 50 µM Ni2+, and the T-type current 

was isolated as mentioned above from the Ni2+ sensitive as well as the Ni2+ resistant 

current components.  
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Fig. 30: The Ni2+ resistant T-type Ca2+ current is increased in PNL mice. (A) 

Representative current traces recorded from a PNL cap+ cell. The total Ca2+ current 

was elicited by a standard voltage clamp protocol (Aa). By application of 50 µM Ni2+, 

the total Ca2+ current (Ab) was pharmacologically separated into a Ni2+ resistant 

current component (Ac), and by subtracting the total Ca2+ current from the Ni2+ 

resistant current, into a Ni2+ sensitive current component (Ad). The Ni2+ 

sensitive/resistant T-type Ca2+ current were quantified by subtracting the sustained 

current at the end of the depolarizing pulse from the peak current response at -30 mV. 

(B) Histograms showing total, Ni2+ resistant and Ni2+ sensitive peak current densities 

at -30 mV of sham- and PNL-DRG neurons, where the Ni2+ resistant current 

component was significantly increased following PNL. Significant differences were 

detected via unpaired t-test. 

 

Our results show, that Ni2+ blocked 74 % of the T-type current in DRG cells from 

control mice, and 69 % in DRG cells from PNL mice revealing the main T-type Ca2+ 

current component to be Ni2+ sensitive (Fig. 30). Nevertheless, we further compared 
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the Ni2+ sensitive (sham: n=10; PNL:  n=13) and Ni2+ resistant (sham: n=10; PNL: 

n=14) T-type current components between sham operated and PNL mice. The analysis 

revealed a significant increase in the Ni2+ resistant current component after PNL 

(unpaired t-test with Welch's correction, p=0.028, t=2.41, df=17) (Fig. 30 B), whereas 

the Ni2+ sensitive component was unchanged (unpaired t-test with Welch's correction 

p=0.18, t=1.42, df=15). These data suggest that the up-regulation of T-Type Ca2+ 

currents in nociceptive cap+ DRG neurons after PNL is mediated by an increase in one 

or both of the Ni2+ insensitive T-type subunits (CaV3.1 or CaV3.3). 

3.2.3 CaV3.2 KO mice display normal neuropathic pain behavior after 
PNL 

Our previous experiments revealed an up-regulation of the T-type Ca2+ current 

following PNL. This increase was due to an increase of the Ni2+ insensitive current 

component (CaV3.1 or CaV3.3). This stands in contrast to other studies, who suggested 

a role of the Ni2+ sensitive T-type Ca2+ isoform CaV3.2 in contributing to neuropathic 

pain (Bourinet, Alloui et al. 2005). In addition, CaV3.2 is the most abundant isoform of 

T-type Ca2+ channels in small DRG neurons (Talley, Cribbs et al. 1999). To verify our 

results and determine the role of the CaV3.2 Ca2+ channel isoform in supporting 

neuropathic pain, pain behavioral experiments were repeated in PNL and sham-

operated CaV3.2 KO mice. As for the wt mice, the partial ligation of the right sciatic 

nerve induced mechanical allodynia (paired t-test, p=0.0001, t=8.30, df=7, n=8) (Fig. 

31) in the ipsilateral hind paw of female CaV3.2 KO mice. The sham operation had no 

effect on the mechanical withdrawal responses (paired t-test, p=0.20, t=1.46, df=6, 

n=7).  

 
 

Fig. 31: Mechanical allodynia in CaV3.2 KO mice following PNL. The diagrams 

show a significant reduction of the paw withdrawal threshold (PWT) of the right side 

(ipsilateral, ligated) 7 days after surgery compared to the basal data measured before 

surgery in CaV3.2 KO mice subjected to PNL of the right sciatic nerve. In contrast, 

PWTs of the left side (contralateral, non ligated) were not affected (B). Sham 

treatment did not affect the PWTs 7 days after surgery in CaV3.2 KO mice (A). 

Significant differences were detected via a paired t-test. 
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3.2.4 The T-type Ca2+ current is up-regulated in CaV3.2 KO mice after 
PNL 

 
 

Fig. 32: T-type current is up-regulated in cap+ neurons of CaV3.2 KO mice 

following PNL. The figure shows representative current traces recorded from a PNL 

cap+ cell of CaV3.2 KO mice. The current was measured via two different pulse 

protocols. (A) Via a standard pulse protocol with voltage steps from -70 mV to +40 

mV (10 mV increments), the T-type Ca2+ current was quantified by subtracting the 

sustained current at the end of the depolarizing pulse from the peak current response. 

Peak T-type current was measured at -30mV. (B) The second protocol used a 

preconditioning prepulse to isolate the T-type current based on the more 

hyperpolarized steady state inactivation of T-type Ca2+ current compared to HVA 

currents (see Materials and Methods 2.5.7). (C, D) Our results show a significant 

increase in the T-type current after PNL despite the lack of CaV3.2. This difference 

was observed using both quantification methods and only in cap+ cells. Significant 

differences were detected via a paired t-test. 

  

In the next step, we wanted to verify the hypothesis, that the T-type Ca2+ current up-

regulation in cap+ DRG-neurons after PNL is mediated by a Ni2+ insensitive T-type 

subunit. For this, Ca2+ current recordings were repeated in DRG cells of PNL and 

sham-operated CaV3.2 KO mice and the T-type current was quantified in the two 

different ways as described above. The T-type Ca2+ current amplitude of cap+ DRG 

neurons was found to be quite small in untreated (sham operated) CaV3.2 KO mice (-

10.6 pA ± 3.3, n=12 Fig. 32C or -3.8 pA ± 1.3, n=6 Fig. 32D) compared to wt mice (-

39.7 pA ± 14.7 Fig. 28C), confirming the fact, that CaV3.2 is the predominant isoform 

of T-type channels in untreated nociceptive DRG neurons. After PNL (n=11), 
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however, a significant up-regulation of the T-type current was observed in cap+ DRG 

cells (unpaired t-test with Welch's correction p=0.016, t=2.91, df=10 or p=0.021, 

t=2.75, df=10). For cap- neurons, no changes in T-type current densities were found in 

PNL KO mice (n=4) compared to untreated KO animals (n=7 or -n=4) (unpaired t-test 

p=0.37, t=0.95, df=9) (Fig. 32 C,D).  However, the number of cap- cells were small 

and a higher number of cells might be needed to detect potential changes. Furthermore, 

no significant changes were found in HVA Ca2+ currents after PNL in both cap+ (KO 

sham: n=11; KO PNL: n=10) (unpaired t-test p=0.49, t=0.70, df=19) and cap- cells 

(KO sham: n=6; KO PNL:  n=4) (unpaired t-test with Welch's correction p=0.14, 

t=1.71, df=6) (Fig. 33). 

 
 

Fig. 33: The HVA Ca2+ current is not altered in DRG neurons of CaV3.2 KO mice 

following PNL. (A) Representative current trace recorded from a cap+ control cell of 

CaV3.2 KO mice. The HVA current was analyzed by measuring the sustained current 

at the end of the depolarizing pulse to 0 mV. (B) There were no significant differences 

in the HVA current magnitude of small DRG neurons of CaV3.2 KO PNL mice 

compared to the KO sham operated animals.  
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Furthermore, we wanted to detect which of the three T-type channel isoforms underlies 

the current up-regulation in cap+ cells after PNL of CaV3.2 KO mice. Hence, we 

analyzed the sensitivity of the increased T-type current to Ni2+ as previously described 

 
 

Fig. 34: The Ni2+ resistant T-type Ca2+ current of cap+ cells is increased in CaV3.2 

KO mice following PNL. (A) Representative current traces recorded from a PNL cap+ 

cell of CaV3.2 KO mice. The total Ca2+ current was elicited by a standard voltage-

clamp protocol (Aa). By application of 50 µM Ni2+, the total Ca2+ current (Ab) was 

pharmacologically separated into a Ni2+ resistant current component (Ac), and by 

subtracting the total Ca2+ current from the Ni2+ resistant current, into a Ni2+ sensitive 

current component (Ad). The Ni2+ sensitive and resistant T-type Ca2+ currents were 

quantified by subtracting the sustained current at the end of the depolarizing pulse 

from the peak current response at -30 mV. (B) Histograms showing total, Ni2+ resistant 

and Ni2+ sensitive peak current densities at -30 mV of sham- and PNL-cap+ DRG 

neurons of CaV3.2 KO mice. The Ni2+ resistant current component was significantly 

increased following PNL (unpaired t-test). 
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and isolated the Ni2+ sensitive and the Ni2+ resistant T-type current components. A 

comparison of the Ni2+ sensitive and Ni2+ resistant T-type current components between 

sham-operated and PNL CaV3.2 KO mice (KO sham: n=9; KO PNL: n=8), showed a 

significant increase in the Ni2+ resistant current component after PNL (unpaired t-test 

with Welch's correction p=0.046, t=2.43, df=7), whereas there was no difference in the 

Ni2+ sensitive current component (unpaired t-test with Welch's correction p=0.13, 

t=1.71, df=7) (Fig. 34). These data confirm that the up-regulation of T-type Ca2+ 

currents in nociceptive cap+ DRG neurons after PNL is mediated by a Ni2+ insensitive 

T-type subunit (CaV3.1 or CaV3.3). 

To answer the question whether CaV3.2 KO mice differ in pain behavior from wt mice, 

we compared the mechanical withdrawel responses obtained in the von Frey test of the 

ipsilateral hind paw of both groups 7 days following PNL. The partial ligation of the 

right sciatic nerve induced mechanical allodynia in CaV3.2 KO mice (n=8) and wt 

mice (n=8) to the same extent as seen in Fig. 35, which was also confirmed by the lack 

of significant differences between both groups (unpaired t-test, p=0.97, t=0.035, 

df=14). Also, a comparison of the increased T-type Ca2+ current observed following 

PNL in both wt and CaV3.2 KO mice revealed no significant differences between both 

groups (unpaired t-test with Welch's correction p=0.94, t=0.071, df=14) (Fig. 35). This 

implies that most probably the increased T-type current observed in CaV3.2 KO mice 

and their wt littermates following nerve injury is mediated by the same T-type channel 

isoform/isoforms and is not due to CaV3.2. 

3.2.5 CaV3.2 T-type Ca2+ channel expression following PNL 

So far, our results suggested that neuropathic pain resulting from peripheral nerve 

injury is paralleled by an increase of the T-type Ca2+ current in nociceptive cap+ DRG 

neurons. Pharmacological analysis implied that this effect is not mediated by the 

CaV3.2 isoform, which is highly expressed in wild-type nociceptive DRG neurons, but 

by a Ni2+ insensitive T-type subunit (CaV3.1 or CaV3.3). These results were confirmed 

by analyzing the expression of the mRNA for the CaV3.2 T-Type channel isoform in 

L4-5 DRG neurons following PNL by SYBR green qRT-PCR. We compared the 

 
 

Fig. 35: Mechanical allodynia and T-type current are not different between wt 

and CaV3.2 KO mice following PNL. (A) Mechanical withdrawal responses of the 

ipsilateral hind paw of wt and CaV3.2 KO mice are similar 7 days following PNL. (B) 

The increase in T-type Ca2+ current following PNL is similar in both wt and CaV3.2 

KO mice. 
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mRNA expression at five time points (1 d, 3 d, 7 d, 10 d, 14 d) following partial nerve 

ligation to time matched tissue acquired from sham control mice. As internal control 

we used expression data obtained for the neuron specific protein synaptophysin (SYP). 

The results are presented in Fig. 36 showing that at all time points in tissue collected 

after PNL the CaV3.2 T-type Ca2+ channel mRNA expression was not significantly 

different compared to expression in sham controls. This data show that the mRNA 

expression of the CaV3.2 channel α-subunit remains stable during 14 days following 

nerve injury, thus, confirming our hypothesis, that the T-type current increase is 

mediated by a Ni2+ insensitive subunit. 

 
 

Fig. 36: CaV3.2 T-type Ca2+ channel expression is not altered in PNL mice. 

Lumbar DRGs (L4-5) were dissected from PNL and sham mice 1, 3, 7, 10 and 14 days 

after surgery. The mRNA expression of the CaV3.2 T-type channel isoform was 

analyzed by qRT-PCR (performed in triplicate) using SYBR Green Master Mix 

reagents. The experiment shows no difference in the CaV3.2 expression level in the 

PNL mice compared to the sham animals at any time after surgery.  

  

3.2.6 Reduced threshold of AP firing in a subpopulation of nociceptive 
DRG neurons after PNL 

In a variety of animal models of chronic pain, the hyperexcitability of primary afferent 

nociceptors has been linked to the alteration of ion channel expression (Wood 2000; 

Cervero and Laird 2003). Furthermore, in an animal model of streptozotocin-induced 

diabetic neuropathy, the hyperexcitability observed in medium sized  DRG neurons 

was paralleled by an increase in T-type currents (Jagodic, Pathirathna et al. 2007). For 

this, we performed current clamp experiments to determine possible differences in the 

electrophysiological properties of action potentials between DRG neurons of PNL and 

control mice that might be correlated to the observed increase in the T-type Ca2+ 

current after PNL. DRG cells of PNL and control mice generated overshooting action 

potentials with the characteristic inflection in the falling phase, which are followed by 

a long lasting afterhyperpolarization (AHP, Fig. 37 A). In cap+ cells, analysis of action 

potential parameters revealed a significant reduction of the AP threshold in PNL 

animals (n=8) compared to control cells (n=8) (unpaired t-test, p=0.0281, t=2.448, 

df=14) (Fig. 37 B). Other action potential parameters did not vary significantly 

between PNL and control animals (Fig. 37 A,B). Also, none of the cells of the control 

or the PNL group showed an afterdepolarizing potential (ADP).  

In cap- cells the AP amplitude was increased after PNL (unpaired t-test, p=0.0377, 

t=2.656, df=6) (Fig. 38, control: n=4; PNL: n=4), but the significance is doubtful due 
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to the small number of cells. Other action potential parameters did not vary 

significantly between PNL and control animals.  

 
 

Fig. 37: The action potential threshold is reduced in cap+ nociceptors from wt 

PNL mice. (Aa) Examples of APs evoked in DRG neurons of sham and PNL-operated 

mice by injection of 4 ms depolarizing current commands of increasing amplitude. 

(Ab-d) Comparison of the repolarizing area, AHP area and max. AHP showed no 

differences between PNL DRG neurons and control neurons. (Ba) Examples of the 

first AP evoked in cap+ DRG neurons of sham and PNL-operated mice by injection of 

500 ms depolarizing current command of increasing amplitude. (Bb) Histograms 

showing that the AP threshold is significantly reduced in cap+ PNL DRG cells 

compared to cap+ controls.  (Bc-d) Other action potential parameters were not altered. 

  

 
 

Fig. 38: The action potential amplitude is increased in cap- nociceptors from wt 

PNL mice. (Aa) Examples of APs evoked in cap- DRG neurons of sham and PNL-

operated mice by injection of 4 ms depolarizing current command. (Ab-d) Comparison 

of the repolarizing area, AHP area and max. AHP showed no differences between PNL 

DRG neurons and control neurons. (Ba)  Examples of the first AP evoked in cap- DRG 

neurons of sham and PNL-operated mice by injection of 500 ms depolarizing current 

commands of increasing amplitude. (Bb) Histograms showing that the AP amplitude is 

significantly increased in cap- PNL DRG cells compared to cap- control cells. The 

result is doubtful due to the small number of analyzed cells. (Bc-d) Other Action 

potential parameters were not altered. 
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In summary, the increase of the Ni2+ resistant T-type current component in cap+ DRG 

neurons after PNL is associated with a lowering of the AP threshold in the same 

subgroup of cells. The reduced AP threshold is likely to contribute to a 

hyperexcitability of cells of this group and may be associated to neuropathic pain 

behavior. 

The difference in AP parameters observed between DRG cells of PNL and sham-

operated mice was not explained by treatment differences in cell capacitance (Cm), 

input resistance (Rin), or resting potential (RMP) for cap+ cells or cap- cells (Fig. 39). 

 
 

Fig. 39: Passive membrane properties of small cap+ and cap- DRG neurons. There 

were no significant differences between PNL and control cap+ DRG neurons (A) or 

cap- DRG neurons (B) with respect to the capacitance, input resistance and resting 

membrane potential.  
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4  Discussion 

4.1  Experimental autoimmune neuritis 

Abnormal sensory phenomena including spontaneous pain, hyperalgesia, and allodynia 

are associated with human peripheral demyelinating neuropathies such as GBS.  54-

84% of patients with GBS suffer moderate to severe pain (Asbury 1990). The 

mechanism underlying pain symptoms in GBS is not yet understood (Rasminsky 1981; 

Carter et al. 1998). We used EAN, an animal model of GBS (Hahn 1996), to study 

possible mechanisms underlying pain hypersensitivity.  

4.1.1 Clinical and pathological features of EAN 

EAN rats developed mild to modest motor deficits, which were accompanied by 

weight loss and followed by spontaneous recovery. Histological analysis of the sciatic 

nerves showed significant demyelination and axonal loss at peak severity, indicating 

that demyelination as well as axonal pathology might play a role in the observed 

disability. Furthermore, behavioral testing of neuropathic pain behavior demonstrated 

that animals with active EAN developed significant mechanical allodynia. The onset of 

increased pain responses preceded the onset of motor deficits and remained till the end 

of the experiments (day 28 post-immunization), even after other clinical signs had 

disappeared. An increased nociceptive sensitivity either with the same onset as motor 

deficits (Moalem-Taylor et al. 2007) or before the onset of neurological signs (Luongo 

et al. 2008; Zhang et al. 2008) was demonstrated in previous studies. However, in 

these studies pain symptoms recovered completely with regression of motor deficits or 

later on (Moalem-Taylor, Allbutt et al. 2007; Zhang, Zhang et al. 2008). As we did not 

perform mechanical pain testing longer than day 32 we cannot exclude the possibility 

that EAN rats in our experiments could have also recovered later on. Nevertheless, a 

recent prospective cohort study in 156 patients with GBS reported that not only 

approximately 2/3 of patients suffer moderate to severe pain in the acute phase, but 1/3 

experienced pain before the onset of weakness and 1/3 reported maintenance of pain 

after 1 year, resembling the results of our study (Ruts, Drenthen et al. 2010). Since the 

EAN animals experienced motor deficits, this may have impacted their ability to 

produce a withdrawal response. However, we have not observed a significant increase 

in mechanical thresholds at disease peak (Fig. 12, day 14-17). The clinical and 

pathological alterations observed in our animal model are characteristic for EAN and 

in agreement with previous studies (Hahn 1996; Bechtold et al. 2005; Moalem-Taylor, 

Allbutt et al. 2007; Meyer zu Horste, Hu et al. 2008), that described close similarities 

between EAN and AIDP making EAN a good model for studying the mechanisms 

underlying pain in GBS. 

As pain symptoms follow a different time course and display a lack of recovery in 

contrast to motor deficits it is unlikely that both underlie the same pathophysiological 

mechanism. Several mechanisms could explain the increased pain sensitivity in EAN 

animals. A previous study showed that focal lysolecithin-induced demyelination of 

peripheral afferents led to neuropathic pain due to spontaneous action potentials in 

afferents and central sensitization of sensory processing (Wallace et al. 2003). Axonal 

degeneration has also been associated with pain. Another study could show, that 
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delaying Wallerian degeneration attenuated neuropathic pain behavior in mice (Ramer 

et al. 1997). Also, degeneration of myelinated efferent fibers induced spontaneous 

activity in uninjured C-fiber afferents as well as mechanical hyperalgesia in animals 

(Wu et al. 2002). In our experiments, pain sensitivity was observed early in the disease 

(day 6 post-immunization) before the start of motor deficits and therefore before 

severe demyelination or axonal degeneration was expected to take place, keeping it 

unlikely that allodynia resulted from EAN-induced structural changes in peripheral 

nerves. However, since our histological analysis were performed at peak severity (day 

15 post-immunization), we cannot exclude the probability that structural changes 

might have occurred early in the disease. Nevertheless, a previous study found no 

histological changes of the sciatic nerves collected from EAN rats early in the disease 

(day 10 post-immunozation) before clinical signs started to appear (Hahn et al. 1991). 

We therefore hypothesized, that neuropathic pain in EAN animals is associated with 

altered functional properties of primary sensory neurons. To verify this hypothesis, we 

analyzed isolated nociceptive DRG in the whole-cell mode of the patch clamp 

technique starting on day 21 post-immunization for 10 days. We chose this time period 

to ensure that mechanical allodynia reached a stable level and the EAN animals 

reached a chronic pain state.  

4.1.2 Complexity of DRG neuron classification 

Isolated DRG neurons represent more than 25 functionally diverse afferent populations 

that are responsible for a variety of sensory events (Petruska, Napaporn et al. 2000). 

Among these neurons are the nociceptors, that are also composed of highly specialized 

sub-populations (Yoshida and Matsuda 1979; Lawson et al. 1985; Harper and Lawson 

1985 a; Silverman and Kruger 1988; Petruska, Napaporn et al. 2000). These include 

Aβ high-threshold mechanoreceptors (HTM), Aδ HTM, Aδ polymodal nociceptors 

(PMN), Aδ mechanoheat (MH) nociceptors, Aδ cold nociceptors, C HTM, C PMN, C 

MH nociceptors, C heat nociceptors, C chemonociceptors, and Aδ and C “silent” 

nociceptors (Petruska, Napaporn et al. 2000). The identification of these specific 

subgroups has been shown to be quite difficult. Nevertheless, a previous study 

identified nine sub-groups of acutely dissociated DRG neurons that were classified 

according to their voltage activated current patterns, as well as their histochemical 

phenotype (IB4-binding, immunoreactivity for substance P and calcitonin gene-related 

peptide (CGRP)), algesic profile (capsaicin, protons, ATP) and AP features (duration, 

AHP) (Petruska, Napaporn et al. 2000). DRG cells with diameters ranging from 16-45 

µm were used in this study, where it was mentioned that taking cell size into account 

would have simplified sub-group identification. In our study, DRG neurons were 

classified according to the size, capsaicin sensitivity as well as IB4-binding capacity. 

Three different treatment groups were used in our experiments, so that further 

classification would have made the comparison between the groups quite complicated. 

Furthermore, EAN induced changes in AP morphology as well as voltage activated 

currents were analyzed in this study, making it difficult to use these parameters for cell 

identification.  Hence, we were not able to reveal the rich diversity of nociceptors, 

where each sub-group might have a distinct functional role. EAN might be 

incorporated in more pronounced changes of nociceptive neurons that we were not 

able to identify. 



Discussion 63 

 

 

4.1.3 Functional findings 

In the next step, we analyzed primary nociceptive neurons for alterations in their 

functional properties that might be associated to the EAN induced neuropathic pain. 

Our results demonstrate that EAN causes a significant reduction in AP duration of 

nociceptive DRG neurons due to a reduction of the prominent shoulder in the 

repolarization phase. Nociceptive neurons of EAN rats also exhibited signs of 

enhanced excitability such as lower rheobase and higher frequency of evoked AP 

discharge. These alterations were only found in a subtype of DRG neurons that display 

sensitivity to capsaicin, which is a selective marker for heat nociception (Snider and 

McMahon 1998; McCleskey and Gold 1999; Petruska, Napaporn et al. 2000; Caterina 

and Julius 2001; Vulchanova et al. 2001). Such changes in the intrinsic membrane 

properties of DRG neurons could explain the persistence of chronic pain observed in 

EAN rats. The decrease in rheobase and increase in firing frequency did not attain 

statistical significance with one of the control groups (CFA). A high variability of 

firing behavior has been observed among the cells of the same treatment group which 

might have reduced the sensitivity of statistical analysis. This could be due to the fact 

that despite of classifying the cells according to their capsaicin-sensitivity and IB4- 

binding ability, we cannot exclude that our subgroups are still not completely 

homogenous as previously discussed.  

An increased excitability and reduced current threshold has been also demonstrated in 

other studies which analyzed the response of DRG cells to nerve injury or 

inflammation (Zhang, Donnelly et al. 1997; Zhang et al. 1999; Abdulla and Smith 

2001 a; Weng et al. 2012). Our results regarding altered spike width are also in 

agreement with other studies, showing shorter AP duration in C and Aδ-fibers 

following CFA induced peripheral inflammation (Djouhri and Lawson 1999). 

Consistantly, Oyelese and Kocsis (Oyelese and Kocsis 1996) reported that sciatic 

nerve damage caused a decrease in the proportion of cutaneous afferent neurons with 

an inflection in the repolarizing phase of their APs. On the contrary, peripheral nerve 

axotomy caused broadening of the AP in small nociceptive neurons (Abdulla and 

Smith 2001 a). Although the different animal models are applied for investigation of 

pathological pain, they differ in pathogenesis. The EAN model is a combination of 

peripheral nerve injury and peripheral inflammation (Moalem-Taylor, Allbutt et al. 

2007).  

Several previous studies have observed no changes in passive membrane properties of 

DRG neurons of neuropathic pain models (Czeh et al. 1977; Gurtu and Smith 1988; 

Petersen et al. 1996; Study and Kral 1996). In the present study, resting membrane 

potential as well as input resistance were unaffected by EAN. A small difference was 

observed in the capacity of EAN neurons compared to one of the control groups. Since 

the difference was small and the input resistance was similar between the groups, we 

conclude that observed changes in AP properties of EAN DRG neurons are not 

explained by differences in the passive membrane properties. Therefore, we 

hypothesized that alterations of active currents are responsible for such changes. 

Consequently, we investigated alterations of TTXR and TTXS Na+ currents, since 

several lines of evidence have implicated the role of these channels in injury-induced 

increase in excitability. Indeed, our results show a nerve injury induced switch in Na+ 
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channels that were seen in the same subpopulation of DRG neurons, where changes of 

firing properties have been perceived. Although the total transient Na+ current was 

unchanged in EAN neurons, the proportion of TTXR and TTXS Na+ currents was 

dramatically altered. The fast TTXS Na+ current was clearly up-regulated in EAN 

animals, while the fast TTXR Na+ current tended to be down-regulated. In control DRG 

neurons, the TTXR transient Na+ current was 3 times as large as the TTXS current (Fig. 

19) which is in agreement with previous studies showing that TTXR Na+ current plays 

the dominant role as it carries most of the total charge during the action potential, from 

the approach to threshold to the shoulder on the falling phase (Blair and Bean 2002). In 

EAN DRG, however, TTXS Na+ current underlay the majority of the transient inward 

Na+ current. This switch in Na+ currents was also clearly demonstrated in the 

significantly faster inactivation kinetics of the total transient Na+ current, reflecting the 

predominant role of the fast TTXS Na+ current in EAN DRG.  

Additionally, our results show a reduction in the magnitude of the total persistent Na+ 

current of EAN neurons that could be mainly explained by a decrease of the persistent 

TTXS current (TTXS INaP). Since the persistent Na+ current does not inactivate during 

the course of the action potential, the overall decrease in INaP can explain the reduced 

hump or shoulder found in EAN neurons. Furthermore, in EAN animals the total 

transient Na+ current is composed primarily of a rapidly inactivating TTXS component 

in contrast to the control neurons, where the TTXR current underlies the majority of the 

INaT (Fig. 19 C). Consequently, the switch in the composition of total INaT should result 

in a rapid inactivation of the transient Na+ current during electrogenesis, which would 

produce narrow action potentials. Consistently, the nerve injury induced reduction in 

the shoulder of the AP observed by Oyelese and Kocsis (Oyelese and Kocsis 1996) in 

cutaneous afferent neurons was associated with a decrease in the expression of slowly 

inactivating TTXR Na+ current in the subset of neurons (Oyelese, Rizzo et al. 1997). 

The reduced hump or shoulder results in a faster repolarization of the AP, thus 

allowing another AP to be fired sooner, consequently leading to repetitive firing at 

higher than normal frequencies. A decrease in AP duration during peripheral 

inflammation was also associated with an increase in firing frequency in nociceptive 

fibers (Djouhri and Lawson 1999). 

At depolarized potentials, high frequency firing of intact DRG neurons is mediated by 

the high threshold, rapidly repriming TTXR channels as seen from the absence of 

repetitive firing in small DRGs from NaV1.8 knockout mice (Renganathan, Cummins 

et al. 2001). In contrast, our results indicate that hyperexcitability, which is believed to 

underlie pain hypersensitivity in EAN rats, is attributable to an increase in the TTXS 

current. Similarly, the ectopic discharges and mechanical allodynia in an animal model 

of neuropathic pain due to PNL were prevented by low doses of TTX (Lyu et al. 2000; 

Liu et al. 2001), demonstrating the primary role of TTXS currents in supporting high 

frequency firing in neuropathic pain. Furthermore, Kapoor et al. demonstrated that the 

ectopic firing of primary afferent axons at sites where demyelination took place is 

triggered by intrinsic TTX-sensitive membrane potential oscillations (Kapoor et al. 

1997). In this regards, previous findings have implicated the importance of voltage-

sensitive oscillations for sustained spiking both at resting membrane potential and on 

depolarization in DRGs. Following nerve injury, the proportion of neurons showing 
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subthreshold oscillations and hence generating ectopic firing were increased. It has 

been proposed, that the transient TTXS Na+ channels play a crucial role in generating 

the depolarizing limb of subthreshold oscillations. Oscillatory behavior and ectopic 

spiking were eliminated by [Na+]o substitution or bath application of lidocaine or 

tetrodotoxin (TTX), confirming the important role of TTXS in injury-induced 

hyperexcitability (Amir et al. 1999). These findings provide a possible explanation of 

the increased excitability in EAN DRG neurons, where the increase in TTXS current 

might lead to an increase of subthreshold oscillations.  

The increase in TTXS current can account for the slightly faster rise time of the AP of 

the EAN nociceptive neurons. Although it is expected that enhanced TTXS current 

should also lead to an alteration of AP threshold, we did not detect any changes in this 

AP parameter. However, a computer simulation showed that the increase in transient 

Na+ conductance can lead to a modest reduction of single AP threshold, but a 

facilitation of resonance and repetitive spiking (Matzner and Devor 1992). This finding 

raises the possibility, that the increase in TTXS Na+ current might not directly influence 

the AP threshold. In addition, the results of the electrophysiological measurements 

might have been influenced by the process of DRG dissociation as will be discussed 

later.  

DRG neurons possess a mixture of Na+ channel isoforms (Caffrey, Eng et al. 1992; 

Black, Dib-Hajj et al. 1996), where NaV1.7, NaV1.6, NaV1.3, NaV1.2 and NaV1.1 

channel isoforms underlie the TTXS current, and NaV1.8 and NaV1.9 the TTXR current 

(Waxman et al. 1994; Black, Dib-Hajj et al. 1996; Felts, Yokoyama et al. 1997; 

Cummins et al. 1999; Herzog et al. 2001; Djouhri et al. 2003). The changes of TTXS 

and TTXR currents observed in the DRG neurons of EAN animals are similar to those 

described in other studies using different chronic pain models. In this regards, chronic 

constriction injury (CCI) and axotomy of the sciatic nerve are associated with a down-

regulation of slowly inactivating TTXR NaV1.8 and NaV1.9 and an up-regulation of the 

fast-inactivating/rapidly repriming TTXS isoform NaV1.3 in nociceptive DRG neurons 

(Waxman, Kocsis et al. 1994; Dib-Hajj; Cummins and Waxman 1997; Dib-Hajj, 

Tyrrell et al. 1998; Cummins, Black et al. 2000; Kim, Oh et al. 2002). The NaV1.3 

isoform is normally only expressed during early stages of development and is 

undetectable in the adult rat nervous system (Beckh, Noda et al. 1989; Waxman, 

Kocsis et al. 1994; Felts, Yokoyama et al. 1997). Similarly, transient demyelination of 

peripheral afferents is associated with a decrease in expression of TTXR NaV1.8 

channels and an increase in expression of TTXS NaV1.3 of formerly myelinated DRG 

neurons. These changes in Na+ channels were accompanied by spontaneous action 

potentials in afferent fibers (Wallace, Cottrell et al. 2003). Consistently, both an 

increase in fast TTXS currents in parallel with an increased expression of NaV1.3 and 

NaV1.7 in DRGs has been also observed in models of inflammatory pain due to 

carrageenan injection (Black, Liu et al. 2004). However, in contrast to mechanical 

nerve injury, carrageenan injection results also in an increased TTXR currents (Tanaka 

et al. 1998; Black, Liu et al. 2004). Similarly, the level of NaV1.9 mRNA in DRG 

neurons is significantly increased in the CFA model (Tate et al. 1998). In the current 

study, we found no sings for changes in the TTXR persistent Na+ current that is most 

probably elicited by NaV1.9 in EAN rats. The lack of contribution of NaV1.9 seems to 
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be in agreement with a previous report, showing that knock-down of this Na+ channel 

did not affect thermal or mechanical hypersensitivities following spared nerve injury 

(SNI) or partial nerve ligation (PNL) (Priest et al. 2005; Amaya et al. 2006).  

More than one isoform might contribute to the EAN induced increase in the fast TTXS 

component. Of particular interest is the significant increase in the expression of NaV1.3 

mRNA and protein level that has been observed in a range of neuropathic pain models 

and conditions (Waxman, Kocsis et al. 1994; Dib-Hajj, Black et al. 1996; Dib-Hajj et 

al. 1999; Boucher et al. 2000; Kim et al. 2001; Xiao et al. 2002; Hong, Morrow et al. 

2004; Lindia et al. 2005). NaV1.3 protein was also found to accumulate in neuromas of 

patients with painful neuropathy (Black et al. 2008) and to be up-regulated in second-

order dorsal horn neurons after CCI (Hains et al. 2004), raising the possibility that 

NaV1.3 might underlie the increase in the fast TTXS current in EAN rats. NaV1.3 can 

also elicit a TTXS persistent Na+ current. Nevertheless, the TTXS persistent Na+ 

current is down-regulated in our study.  

Previous studies have also implicated the role of NaV1.7 in neuropathic pain. This Na+ 

channel isoform is expressed in nociceptive neurons in a preferential manner and 

underlies a fast TTXS current with slow repriming kinetics as well as slow inactivation 

kinetics that allows NaV1.7 channels to be activated by small depolarizing ramps 

(Cummins, Howe et al. 1998). Based on these biophysical properties, down-regulation 

of NaV1.7 in combination with an increase in NaV1.3 could explain the decrease in 

TTXS INaP as well as the enhanced excitability in EAN nociceptive neurons. Towards 

this end, NaV1.7 protein has been shown to be reduced following sciatic nerve ligation 

(SNL), spared nerve injury (SNI) and sciatic nerve axotomy (Kim, Oh et al. 2002; 

Berta, Poirot et al. 2008). Conversely, NaV1.7 mRNA and protein are up-regulated in 

DRGs after peripheral inflammation induced by carrageenan or complete Freund’s 

adjuvant (CFA) (Black, Liu et al. 2004; Strickland et al. 2008). In addition, knock-

down of DRG NaV1.7 significantly prevents the development of hyperalgesia in 

response to CFA (Yeomans et al. 2005). NaV1.6 also gives rise to a TTXS transient as 

well as a persistent Na+ current, and therefore its down-regulation could also underlie 

the injury induced decrease in INaP. Previous studies have shown a down-regulation of 

NaV1.6 mRNA in DRG neurons after SNL and SNI (Berta, Poirot et al. 2008). Of 

particular interest is a study showing that in chronic relapsing EAE, an experimental 

model of multiple sclerosis, demyelination along the optic nerve is accompanied by a 

down-regulation of NaV1.6 and up-regulation of NaV1.2 within retinal ganglion 

neurons (Craner et al. 2003). 

As described above, the transient TTXS current isoform NaV1.3, which has rapid 

inactivation as well as rapid repriming kinetics, might underlie the increased fast TTXS 

current as has been shown in other nerve injury models. The rapid recovery from 

inactivation of NaV1.3 might boost high frequency firing in EAN DRGs. However, a 

high percentage of TTXS currents of small nociceptive neurons is inactivated at RMP 

as they display a quite hyperpolarized midpoint of inactivation. It has been suggested 

that small DRG neurons have a bistable resting potential, as has been demonstrated for 

other types of excitable cells (Gola and Niel 1993; O'Donnell and Grace 1995). Under 

certain conditions, nociceptive neurons may reside at more negative potentials where 

the TTXS currents are available for activation. Furthermore, in our measurements the 



Discussion 67 

 

 

midpoint of inactivation was at -77mV, leaving nearly half of the TTXS Na+ channels 

available for activation at RMP (~ -63 mV) and at the holding potential used for spike 

measurements (-70mV). Similarly, a different study showed that a considerable 

fraction of transient Na+ current could function at resting membrane potential in 

NaV1.8 KO neurons, where a compensatory increase in TTXS current has been 

observed (Rush, Cummins et al. 2007). For this, TTXS Na+ current can play a role in 

the generation of action potential evoked by a depolarizing current injection from 

resting membrane potential in EAN DRG neurons. 

The different Na+ channels are not only expressed in the cell body but also along the 

nerve fibers (Brock, McLachlan et al. 1998; Strassman and Raymond 1999; Black, 

Renganathan et al. 2002; Black and Waxman 2002; Rush, Craner et al. 2005; Rush, 

Wittmack et al. 2006). A disruption of Na+ channel expression has been identified in 

axons of EAN animal models (Novakovic et al. 1998; Lonigro and Devaux 2009), and 

also in axonal degeneration in a number of injury models including axotomy 

(LoPachin et al. 1990), compression injury (Agrawal and Fehlings 1996), nitric oxide 

exposure (Smith et al. 2001; Garthwaite et al. 2002), and EAE (Lo et al. 2002; 

Bechtold et al. 2004; Bechtold, Yue et al. 2005). Additionally, it has been 

demonstrated that voltage-sensitive Na+ channels accumulate in neuroma endings and 

in patches of demyelination in both animal neuropathy models and in humans with 

neuropathic pain (Kretschmer et al. 2002). It has been suggested that observed changes 

in DRG somatas would also occur in the nerve axons and the terminals, since soma 

and fiber membrane are shown to have similar properties (Djouhri and Lawson 1999). 

Consistent with this, the patterns of ectopic discharge generated in nerve end neuromas 

and in DRG somata are similar and are both selectively blocked by low concentrations 

of TTX and lidocaine (Devor et al. 1992; Matzner and Devor 1994). It is therefore 

possible that alterations in Na+ currents found in EAN nociceptive neurons are 

mirrored in the axons. As primary afferent axons have a different morphology than 

DRG somatas, changes in the balance of TTXS and TTXR currents might lead to more 

pronounced alterations. Due to their small diameter they have high input resistance, 

thus, even a low increase in the densities of Na+ channels could promote AP 

electrogenesis in these axons (Waxman et al. 1989; Donnelly 2008).  

Although the cell body of nociceptors has been shown to be a very good model for 

studying the role of different ion channels in electrogenesis, there are still some points 

to be criticized in this model. This is due to the fact that during the enzymatic and 

mechanical dissociation process DRG neurons lose their axons, satellite glial cells as 

well as other non neuronal cells. Consequently, changes in cellular phenotype due to 

culture conditions or removal from a normal cellular environment might have occurred 

(Zhang, Donnelly et al. 1997). In this regards, it has been shown that the passive 

membrane properties of small neurons have been altered after dissociation (higher 

input resistance and more depolarized RMP). Moreover, excitatory mediators such as 

substance P and neuropeptide Y (NPY), which are abundant in injured DRG 

(Wakisaka et al. 1991; Wakisaka et al. 1992; Abdulla and Smith 1999), are washed out 

during the dissociation process. This altogether may influence the results of the 

electrophysiological measurements of dissociated cells. 
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4.1.4 Conclusion 

In conclusion, our results show that EAN induced dramatic changes in Na+ currents of 

DRG neurons. The TTXS current in these neurons underlies the majority of transient 

inward Na+ current, in contrast to control neurons, where the TTXR current plays the 

dominant role. In addition, a significant decrease in persistent TTXS current has been 

observed that leads to a reduction of total INaP. These changes provide a good 

explanation for the significant decrease in AP duration observed in the same subset of 

neurons. It can also account for the increased excitability that was found compared to 

one of the control groups and hence the overall increase in nociceptive sensitivity. 

However, the mechanism leading to such changes is still unclear. The accompanying 

autoimmune inflammation in the peripheral nerves of EAN rats can provide a possible 

explanation for the observed changes. In fact, evidence exists that different immune 

cells are able to directly increase the excitability of DRG neurons by secreting 

inflammatory cytokines such as IL-1, IL-6 and TNF (Scholz and Woolf 2007). 

Neuropathic pain like behavior is attenuated by blocking IL-1- or IL-6-mediated 

signaling (Arruda et al. 2000; Wolf, Gabay et al. 2006). TNF has been shown to 

increase TTXR currents in nociceptive neurons through a signaling pathway that 

involves TNF receptor 1 (TNFR1) and p38 MAP kinase (Jin and Gereau 2006). Hence, 

inflammatory mediators might underlie the observed changes of Na+ currents in 

nociceptive neurons of EAN animals. 

The alteration of Na+ channel expression observed in our experiments as well as in 

several recent studies of animal models of nerve lesions suggest that these channels 

might be good targets for the development of new pharmacological agents. However, 

further studies are required to identify the specific sodium channel subunits that 

participate in the development of neuropathic pain, as well as the signal transduction 

mechanism that lead to such changes.  

4.2 Partial sciatic nerve ligation 

4.2.1 Increase of the T-type Ca2+ current in mice suffering neuropathic 
pain following PNL of the sciatic nerve 

Low voltage-activated T-type Ca2+ channels were originally identified in peripheral 

sensory neurons of the dorsal root ganglion (DRG) and are thought to be signal 

amplifiers in the peripheral pain pathway. Their up-regulation in sensory neurons may 

contribute to the hyperexcitability that leads to neuropathic pain. Indeed, our 

experiments showed that the peak T-type Ca2+ current was significantly increased in 

mice displaying neuropathic pain behavior after partial ligation (PNL) of the sciatic 

nerve. The increase was observed in a subset of small DRG neurons that displayed 

sensitivity to capsaicin, a marker of nociceptive neurons capable of responding to 

noxious heat. Although cap- cells had higher T-type Ca2+ currents under control 

conditions, the increase of the T-type Ca2+ current after ligation was not significant.  

Our results are in agreement with previous findings, showing an increase in LVA 

current in different models of neuropathic pain. In this regards, it has been 

demonstrated by Jagodic et al. (Jagodic, Pathirathna et al. 2008) that the T-type Ca2+ 

current is up-regulated in small DRG cells in rats after chronic constriction injury 
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(CCI). In a rat model of streptozotocin-induced painful diabetic neuropathy (PDN), the 

development of diabetes-induced pain was paralleled with a significant increase in T-

type Ca2+  current density in medium sized DRG cells from the lumbar ganglia of adult 

rats (Jagodic, Pathirathna et al. 2007). Additionally, colonic hypersensitivity in a rat 

model of irritable bowel syndrome was accompanied by an increase in the T-type Ca2+  

current of small DRG neurons (Marger et al. 2011). Interestingly, other patch clamp 

recordings of DRG neuron Ca2+ channels in chronic constriction injury (CCI) gave 

contrasting results, where a loss of T-type current in medium sized DRG cells was 

reported (McCallum, Kwok et al. 2003). In another study, no change in the T-type 

Ca2+ current of AD cells (cells with after depolarizing potential) after axotomy has 

been detected (Abdulla and Smith 2001 b). Thus it is possible that different 

experimental conditions or the selection of cells of different diameters can lead to 

these discrepancies.  

Although there is no specific T-type Ca2+ channel blocker, several pharmacological 

blockers and modulators of T-type channels have been shown to alleviate neuropathic 

pain in vivo. For example, it has been shown that mibefradil accounts for a voltage-

dependent inhibition of T-type Ca2+ currents in small DRG neurons by stabilizing the 

channel into inactivated states (Todorovic and Lingle 1998). This drug also reversed 

symptoms of neuropathic pain in a model of CCI (Dogrul, Gardell et al. 2003). 

Furthermore, some oxidizing agents that block T-type Ca2+ currents of DRG neurons 

are capable of reversing thermal hyperalgesia due to CCI (Todorovic, Meyenburg et al. 

2004). Conversely, reducing agents such as dithiothreitol (DTT) and endogenous L-

cysteine are shown to increase T-type Ca2+ currents. Injection of them into peripheral 

fields leads to thermal and mechanical nociception (Todorovic et al. 2001). Moreover, 

application of Ni2+, a T-type channel blocker, inhibited ectopic discharges from 

peripheral nerves in a model of segmental spinal mechanical injury (Liu, Zhou et al. 

2001). It has also been shown, that T-type Ca2+ channels are associated with the 

development of long-term potentiation (LTP) at synapses between nociceptive 

afferents and dorsal horn neurons of the spinal cord (Ikeda et al. 2003; Heinke et al. 

2004). Collectively, these findings are consistent with a role of T-type Ca2+ channels in 

pathological nociception. 

4.2.2 CaV3.2 does not play a role in the PNL induced neuropathic pain 

It is known that CaV3.2 is the most abundant isoform of T-type channels in small and 

medium-sized peripheral sensory neurons, while CaV3.1 and CaV3.3 isoforms are 

much less frequently expressed in these neurons (Talley, Cribbs et al. 1999). 

Consistently, the majority of the T-type current in our experiments was 

pharmacologically blocked by a low Ni2+ concentration (50 µm) in control and PNL 

mice verifying CaV3.2 as the underlying subunit. In contrast, CaV3.1 and CaV3.3 T-

type currents require higher concentrations of Ni2+ to be blocked (IC50 of 250 µM) 

(Lee, Gomora et al. 1999). Nevertheless, our data show that the increase in T-type 

current following peripheral nerve injury is caused by a Ni2+ resistant current 

component. These results were further confirmed with the help of CaV3.2 knock-out 

mice. Mice lacking CaV3.2 still suffered pain hypersensitivity following nerve injury, 

ruling out a role of CaV3.2 in supporting neuropathic pain in this animal model. 

Furthermore, our patch clamp recordings revealed a significant increase of T-type Ca2+ 
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currents in PNL DRG, despite the lack of CaV3.2. Again, this increase was mediated 

by a Ni2+ insensitive T-type Ca2+ current (CaV3.1 or CaV3.3). Moreover, our qRT-PCR 

analysis of DRGs confirmed that the CaV3.2 T-type channel isoform was not altered 

following peripheral nerve injury.  

Our results are in agreement with a previous in vivo study, where knock-out of CaV3.2 

did not prevent thermal and mechanical hyperalgesia following spinal nerve ligation 

(Choi, Na et al. 2007), suggesting no significant role for CaV3.2 channels in this model 

of neuropathic pain. These experiments together with our present data appear to be in 

conflict with a pronociceptive role of CaV3.2 in neuropathic pain suggested in other 

studies. In this regards, molecular knock-down of CaV3.2 with intrathecally injected 

antisense oligodeoxynucleotides in sensory neurons of diabetic rats has been shown to 

reverse both painful diabetic neuropathy (PDN) as well as the diabetes-induced up-

regulation of the T-type Ca2+ current density of small and medium sized DRG neurons 

(Messinger, Naik et al. 2009). Bourinet and colleagues showed that intrathecal 

administration of CaV3.2 antisense in intact DRG cells induced a large reduction of T-

type currents, and reversed both thermal and mechanical hyperalgesia in rats with CCI 

(Bourinet, Alloui et al. 2005). However, a reduction of DRG neuron T-type currents of 

neuropathic pain animals was not reported. The discrepancy between these results and 

ours could be due to the differences in the type of pain model used. Although all 

animal models are applied for the investigation of neuropathic pain, they differ in 

pathology. Alternatively, it may be due to some differences between null knock-out by 

gene targeting and region-specific knock-down with antisense oligonucleotides. 

Although it has been shown by Bourinet and colleagues that the antisense treatment 

directed towards CaV3.2 did not influence the mRNA levels of the other CaV3 genes, it 

cannot be excluded that there are other unknown off-target effects. In addition, the 

antisense treatment directed against CaV3.2 induced a 42% reduction of the mRNA 

level of this channel subunit within the lumbar DRGs. Thus a 100% knock-down 

cannot be achieved with the antisense treatment, in contrast to the knock-out approach, 

where this gene is completely lacking. Also it should be pointed, that some 

experiments using molecular knock-down of CaV3x genes with the antisense 

application were contradictory. Where an antisense knock-down of CaV3.3 isoform 

significantly relieved nociceptive sensitivity in rats with chronic compression of the 

DRG (CCD) in one study (Wen et al. 2006), knock-down of the same isoform did not 

reverse neuropathic pain symptoms in rats with CCI in another study (Bourinet, Alloui 

et al. 2005).  

It is also possible that developmental compensatory mechanisms might have 

eliminated the need for CaV3.2 in our CaV3.2-/- mice. However, this seems to be 

unlikely, since the CaV3.2 underlying Ni2+ sensitive T-type current was not 

significantly altered in wild type mice following PNL. In addition, knock-out of 

CaV3.2 did not affect the low expression of CaV3.1 or CaV3.3 in DRG neurons. The T-

type Ca2+ current was negligible in control CaV3.2-/- mice (-10 pA), indicating no 

compensation for the loss of CaV3.2. 

Altogether, our results suggest a pronociceptive role of CaV3.1 or CaV3.3 in the PNL 

model of neuropathic pain. Consistently, it has been shown that neuropathic pain due 

to L5 spinal nerve ligation (SNL) was reduced in CaV3.1 knock-out mice compared to 
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wild type mice, demonstrating the involvement of this T-type Ca2+ channel subunit in 

the development of hypersensitivity after nerve injury (Na, Choi et al. 2008). 

Furthermore, it has been shown by Ikeda et al. (Ikeda, Heinke et al. 2003) that the T-

type Ca2+ current induced increase in intracellular Ca2+ of dorsal horn neurons 

potentiates the postsynaptic response during synaptic transmission between the C-

fibers and dorsal horn neurons of the spinal cord. CaV3.1 T-type Ca2+ channels are 

mainly expressed in dorsal horn neurons (Talley, Cribbs et al. 1999), raising the 

possibility that the CaV3.1 T-type Ca2+ channel is involved in the sensitization 

necessary for neuropathic pain development at the spinal level as well (Na, Choi et al. 

2008). In contrast, another study showed that CaV3.1 knock-out mice show an 

increased sensitivity to visceral pain, suggesting that the CaV3.1 subunit might mediate 

an antinociceptive mechanism (Kim et al. 2003). 

In addition to changes in the T-type current, some previous studies have shown a 

significant reduction in HVA Ca2+ current following axotomy (Abdulla and Smith 

2001 b) and  CFA induced inflammation (Lu, Zhang et al. 2010). A reduction in HVA 

currents has been also observed following nerve injury in the present study, however, 

this change did not attain significance. Also, no differences were shown in the CaV3.2 

knock-out mice with respect to the HVA currents. However, it should be mentioned 

that a fluoride (F-) based internal solution was used in this study, to facilitate rundown 

of HVA Ca2+ currents and allow the isolation of T-type currents. Additionally, HVA 

currents require besides Mg2+, cAMP and ATP in the pipette solution for stability, 

unlike LVA currents that are more resistant to rundown. Hence, it is difficult to detect 

reliable/positive changes in HVA currents in the PNL model based on our 

measurements.  

4.2.3 T-type Ca2+ current enhancement is associated with an increase in 
excitability of DRG neurons following PNL  

Under pathological conditions, primary sensory neurons can be sensitized by various 

mechanisms, leading to their activation by stimuli that would not have been intense 

enough to cause activation under normal conditions. This can cause pain symptoms as 

mechanical allodynia observed in the PNL mice. This altered pain response can be 

evidenced electrophysiologically by observing a lower threshold for nociceptor 

activation, an increase in spontaneous activity, and/or an increase in frequency of 

firing in response to a suprathreshold stimulus (Messinger, Naik et al. 2009). Indeed, 

the significant up-regulation of the T-type current was paralleled by an increased 

excitability in the same subset of cap+ DRG neurons following PNL, as evidenced by a 

considerable reduction of AP threshold. However, the decreased AP threshold might 

be rather a result of altered Na+ currents than of changes in T-type currents. Indeed, 

multiple alterations of Na+ currents have been described in animal models of traumatic 

nerve injury (Waxman, Kocsis et al. 1994; Dib-Hajj, Black et al. 1996; Cummins and 

Waxman 1997; Dib-Hajj, Tyrrell et al. 1998; Cummins, Black et al. 2000; Kim, Oh et 

al. 2002). However, in this study, action potential recordings were made at a regular 

resting potential of -70 mV. Performing action potential measurements from more 

hyperpolarized potentials and analysis of AP series may reveal the influence of the 

increased T-type current on excitability. In this regards, previous data suggested a 

significant role of T-type channels in increasing the excitability of a specific subset of 
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IB4
+ and cap+ DRG neurons by reducing the rheobase for action potential firing 

(Nelson et al. 2005) and contributing to the entry of Ca2+ during action potentials 

(Blair and Bean 2002; Nelson, Joksovic et al. 2005). Although the expression of T-

type Ca2+ currents in small nociceptive neurons is of moderate density (Todorovic and 

Jevtovic-Todorovic 2007), its up-regulation could be enough to induce firing as these 

cells have high input resistance (Nelson et al. 2007). Also, another study found that the 

increase in the T-type Ca2+ current density in a model of painful diabetic neuropathy 

(PDN) was associated with greater afterdepolarizing potentials (ADP) as well as 

increased excitability due to a lower threshold for repetitive spike firing in diabetic 

than in control cells (Jagodic, Pathirathna et al. 2007).  

The unique function of T-type currents in neuronal excitability is based on their 

biophysical characteristics. T-type Ca2+ current activate near resting membrane 

potential. Hence, a small depolarization of the cell membrane can lead to the activation 

of T-type Ca2+ channel and Ca2+ entry. This in turn will further depolarize the plasma 

membrane, thus initiating an action potential (Cain 2010). Transient membrane 

hyperpolarization can also cause T-type Ca2+ channel induced burst firing, which is a 

phenomenon called “rebound bursting”. At normal neuronal resting membrane 

potentials, the majority of T-type Ca2+ channels are in an inactivated state (Fox et al. 

1987; Perez-Reyes 2003). Transient membrane hyperpolarizations (e.g during AHP) 

will lead to a fast recovery of these channels from inactivation. For this, a larger 

number of T-type Ca2+ channels are available for opening upon subsequent membrane 

depolarizations, thus, enhancing their ability to trigger action potential bursts. 

In conclusion, our present data suggest a role of LVA-currents in the increased cellular 

excitability and nociceptive sensitivity following peripheral nerve injury. Our 

pharmacological examination, however, challenges the pronociceptive role of CaV3.2 

suggested in previous studies and shows that CaV3.1 and/or CaV3.3 T-type Ca2+ current 

subunits are rather responsible for such changes. However, further analyses are needed 

to find out which of the two Ni2+ resistant subunits underlie the overall increase in T-

type Ca2+ currents. Knowing this will help in the development of subtype specific 

blockers for treatment of neuropathic pain.   
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