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ABSTRACT 
 

The book chapter titled: ”Creative Destruction in the Peripheral 

Nervous System: The action of capsaicin on primary sensory neurons”, 

includes research on changes in the sensory component (SN) of the 

peripheral nervous system (PNS), which are the result of the neurotoxic 

actions of capsaicin. Capsaicin (8-methyl-N-vanillyl-6-nonenamid) is an 

alkaloid responsible for the spicy, burning taste of chili peppers. In 

mammals, it creates a burning sensation in the tissue when it comes in 

contact. Capsaicin works by the vanilloid receptor (TRPV1) and has 

neurotoxic properties. Intraperitoneal injection of capsaicin has become 

an appropriate tool to damage the sensory afferent fibers innervating the 

visceral organs, originating from the nodose ganglion (NG) and the dorsal 

root ganglia (DRG). Intraperitoneal injection of capsaicin caused the 

death of about half of the neurons in the studied ganglia. 
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A surprising, and very intriguing, fact is after about two months after 

the injury, the number of ganglion neurons was restored to the level 

observed in control animals. The above observation allowed us to test the 

hypothesis that the capsaicin-induced neuronal death in sensory ganglia 

activates a cascade of events leading to proliferation of ganglion cells and 

formation of new neurons, which restore the damaged peripheral sensory 

pathways. Further studies revealed the presence of nestin, a marker of 

stem cells in the satellite glia cells (SG), which proves their proliferative 

potential. SG, under the influence of events induced by capsaicin, enter 

the cell cycle, synthesize DNA (BrdU incorporation) and show 

immunoreactivity against Ki-67, an antigen present in the active phases 

of the cell cycle. Both the central axons from NG neurons forming 

synaptic connections in the medulla and the peripheral which innervate 

the upper gastrointestinal tract, are rebuilt after sixty days following the 

capsaicin administration. We used intraperitoneal administration of 

cholecystokinin (CCK), which is specifically acting via the vagus nerve 

to reduce appetite. Our results showed that capsaicin significantly 

reduced the effect of CCK, which confirmed the damage to the peripheral 

axons of the vagus nerve. However, three hundred days after injury, the 

effect of CCK was restored. In addition, and very interesting, is the fact 

that at this time, the number and immunohistochemical characterization 

of neurons in the NG returned to that observed in control animals. In 

summary, our studies clearly show that capsaicin kills a significant 

population of viscerosensory neurons in PNS but also induces a cascade 

of events leading to an activation of endogenous multipotent cells in the 

sensory ganglia. These cells enter the cell cycle and divide and 

differentiate to form new glia and functional neurons. However, the 

molecular mechanism of the neurogenic action of capsaicin needs further 

investigation. Complete understanding of neurogenic capsaicin action and 

the ability to manipulate the population of endogenous ganglionic 

progenitors is a fundamental step towards the use of alternative reserve of 

stem cells to repair a damaged nervous system. This knowledge will help 

to develop methods to repair damaged CNS, arising as a result of an 

illness or accident. 

 

 

INTRODUCTION 
 

The chapter titled: ”Creative Destruction in the Peripheral Nervous 

System: The action of capsaicin on primary sensory neurons”, includes 

research on changes in the sensory component of the PNS, which are the result 

of the neurotoxic action of capsaicin. 
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Capsaicin, and several related compounds, are called capsaicinoids and are 

produced as secondary metabolites by chili peppers. There are five naturally 

occurring capsaicinoids: capsaicin, dihydrocapsaicin, nordihydrocapsaicin, 

homocapsaicin, and homodihydrocapsaicin (Reilly et al. 2001). Capsaicin 

(trans-8-methyl-N-vanillyl-6-nonenamide; Figure 1) is an alkaloid responsible 

for the spicy, burning taste of chili peppers. Capsaicin is a crystalline, 

lipophilic, colorless and odorless alkaloid with the molecular formula 

C18H27NO3. Its molecular weight is 305.40 g/mol, and it is fat-, alcohol- and 

oil-soluble. It is widely consumed in spicy foods throughout the world, 

particularly in South East Asia and Latin-America. The capsaicin content of 

hot red peppers ranges from 0.1 to 1.0% (Korel et al. 2002). In mammals, it 

creates a burning sensation in the tissue, in which it comes in contact. 

Capsaicin works via the transient receptor potential vanilloid subtype 1 

(TRPV1) (Caterina et al. 1997). TRPV1 is a heat-activated calcium channel 

that opens between a 37°C and 45°C temperature. When capsaicin acts on 

TRPV1, it causes the channel to open in a temperature lower than 37°C, so the 

sensation of heat is created. Capsaicin exerts its major pharmacological effects 

on the peripheral part of the sensory nervous system (PNS), particularly on the 

C-type and Aδ-type primary sensory neurons expressing a TRPV1 receptor 

(Caterina et al. 1997; Hiura et al. 1999). In the PNS a majority of primary 

sensory neurons express the TRPV1 receptor (Berthoud et al. 1997). 

Because of its potential as a toxin for peripheral unmyelinated fibers, 

capsaicin has been used extensively as a versatile tool in the study of pain 

mechanisms (Caterina et al. 1997; Derry et al. 2009; Lauria et al. 2006; Rashid 

et al. 2003) and gut-brain communication (Berthoud et al. 2001; Campos et al. 

2012; Carobi 1996; Czaja et al. 2008; Gillespie et al. 2005; Peles et al. 2009; 

Ritter et al. 1989; Ryu et al. 2010; Zafra et al. 2003). 

However, recent studies demonstrated capsaicin-induced dendritic 

degeneration, in myelinated neurones, from rat dorsal motor nucleus of the 

vagus (DMV), the source of vagal efferent neurons (Browning et al. 2013). 

 

 

Figure 1. The molecule of capsaicin contains aromatic ring, amide bond and 

hydrophobic side chain. 
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Therefore, use of capsaicin as a neurotoxin for afferent C-fibres requires 

rigorous controls. 

The nature and extent of capsaicin‟s effects on primary afferent neurons 

depend on toxin dose, route of administration and duration of exposure. 

Generally capsaicin‟s effects range from neuronal excitation, sensory blocking 

(desensitization), degeneration of terminals and/or axons and destruction of 

nerve cell bodies (Szolcsanyi and Mozsik 1984). It has been used as an injury-

inducing tool in both the vagal and the spinal component of the PNS (Figure 

2). There are numerous reports of capsaicin-induced primary afferent terminal 

degeneration, there are only a few reports of the effects of capsaicin treatment 

on primary afferent perikarya, and most of the studies have involved capsaicin 

administration in neonates (Carobi 1996; Hiura 2000; Szoke et al. 2002). 

 

 

Figure 2. The vagal primary sensory neurons (red, upper) terminate in the Hindbrain 

(NTS). They provide a sensory innervation to visceral organs (gut for example). The 

cell bodies of viscero-sensory neurons are located in NG. The spinal primary 

somatosensory afferents (red, lower) terminate in the Spinal Cord (dorsal horns). The 

cell bodies of spinal sensory afferent neurons are located in the DRG. The vagal and 

the spinal primary sensory neurons do not have dendrites. These pseudo unipolar 

neurons contain an axon that has two branches: peripheral to the target organ and 

central to the brain or spinal cord. 
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When capsaicin is applied at the neonatal stage, it acts as neurotoxin, 

inducing irreversible and specific damage to C-type primary sensory neurons. 

Neonatal capsaicin treatment of vagal afferents in vivo reduced the number of 

neurons in nodose ganglia by about 70% (Carobi 1996). Several studies on 

capsaicin action in the PNS have been performed on the somatic component 

(Figure 2). They revealed that a subpopulation of small-to-medium sized 

primary sensory neurons, representing about 17% of the total neuronal 

population in the 4
th
 lumbar dorsal root ganglion, underwent rapid 

degeneration after the administration of capsaicin (Jancso et al. 1985). 

Moreover, they reported a decrease of about 45% in the number of 

unmyelinated axons in the saphenous nerve. Systemic application of capsaicin 

in neonatal rats resulted in the death of small primary afferent spinal neurons 

and the degeneration of unmyelinated fibers in a dose-dependent manner 

(Hiura et al. 1999; Hiura 2000; Hiura et al. 2002; Nagy et al. 1983). This 

damage translates to a shift in the size distribution of dorsal root ganglia 

(DRG) cells toward larger neurons and myelinated fibers later in life (Hiura 

2000). It has been previously reported that capsaicin also induces degeneration 

of peripheral afferents in skin, cornea, urinary bladder and gut (Holzer et al. 

1982; Fujita et al. 1987; Hiura et al. 1999). However, the ability of primary 

sensory neurons damaged by capsaicin to regenerate afferent fibers is still not 

completely understood. It has been reported that capsaicin treatment results in 

long-term losses in nociceptive fields and C-fiber conduction (Chung et al. 

1990). Conversely, it has been also shown that systemic pretreatment with 

capsaicin results in increased fiber outgrowth in DRG cultures (Winter et al. 

1992). The above studies indicate that capsaicin administration causes axonal 

degeneration in neonatal and adult rats, but evidence that capsaicin treatment 

results in destruction of primary afferent neuron cell bodies, especially in adult 

animals, is equivocal and incomplete. Studies conducted in numerous research 

centers around the world have shown that afferent sensory fibers supplying the 

gastrointestinal tract originate from neurons located in the NG (Figure 2) and 

from sensory neurons of the dorsal root ganglia (DRG) at the thoracic and 

lumbar level (Gallaher et al. 2010). Our results showed that the majority of 

sensory neurons in the NG contain ionotropic glutamate receptors (NMDA). 

However, the structure of the NMDA receptor is not homogeneous (Czaja et 

al. 2006a; Czaja et al. 2006b). Immunoreactivity of the NMDA NR1 subunit 

was observed in 92.3% of the population of neurons located in the NG. The 

NR2B subunit was present in 56.7% of the neurons, NR2C was observed in 

49.4% of the population and the NR2D subunit was present only in 13.5% of 

the total population of neurons in the NG. 
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These studies showed that the primary sensory neurons located in the NG 

can be activated by glutamate, which is the main neurotransmitter in the CNS. 

Lack of homogeneity of the NMDA receptor found in our study also points to 

the possibility of specialization dependent on the phenotype in the 

transmission of sensory signals and NMDA phenotype-specific sensitivity to 

capsaicin action. 

Studies of the spinal primary sensory neurons, innervating the upper 

gastrointestinal tract, showed that the vast majority of afferents originate from 

thoracic (T8-T13) and lumbar (L1-L2) DRGs (Gallaher et al. 2010). In 

addition, over 80% of the population expressed an NR1 subunit of an NMDA 

receptor, which suggests that glutamate is also an important neurotransmitter 

in the spinal sensory component of the PNS. 

Both previously published studies, on the DRG and NG and our results, 

showed that a large population of primary sensory neurons (~ 60% - ~ 80%) 

expresses a TRPV1 receptor and is sensitive to capsaicin (Czaja et al. 2008) 

and contains the sodium ion channel NAV1.8 (Gallaher et al. 2010). 

In summary, our studies showed that the vast majority of primary sensory 

neurons, innervating intraperitoneal organs, is represented by the population of 

unmyelinated neurons, sensitive to capsaicin. They also showed that glutamate 

can activate these neurons, becoming an important neurotransmitter in the 

peripheral sensory system. Therefore, the role of capsaicin in glutamate 

signaling requires further investigations. 

The next step in our studies was to examine long-term damage-related 

changes in primary sensory neurons following capsaicin treatment. Due to the 

fact that most primary sensory neurons contain TRPV1 (Berthoud et al. 1997), 

intraperitoneal injection of capsaicin has become an appropriate tool to 

damage the sensory afferent fibers innervating visceral organs, originating 

from the NG and the DRG. We used a neurotoxic dose of capsaicin (125 mg/ 

kg) to cause not only activation but also death of primary sensory neurons. An 

intraperitoneal injection of capsaicin caused the death of about half the 

neurons in the NG (Czaja et al. 2008) and DRG (Gallaher et al. 2010) and was 

observed a month after the administration of the neurotoxin. Capsaicin-

induced neuronal death was accompanied by loss of immunoreactivity against 

TRPV1, NMDA, and Nav1.8 in NG (Gallaher et al. 2011; Czaja et al. 2008) 

and DRG (Gallaher et al. 2010; Gallaher et al. 2014). In the NG, TRPV1 

receptor expression was decreased from 60% to 10% at three days post 

treatment (Czaja et al. 2008). While in DRG we observed the significant 

gradual decrease in TRPV1 mRNA levels from day 1 till day 15 after the 

capsaicine administration (Gallaher et al. 2014). 
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Our studies also revealed that capsaicin treatment gradually reduced the 

number of the NR1 subunit of the NMDA receptor-expressing neurons in NG 

up to 180-days post-injection (Gallaher et al. 2011). We found Nav1.8 to be 

present in 40% of spinal viscerosensory afferents under normal conditions, 

consistent with previous reports (Decosterd et al. 2002). Three days after 

capsaicin treatment, both mRNA and immunoreactivity for Nav1.8 were 

reduced by approximately half. Because Nav1.8 is preferentially expressed in 

C- and Ad-type neurons that also express the capsaicin receptor (Amaya et al. 

2000; Djouhri et al. 2003), this finding is not unexpected. 

And finally, our recently published stereological quantification, of neurons 

in the right fifth lumbar dorsal root ganglion, showed that the number of 

neurons in the DRG is significantly reduced 30 days post-capsaicin (Gallaher 

et al. 2014). We also observed an activation of the apoptosis cascade revealed 

by an increased expression of cleaved caspase-3. Damaged neurons revealed a 

nuclear decompartmentalization. 

The number of neurons, prelabeled by the retrograde tracer fast blue (FB), 

injected into the sciatic nerve, seven days prior to administration of capsaicin, 

showed that prelabeled neurons were destroyed within 30 days of capsaicin 

administration. Real-time RT-PCR results for the neuronal cytoskeletal protein 

b-III tubulin, the capsaicin receptor TRPV1, and caspase-3, reflected the loss 

of capsaicin-sensitive neurons through apoptosis. 

In summary, the previously published results and studies from our 

laboratory show that capsaicin treatment results in significant damage of 

primary sensory neurons and death of at least 50% of vagal and spinal afferent 

neurons in NG and DRG (respectively). The damaging force of capsaicin in 

the sensory division of the PNS is well established, but the cascade of events 

following the neuronal damage and death needs further investigations. 

Our studies aimed at determining the long-term effect of capsaicin, on 

sensory neurons, brought surprising and very intriguing results. We found that 

the loss of SN was not permanent. In fact, about two months after the 

capsaicin-induced neuronal death in both the NG and The DRG, the number of 

ganglion neurons was restored to the level observed in control animals 

(Gallaher et al. 2010; Gallaher et al. 2011; Gallaher et al. 2014; Czaja et al. 

2008). By 180 days, after systemic capsaicin treatment, the numbers of 

neurons in NG of capsaicin-treated rats exceeded the numbers observed in 

control rats (Gallaher et al. 2011). This restoration in the number of vagal 

sensory neurons in NG led us to hypothesize that a significant population of 

newly differentiated neurons replaced neurons that died following capsaicin 

treatment. 
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Figure 3. Bromodeoxyuridine (5-bromo-2'-deoxyuridine, BrdU) is a synthetic 

nucleoside that is an analog of thymidine. BrdU is commonly used in vivo for 

detection of proliferating cells. BrdU can be incorporated, during the S phase of the 

cell cycle, into the newly synthesized DNA of replicating cells, replacing thymidine 

during DNA replication. Antibodies can then be used to detect the incorporated BrdU, 

labelling cells that were actively replicating their DNA. 

Further investigations were designed to determine the phenotype changes 

in a ganglionic environment following capsaicin treatment. We found that 

after a period of sixty days the total number of sensory neurons in the ganglia, 

representing different subpopulations (TRPV1, NMDA and Nav1.8), returned 

to a level that was observed in control animals (Gallaher et al. 2011; Gallaher 

et al. 2014; Czaja et al. 2008). The described phenomenon can be interpreted 

in two ways. First, the damaged neurons can change their morphology and 

immunoreactivity, and not be recognized by the applied markers and 

antibodies against neuronal antigens tested. This damage-induced loss of 

immunoreactivity was previously reported in the CNS (Bywood and Johnson 

2000). However, we also found that a significant number of neurons were 

labeled with markers of cell death, TUNEL and caspase (Czaja et al. 2008). 

Moreover, thirty and sixty days after the capsaicin treatment we observed 

an increased incorporation of 5-bromo-2-deoxyuridin (BrdU), a synthetic 

thymidine analogue, used as a marker of DNA synthesis (Takahashi et al. 

1992; Nowakowski et al. 1989; Hayes and Nowakowski 2002; Caviness, Jr. et 
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al. 2003) (Figure 3). This discovery suggested a second, much more exciting 

interpretation of the results. 

The above observation allowed us to test the hypothesis that the capsaicin-

induced death of primary sensory neurons in the ganglia (NG and DRG) 

activates a cascade of events leading to proliferation of endogenous cells and 

formation of new neurons, which restore the damaged peripheral sensory 

pathways. This hypothesis, although very revolutionary, was suggested by 

earlier in vitro studies (Arora et al. 2007). 

However, the source and the phenotype of cells that restore neuronal 

number in sensory ganglia, following capsaicin treatment, was not known. 

Pluripotent precursor cells might be present in the adult NG or they might 

differentiate from resident glia following capsaicin treatment. Populations of 

neurons expressing nestin, a marker related to maturation of neuronal 

precursors, were previously reported in tri-geminal ganglion of adult rats 

(Lagares et al. 2007). 

Additionally, precursor cells with similar gene expression profiles to those 

reported in trigeminal ganglion have also been shown in dorsal root ganglia in 

the adult rat (Li et al. 2007). 

Alternatively, it is conceivable that precursors migrate to the ganglion 

from other locations and then differentiate into neurons. A third possibility is 

that some neurons of the adult NG retain the potential to divide and generate 

new neurons after their axons are lost due to capsaicin action. Induced division 

of neurons derived from the stem cells has been previously reported in vitro 

(Lin et al. 2004). 

In vivo studies conducted in our laboratory clearly indicate that, in 

addition to regeneration of damaged neurons by capsaicin, which survive and 

rebuild the damaged axons (Ryu et al. 2010), a significant population of 

ganglion cells, most likely so-called satellite glia cells (SG), is activated to 

divide (Figure 4) and differentiate in glia cells or neurons (Gallaher et al. 

2011; Gallaher et al. 2014; Czaja et al. 2008). 

Further studies revealed the presence of nestin, a marker of stem cells in 

the SG, which proves their proliferative potential (Gallaher et al. 2011). SG 

under the influence of events induced by capsaicin enter the cell cycle, 

synthesize DNA (BrdU incorporation) and show immunoreactivity against Ki-

67, antigen present in the active phases of the cell cycle (Gallaher et al. 2011). 

Moreover, we found that both the central axons from NG neurons forming 

synaptic connections in the medulla and the peripheral which innervate the 

upper gastrointestinal tract, are rebuilt after sixty days following the injury 

(Ryu et al. 2010; Gallaher et al. 2011). 
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Figure 4. Satellite glia cells (arrows) in the DRG co-express the glial cell marker 

glutamine synthetase (GS; red, left) and the progenitor cell marker nestin (green, left). 

Capsaicin treatment induced proliferation of satellite glia reflected by BrdU 

incorporation (green, right) in nestin-positive cells (red, right). 

In the most recent study, we injected a retroviral vector containing the 

sequence for GFP directly into the fifth lumbar DRG to determine the 

phenotype of dividing cells in the DRG after capsaicin treatment (Gallaher et 

al. 2014). This replication-incompetent vector is incorporated into the DNA 

only if a cell is undergoing mitosis (Lewis and Emerman 1994). However, 

once the gene has been incorporated, it is stably expressed and passed on to 

any further progeny. We injected the viral vector at one day or 15 days post-

capsaicin to catch the time points from the BrdU experiment that showed the 

maximal amount of proliferation and when proliferation had returned to 

baseline, respectively. By this method, we showed a significant increase in 

GFP-expressing cells one day following systemic administration of capsaicin. 

The highly correlated increase in proliferation at early time points between 

resident macrophages and SGs and the potential overlap in the roles of these 

two cell populations suggest that initial SG proliferation serves to support 

damaged neurons before apoptotic pathways take over. Although SGs, present 

in sensory ganglia, express nestin and, following capsaicin treatment, increase 

proliferation prior to increases in neuronal numbers, the precise role of these 

cells remains unknown. Future work should be aimed at identifying the 

specific factors responsible for activating these potential neural progenitors. 

The next step in our research was to determine whether restored neural 

connections are functional. We used intraperitoneal administration of 

cholecystokinin (CCK), which is specifically acting via the vagus nerve to 

reduce an appetite (Campos et al. 2012; Campos et al. 2013). 



Creative Destruction in the Peripheral Nervous System 11 

Our results showed that capsaicin significantly reduced the effect of CCK, 

which confirmed the damage to the peripheral axons of the vagus nerve 

(Gallaher et al. 2011). However, 300 days after injury, the effect of CCK was 

restored. In addition, a very interesting fact is that, at this time, the number and 

immunohistochemical characterization of neurons in the NG returned to that 

observed in control animals. 

Moreover, the quantification of paw withdrawal latency in response to a 

hot plate showed that heat sensation, normally mediated by TRPV1-expressing 

neurons, was restored at 60 days postcapsaicin. In summary, these results 

show that following capsaicin-induced neuronal death the PNS harbors 

progenitor cells that are capable of proliferating and differentiating into new 

neurons. Subsequently, these newly formed neurons are capable of integrating 

into the PNS circuitry and contributing to the restoration of lost functions. 

In conclusion, the series of studies reviewed in this chapter clearly show 

the destructive nature of capsaicin with respect to primary sensory neurons.  

It is revealed by killing about 50% of neurons in sensory ganglia.  

However, capsaicin also has a creative nature reflected by inducing a cascade 

of events leading to an activation of endogenous multipotent cells in the 

sensory ganglia. These cells enter the cell cycle, divide and differentiate to 

form new glia and functional neurons, integrating into the PNS circuitry. 

Although the work reviewed above provides convincing evidence for 

capsaicin-induced repair and neurogenesis in the adult nervous system, the 

precise mechanism by which this occurs is not understood. One of the key 

pathways regulating cell proliferation in the nervous system is WNT 

(wingless-type MMTV integration site family)/ β-catenin signaling (Wexler et 

al. 2009). 

The potential role of WNT signaling following capsaicin-induced damage 

has previously been suggested (Czaja K et al. 2011). 

The complete understanding of molecular mechanisms of neurogenic 

capsaicin action and the ability to manipulate the population of endogenous 

ganglionic progenitors is a fundamental step towards the use of this alternative 

(to embryionic) reserve of stem cells to repair damaged nervous system.  

This knowledge will help to develop methods to repair damaged CNS, arising 

as a result of illness or accident. 
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