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I INTRODUCTON 

1. LƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ǇŀƛƴΦ 

According to the definition given by the International Association for the Study of Pain (IASP), 

pain ƛǎ άŀƴ ǳƴǇƭŜŀǎŀƴǘ ǎŜƴǎƻǊȅ ŀƴŘ ŜƳƻǘƛƻƴŀƭ experience that is primarily associated with tissue 

damage or described in such ǘŜǊƳǎέ (Merskey, 1986). As inferred from the previous line, an 

unpleasant sensation confined to a definite anatomical area of the sufferer is not enough to 

categorize pain, but coexists with cognitive and emotional components that escape to the 

ŜȄǘŜǊƴŀƭ ƻōǎŜǊǾŜǊΩǎ ŜȅŜ. That is, pain is a personal and subjective experience (Melzack and Katz, 

2001).  

The significance and vocabulary related to pain varied among societies and ages alike 

throughout world history. In Europe, mentions to pain lexicon and its meaning can yet be found 

in texts so distant in the past such as those of the Ancient Greece (Rey et al., 1998). Thereafter, 

influx of new medical practices and knowledge by the hand of the Islamic expansion during 

Middle Ages, followed by the advances in anatomy and war surgery during the Modern Age, 

prepared the land for the upcoming medical schools and treatises in the study of pain, hence 

contributing to globalisŜ ǘƘŜ ŎƻƴŎŜǇǘΣ ǎǘǳŘȅ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ƻŦ ǇŀƛƴΦ ¢ƻ ǘƘƛǎ ǊŜǎǇŜŎǘΣ 5ŜǎŎŀǊǘŜǎΩ 

¢ǊŀƛǘŞ ŘŜ ƭΩƘƻƳƳŜ (1664) signifies the first incursion into pain transmission as we know it today 

(see Fig.1). 

 

 

Figure 1. Illustration of the pain pathway in René Descartes' 

Traité de l'homme (Treatise of Man) 1664. According to 

Descartes, if a fire (A) comes near a foot (B), the minute particles 

residing in it, which move with great velocity, have the power to 

make the area of skin they touch to rustle, thus pulling upon an 

internal thread (C-C) it is attached to and causing a pore (d e) at 

the opposite end of the thread to open up. This causes the spirits 

to leave the compartment where they were confined in (F) 

towards the muscles. Consequently, the foot is withdrawn from 

the fire and therefore kept out of danger. Descartes approached 

herein the concept of pain for the first time as an alarm system, 

which he explained ǿƛǘƘ ŀ ƳŜǘŀǇƘƻǊΥ άǇǳƭƭƛƴƎ on one end of a 

cord one makes to strike at the same instant a bell which hangs 

at the opposite ŜƴŘέΦ  

¢ƘŜ ŎƻƴŎŜǇǘ ƻŦ ƴƻŎƛŎŜǇǘƻǊ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ōȅ 9ƴƎƭƛǎƘ ƴŜǳǊƻǇƘȅǎƛƻƭƻƎƛǎǘ /ƘŀǊƭŜǎ {Ŏƻǘǘ 

{ƘŜǊǊƛƴƎǘƻƴ όмурт-мфрнύΣ ǿƘƻ ŘŜǾŜƭƻǇŜŘ 5ŜǎŎŀǊǘŜǎΩ ƛŘŜŀǎ ƛƴ ¢ƘŜ ƛƴǘŜƎǊŀǘƛǾŜ ŀŎǘƛƻƴ ƻŦ ǘƘŜ ƴŜǊǾŜ 

ǎȅǎǘŜƳ όмфлсύ ŀƴŘ ¢ƘŜ ǊŜŦƭŜȄ ŀŎǘƛǾƛǘȅ ƛƴ ǘƘŜ ǎǇƛƴŀƭ ŎƻǊŘ όмфонύΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ ƳǳƭǘƛŦŀŎŜǘŜŘ 

ŦƛƎǳǊŜ ƻŦ 9ƴƎƭƛǎƘ ƴŀǘǳǊŀƭƛǎǘ IŜǊōŜǊǘ {ǇŜƴŎŜǊ όмунл-мфлоύ Ƙŀǎ ōŜŜƴ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ƛƴǘŜƎǊŀǘƛƻƴ ƻŦ 
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Ǉŀƛƴ ŀƴŘ ŜƳƻǘƛƻƴǎ ŘǳǊƛƴƎ ƛǘǎ ǘƛƳŜ ŎƻǳǊǎŜΣ ǿƘŜƴŎŜ ǇƘȅǎƛƻƭƻƎȅ ŀƴŘ ǇǎȅŎƘƻƭƻƎȅ ƭŜŘ ƛƴ ǘƘŜ нлǘƘ 

ŎŜƴǘǳǊȅ ǘƻ ŘŜŦƛƴƛǘƛƻƴǎ ƻŦ Ǉŀƛƴ ƛƴ ǘŜǊƳǎ ƻŦ ƛƴƴŀǘŜ ŀƴŘ ŎƻƴŘƛǘƛƻƴŜŘ ǊŜŦƭŜȄ ǊŜǎǇƻƴǎŜǎ ǘƻ ƴƻȄƛƻǳǎ 

ǎǘƛƳǳƭŀǘƛƻƴΦ  

!ƳŜǊƛŎŀƴ ǇƘȅǎƛƻƭƻƎƛǎǘǎ ²ŀƭǘŜǊ .ǊŀŘŦƻǊŘ /ŀƴƴƻƴ όмутм-мфпрύ ŀƴŘ Ƙƛǎ ŘƛǎŎƛǇƭŜ tƘƛƭƛǇ .ŀǊŘ όмуфу-

мфттύ ǘƛƳƛŘƭȅ ǎǘŀǊǘŜŘ ŦƭƛǊǘƛƴƎ ǿƛǘƘ ǘƘŜ ǊƻƭŜ ƻŦ ŜƳƻǘƛƻƴǎ ŀƴŘ ǘƘŜ ŀǳǘƻƴƻƳƻǳǎ ǎȅǎǘŜƳ ƛƴ ǇŀƛƴΣ 

ƻǇŜƴƛƴƎ ǘƘŜ ƴŜǿ ŦƛŜƭŘ ƻŦ ōƛƻǇǎȅŎƘƻƭƻƎȅ ƻŦ ŜƳƻǘƛƻƴǎΦ !ƭǎƻ !ƳŜǊƛŎŀƴ ƴŜǳǊƻǇǎȅŎƘƛŀǘǊƛǎǘ 9ǊƛŎ 

YŀƴŘŜƭ όмфнфύ ǿƛǘƘ Ƙƛǎ ǿƻǊƪǎ ƻƴ !Ǉƭȅǎƛŀ ŎŀƭƛŦƻǊƴƛŎŀ ŜǎǘŀōƭƛǎƘŜŘ ǘƘŜ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ōŀǎŜǎ 

ƻŦ ƳŜƳƻǊȅ ƛƴǘǊƻŘǳŎƛƴƎ ǘƘŜ ƳƻŘŜǊƴ ǘŜǊƳǎ ƻŦ ƘŀōƛǘǳŀǘƛƻƴΣ ǎŜƴǎƛǘƛǎŀǘƛƻƴ ŀƴŘ ŎƻƴŘƛǘƛƻƴƛƴƎΦ [ŀǘŜǊ 

ƻƴΣ ƛƴ мфсрΣ /ŀƴŀŘƛŀƴ ǇǎȅŎƘƻƭƻƎƛǎǘ wƻƴŀƭŘ aŜƭȊŀŎƪ όмфнфύ ǘƻƎŜǘƘŜǊ ǿƛǘƘ Ƙƛǎ 9ƴƎƭƛǎƘ ŎƻƭƭŜŀƎǳŜΣ 

ǘƘŜ ƴŜǳǊƻǎŎƛŜƴǘƛǎǘ tŀǘǊƛŎƪ ²ŀƭƭ όмфнр-нллмύ ōǊƻƪŜ ƛƴǘƻ ǘƘŜ ƘƛǎǘƻǊȅ ƻŦ Ǉŀƛƴ ǊŜǎŜŀǊŎƘ ǿƛǘƘ ŀ 

ǊŜǾƻƭǳǘƛƻƴŀǊȅ ǘƘŜƻǊȅ ƻƴ ƛǘǎ ǿƘƻƭŜ ŎƻƴŎŜǇǘΥ ǘƘŜ ƎŀǘŜ ŎƻƴǘǊƻƭ ǘƘŜƻǊȅ ƻŦ ǇŀƛƴΦ  

¢ƘŜ ƎŀǘŜ ŎƻƴǘǊƻƭ ǘƘŜƻǊȅ ǳƴƛŦƛŜŘ ǘƘŜ ǘǊŜƴŘǎ ǎŜŜƴ ŦƻǊ ǘƘŜ мфǘƘ ŀƴŘ нлǘƘ ŎŜƴǘǳǊȅ ŀƴŘ ŀŘŘŜŘ ǘƘŜ 

ŎƻƴŎŜǇǘ ƻŦ ŎŜƴǘǊŀƭ ŎƻƴǘǊƻƭ ƎƛǾƛƴƎ ŀ ŘƻƳƛƴŀƴǘ ǊƻƭŜ ǘƻ ǘƘŜ ōǊŀƛƴΥ ǇǎȅŎƘƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ƛƴ ǘƘŜ 

ōǊŀƛƴ ǎǳŎƘ ŀǎ Ǉŀǎǘ ŜȄǇŜǊƛŜƴŎŜΣ ǎǳƎƎŜǎǘƛƻƴΣ ŀƴŘ ŀǘǘŜƴǘƛƻƴ όǎǳōƧŜŎǘƛǾŜ ǇŜǊŎŜǇǘƛƻƴǎύ ƳƻŘǳƭŀǘŜ 

Ǉŀƛƴ-ǎƛƎƴŀƭƭƛƴƎ ǘǊŀƴǎƳƛǎǎƛƻƴ Řƻǿƴ ƻƴ ǘƘŜ ǎǇƛƴŀƭ ŎƻǊŘ ōȅ ǘƘŜ ǊŜƭŀǘƛǾŜ ŀŎǘƛǾƛǘȅ ƻŦ ƛƴŎƻƳƛƴƎ ƭŀǊƎŜ 

ŀƴŘ ǎƳŀƭƭ ŦƛōǊŜǎ ŀƴŘ ōȅ ŘŜǎŎŜƴŘƛƴƎ ƳŜǎǎŀƎŜǎ ŦǊƻƳ ǘƘŜ ōǊŀƛƴ όǎŜŜ CƛƎΦнύΦ Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŀǘΣ 

aŜƭȊŀŎƪ ŎƻƴǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ƴŜǳǊŀƭ ǇƭŀǎǘƛŎƛǘȅ ŀƴŘ ŎƘǊƻƴƛŎ ǇŀǘƘƻƭƻƎƛŎŀƭ Ǉŀƛƴ ǘƘŜƻǊƛŜǎ ŀǎ ǿŜƭƭ ό²ŀƭƭ 

Ŝǘ ŀƭΦΣ мффпύΣ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘŜ ƴŜȄǘ ǎŜŎǘƛƻƴǎΦ 
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CƛƎǳǊŜ нΦ DŀǘŜ ŎƻƴǘǊƻƭ ǘƘŜƻǊȅΦ ¦ǇǇŜǊ ǇŀƴƴŜƭ ό!ύΦ ²ƘŜƴ ŀ ƘŀƴŘ ƛǎ ǘƘǊǳǎǘ ƛƴǘƻ ŀ ŦƛǊŜ όмύΣ ǘƘŜ ǎǘƛƳǳƭǳǎ ŜƴŜǊƎȅ ǘǊŀƴǎŦƻǊƳŜŘ ƛƴǘƻ 

ŀŎǘƛƻƴ ǇƻǘŜƴǘƛŀƭǎ ƛǎ ǘǊŀƴǎƳƛǘǘŜŘ ǘƘǊƻǳƎƘ ŀŦŦŜǊŜƴǘ ƭŀǊƎŜ ό!ʰ ŀƴŘ !ʲύ ŀƴŘ ǎƳŀƭƭ ŦƛōǊŜǎ ό!ʵ ŀƴŘ /ύ ǘƻ ǎŜŎƻƴŘŀǊȅ ƴŜǳǊƻƴǎ ƛƴ ǘƘŜ 

ŘƻǊǎŀƭ ƘƻǊƴ ƻŦ ǘƘŜ ǎǇƛƴŀƭ ŎƻǊŘ όнύΦ hƴ ǘƘŜ ǿŀȅΣ ƛƴŎƻƳƛƴƎ ŀŎǘƛƻƴ ǇƻǘŜƴǘƛŀƭǎ Ŏŀƴ ŀƭǎƻ ŀŎǘƛǾŀǘŜ ƛƴƘƛōƛǘƻǊȅ ƛƴǘŜǊƴŜǳǊƻƴǎ όоύ ǿƘƛŎƘ Ƴŀȅ 

ƘƛƴŘŜǊ ƛƴ ǘǳǊƴ ǘƘŜǎŜ ǇǊƛƳŀǊȅ ŀŦŦŜǊŜƴǘ ŦƛōǊŜǎ ŦǊƻƳ ŦǳǊǘƘŜǊ ǎƛƎƴŀƭƭƛƴƎ όпύΦ !ǎ ǊŜǎǳƭǘ ƴƻ ƳƻǊŜ ƳŜǎǎŀƎŜǎ ŀǊŜ ǊŜƭŜŀǎŜŘ ōȅ н
ƴŘ
 ƻǊŘŜǊ 

ƴŜǳǊƻƴǎ ǘƻ ǘƘŜ ōǊŀƛƴ όрύΦ IƻǿŜǾŜǊ ƛŦ ŀ ŎƻƴǎƛŘŜǊŀōƭŜ ŀƳƻǳƴǘ ƻŦ ŀŎǘƛƻƴ ǇƻǘŜƴǘƛŀƭǎ ǊŜŀŎƘŜǎ ǘƘŜ ǳǇǇŜǊ ŎŜƴǘǊŜǎ ƛƴ ǘƘŜ ōǊŀƛƴΣ ŀ ŎŜƴǘǊŀƭ 

ŎƻƴǘǊƻƭ ƳŜŎƘŀƴƛǎƳ ŀŎǘƛǾŀǘŜǎ ŀƴŘ ŀ ŘŜǎŎŜƴŘƛƴƎ ƳƻŘǳƭŀǘƻǊȅ ǇŀǘƘǿŀȅ Ƴŀȅ ŜƛǘƘŜǊ ŀŎǘƛǾŀǘŜ ŀŘŘƛǘƛƻƴŀƭ ƛƴƘƛōƛǘƻǊȅ ƛƴǘŜǊƴŜǳǊƻƴǎ ƻǊ 

ƛƴƘƛōƛǘ н
ƴŘ
 ƻǊŘŜǊ ƴŜǳǊƻƴǎ ŀǘ ǘƘŜ ŘƻǊǎŀƭ ƘƻǊƴ όсύΦ ¢Ƙŀǘ ƛǎΣ ǘƘŜ ŎŜƴǘǊŀƭ ƴŜǊǾƻǳǎ ǎȅǎǘŜƳ ƳƻŘǳƭŀǘŜǎ ǘƘŜ ƛƴŎƻƳƛƴƎ ǎƛƎƴŀƭǎ ōŜŦƻǊŜ ǘƘŜ 

ǘƘǊŜŀǘ ŀ ƴƻȄƛƻǳǎ ǎǘƛƳǳƭǳǎ Ŏŀƴ ǎǳǇǇƻǎŜΦ [ƻǿŜǊ ǇŀƴŜƭ ό.ύΦ !ŎǘƛǾŀǘŜŘ ƛƴƘƛōƛǘƻǊȅ ƛƴǘŜǊƴŜǳǊƻƴǎ Ƴŀȅ ŀƭǎƻ ƳŀƪŜ ŎƻƴǘŀŎǘ ŀƴŘ ƛƴƘƛōƛǘ 

ǎŜŎƻƴŘŀǊȅ ƴŜǳǊƻƴǎ όпύ ŀƴŘ ŀŎǘƛǾŀǘŜŘ н
ƴŘ
 ƻǊŘŜǊ ƴŜǳǊƻƴǎ ǘƘŜƳǎŜƭǾŜǎ Ŏŀƴ ǎǘƛƳǳƭŀǘŜ ƛƴƘƛōƛǘƻǊȅ ƛƴǘŜǊƴŜǳǊƻƴǎ ōȅ ŀ ǇǊƻŎŜǎǎ ƪƴƻǿƴ ŀǎ 

ƭŀǘŜǊŀƭ ƛƴƘƛōƛǘƛƻƴ ǘƻƻ όрύΣ ƻǊ ƻƴ ǘƘŜ ŎƻƴǘǊŀǊȅ ǎŜƴŘ ŀŎǘƛƻƴ ǇƻǘŜƴǘƛŀƭǎ ǘƻ ǘƘŜ ƴŜȄǘ ƴŜǳǊƻƴ ƭƻŎŀǘŜŘ ŀǘ ƘƛƎƘŜǊ ŎŜƴǘǊŜǎ ƛƴ ǘƘŜ ōǊŀƛƴ όрύΦ  

1.1. tŀƛƴ ǇƘȅǎƛƻƭƻƎȅΦ 

Lƴ ƎŜƴŜǊŀƭ ǘŜǊƳǎΣ Ǉŀƛƴ ƛǎ ŀ ƴŀǘǳǊŀƭ ƳŜŎƘŀƴƛǎƳ ǘƘŀǘ ǿƻǊƪǎ ƻƴ ōŜƘŀƭŦ ƻŦ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ 

ŀǾƻƛŘƛƴƎ ǘƘŜ ǎǘƛƳǳƭƛ ǘƘŀǘ ŎƻǳƭŘ ǊŜǇǊŜǎŜƴǘ ŀ ǇƻǘŜƴǘƛŀƭ ŘŀƳŀƎŜ ǘƻ ǘƘŜ ƛƴǘŜƎǊƛǘȅ ƻŦ ǘƘŜƳǎŜƭǾŜǎΦ 

¢Ƙƛǎ ǇǊƻǘŜŎǘƛǾŜ ƳŜŎƘŀƴƛǎƳ ƛǎ ƪƴƻǿƴ ŀǎ ŀŎǳǘŜ ƻǊ ǇƘȅǎƛƻƭƻƎƛŎŀƭ Ǉŀƛƴ ŀƴŘ ƛǘǎ Ǝƻŀƭ ƛǎ ǘƻ ŘǊƛǾŜ 

ǘƘŜ ōŜƘŀǾƛƻǳǊǎ ǘƘŀǘ ǊŜƳƻǾŜ ƻǊ ƳƛƴƛƳƛȊŜ ǘƘŜ ǘƘǊŜŀǘ όL!{t {ŎƛŜƴǘƛŦƛŎ tǊƻƎǊŀƳ /ƻƳƳƛǘǘŜŜΣ 

нлмпύΦ 
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.ǊƛŜŦƭȅΣ ŀ ƴƻȄƛƻǳǎ ǎǘƛƳǳƭǳǎ ςƘƛƎƘ ƛƴǘŜƴǎƛǘȅ ǘƘŜǊƳŀƭΣ ƳŜŎƘŀƴƛŎŀƭ ƻǊ ŎƘŜƳƛŎŀƭς ŀŎǘƛǾŀǘŜǎ ŀ 

ǎȅǎǘŜƳ ǘƘŀǘ ǎǘŀǊǘǎ ŀǘ ǘƘŜ ǇŜǊƛǇƘŜǊŀƭ ǘŜǊƳƛƴŀƭǎ ƻŦ ǇǊƛƳŀǊȅ ŀŦŦŜǊŜƴǘ ǎŜƴǎƻǊȅ ƴŜǳǊƻƴǎΥ ǘƘŜ ǎƻ-

ŎŀƭƭŜŘ ƴƻŎƛŎŜǇǘƻǊǎΦ ¢ƘŜ ǎǘƛƳǳƭǳǎ ƛǎ ǘƘŜƴ ŎƻŘƛŦƛŜŘ ƛƴǘƻ ŀŎǘƛƻƴ ǇƻǘŜƴǘƛŀƭǎ ǘƘŀǘ ǘǊŀǾŜƭ ƛƴǿŀǊŘǎ ŀǎ 

ƴŜǊǾŜ ŜƭŜŎǘǊƛŎ ƛƳǇǳƭǎŜǎΣ ǿƛǘƘ ǊŜƭŀȅǎ ǘƘǊƻǳƎƘ ǎǇƛƴŀƭ ŀƴŘ ǎǳǇǊŀǎǇƛƴŀƭ ƴǳŎƭŜƛ όōǊŀƛƴ ǎǘŜƳΣ 

ǘƘŀƭŀƳǳǎύ ƛƴ ǘƘŜ ŎŜƴǘǊŀƭ ƴŜǊǾƻǳǎ ǎȅǎǘŜƳ ό/b{ύΣ ŀƴŘ ǳƭǘƛƳŀǘŜƭȅ ŀŎǘƛǾŀǘŜǎ ŀ ƳŀǘǊƛȄ ƻŦ ŎƻǊǘƛŎŀƭ 

ŀǊŜŀǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ƳǳƭǘƛǇƭŜ ŎƻƴǎŎƛƻǳǎ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ǇŀƛƴΦ ¢Ƙƛǎ ƛǎ ŀŎǘǳŀƭƭȅ ŀ ŎƻƳǇƭŜȄ 

ǇǊƻŎŜǎǎ ƳƻŘǳƭŀǘŜŘ ōȅ ŘƛǾŜǊǎŜ ǘŀǊƎŜǘǎ ŀƴŘ ŀŎǘƻǊǎ ŀǘ ŘƛŦŦŜǊŜƴǘ Ǉƻƛƴǘǎ ŀƭƭ ƻǾŜǊ ǘƘŜ ǎŜƴǎƻǊȅ 

ǘǊŀŎǘǎ όYƛǘŀƘŀǘŀΣ мффоύ όCƛƎΦ оύΦ tƘȅǎƛƻƭƻƎƛŎŀƭ Ǉŀƛƴ ƛǎ ǘƘŜǊŜŦƻǊŜ ŀ ŘŜŦŜƴŎŜ ǎȅǎǘŜƳ ǿƛǘƘ ǘƘŜ 

ƴŜǳǊŀƭ ǇǊƻŎŜǎǎ ƛǘǎŜƭŦ ŀǎ ƛǘǎ ƳŀƧƻǊ ŎƻƳǇƻƴŜƴǘΦ ¢Ƙŀǘ ƛǎΣ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ŜȄǘŜǊƴŀƭ ƛƴǎǳƭǘ ōȅ 

ǘƘŜ ƴŜǊǾƻǳǎ ǎȅǎǘŜƳΦ ¢Ƙƛǎ ŀƭŜǊǘ ǇŜǊŎŜǇǘƛƻƴ ŎƻƳƳƻƴƭȅ ŘƛǎŀǇǇŜŀǊǎ ŀǎ ǘƘŜ ƻǊƛƎƛƴŀǘƛƴƎ ƴƻȄƛƻǳǎ 

ǎƻǳǊŎŜ ƳƻǾŜǎ ƻŦŦ ό/ŜǊǾŜǊƻ ŀƴŘ [ŀƛǊŘΣ мффсύΦ 

¦ƴǘƛƭ ǘƘŜ мфслǎ όǘƘŜ ƎŀǘŜ ŎƻƴǘǊƻƭ ǘƘŜƻǊȅ ǿŀǎ ǇǳōƭƛǎƘŜŘ ƛƴ мфсрύ ŜƳǇƘŀǎƛǎ ǿŀǎ ƎƛǾŜƴ ǘƻ 

ǎƛƎƴŀƭ ǘǊŀƴǎƳƛǎǎƛƻƴΦ IƻǿŜǾŜǊΣ ǘƘŜǎŜ Řŀȅǎ ƛǘ ƛǎ ǿƻǊƭŘǿƛŘŜ ŀŎŎŜǇǘŜŘ ǘƘŀǘ Ǉŀƛƴ Ƙŀǎ ōƻǘƘ 

ǎŜƴǎƻǊȅ ŀƴŘ ŜƳƻǘƛƻƴŀƭ ŦŜŀǘǳǊŜǎ ǘƘŀǘ ƳƻŘǳƭŀǘŜ ƛǘǎ Ŧƛƴŀƭ ǇŜǊŎŜǇǘƛƻƴ ŀǎ ŀ ǿƘƻƭŜΣ ǘǊŀƴǎŦŜǊǊƛƴƎ 

ǘƘŜ ǎǘǊŜǎǎ ƻƴǘƻ ǎƛƎƴŀƭ ƳƻŘǳƭŀǘƛƻƴ ό/ƘŀǇƳŀƴ ŀƴŘ bŀƪŀƳǳǊŀΣ мфффύΦ 

Lƴ ǘŜǊƳǎ ƻŦ ǎŜƴǎƻǊȅ ƴŜǳǊƻǇƘȅǎƛƻƭƻƎȅΣ ŦƻǳǊ ƴŀƳŜǎ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ƎƛǾŜƴ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴǘ 

ƳŜŎƘŀƴƛǎƳǎ ŘŜǇƛŎǘŜŘ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ǇŀǊŀƎǊŀǇƘǎ όYƛǘŀƘŀǘŀΣ мффоύΥ 

¶ ¢w!b{5¦/¢LhbΣ ǿƘƛŎƘ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ǘƘŜ ǎǘƛƳǳƭǳǎ ŜƴŜǊƎȅ ƛƴǘƻ ŜƭŜŎǘǊƛŎŀƭ 

ŀŎǘƛǾƛǘȅΦ 

¶ ¢w!b{aL{{LhbΣ ǿƘƛŎƘ ŜȄŎƭǳǎƛǾŜƭȅ ǊŜƎŀǊŘǎ ǘƘŜ ƧƻǳǊƴŜȅ ƻŦ ǎǳŎƘ ƴŜǊǾŜ ƛƳǇǳƭǎŜ ŦǊƻƳ ǘƘŜ 

ǇŜǊƛǇƘŜǊŀƭ ǎƛǘŜ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ǊŜƭŀȅ ǎǘŀǘƛƻƴǎ ƛƴ ǘƘŜ /b{Φ 

¶ t9w/9t¢LhbΣ ǘƘŀǘ ƛǎ ǘƘŜ ǎǳōƧŜŎǘƛǾŜ ŀǇǇǊŜŎƛŀǘƛƻƴ ƻŦ ǘƘŜ ƛƴŎƻƳƛƴƎ ǎƛƎƴŀƭǎ ƛƴǘŜƎǊŀǘŜŘ ŀǎ ŀ 

ǿƘƻƭŜ1 ŀƴŘ ǊŜǇǊŜǎŜƴǘŜŘ ŀǘ ǘƘŜ ǎƻƳŀǘƻǎŜƴǎƻǊȅ ŎƻǊǘŜȄΦ 

¶ !ƴŘ ah5¦[!¢LhbΣ ǿƘƛŎƘ ŎƻƴǎƛŘŜǊǎ ŘǳƳǇƛƴƎ ŀƴŘ ǎǇǳǊǊƛƴƎ ŀŎǘƛƻƴǎ ƻƴ ǘƘŜ ƴƻȄƛƻǳǎ ǎƛƎƴŀƭ 

ŀƭƻƴƎ ƛǘǎ ǘǊŀƴǎƳƛǎǎƛƻƴΦ  

                                                           

1
 Affective perception and emotional/cognitive reactions play a significant role in the perception of pain; the so-called 

experience of knowing (located at the limbic system), in comparison to the experience of feeling or detection of the 

noxious source by the nervous system itself (at the primary somatosensory cortex). Information from both 

experiences is combined and integrated in the thalamus.  



 

6 

 

I INTRODUCTON 

 
CƛƎǳǊŜ оΦ tƘȅǎƛƻƭƻƎƛŎŀƭ ǇŀƛƴΦ !ŎǘƛǾŀǘƛƻƴ ƻŦ ƴƻŎƛŎŜǇǘƛǾŜ ǎŜƴǎƻǊȅ ŦƛōǊŜǎ όмύ ƭŜŀŘǎ ǘƻ ŀ ŎƘŀƛƴ ƻŦ ŜǾŜƴǘǎ ǘƘŀǘ ŎǳƭƳƛƴŀǘŜǎ ƛƴ ǘƘŜ 

ǇŜǊŎŜǇǘƛƻƴ ƻŦ ŀ ǇŀƛƴŦǳƭ ǎǘƛƳǳƭǳǎ ǿƛǘƘƛƴ ǘƘŜ ōǊŀƛƴΦ bƻŎƛŎŜǇǘƻǊǎ ǊŜǎǇƻƴŘ ǘƻ ŀŎǳǘŜ ƻǊ ǘƘǊŜŀǘŜƴ ǘƛǎǎǳŜ-ŘŀƳŀƎƛƴƎ ǎǘƛƳǳƭƛ 

ŘƛǊŜŎǘƭȅ όŀύΣ ǘƘǊƻǳƎƘ ǘǊŀƴǎŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ǎǘƛƳǳƭǳǎ ŜƴŜǊƎȅ ōȅ ǊŜŎŜǇǘƻǊǎ ƻƴ ƴŜǊǾŜ ǘŜǊƳƛƴŀƭǎΣ ƻǊ ƛƴŘƛǊŜŎǘƭȅ όōύΣ ǘƘǊƻǳƎƘ 

ŀŎǘƛǾŀǘƛƻƴ ƻŦ ŎƘŀƴƴŜƭǎ ŀƴŘκƻǊ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ ƳƻƭŜŎǳƭŜǎ όŀƭŀǊƳƛƴǎύΣ ǿƘƛŎƘΣ ƛƴ ǘǳǊƴΣ ŀŎǘ ƻƴ ǎŜƴǎƻǊȅ ƴŜǳǊƻƴ ǊŜŎŜǇǘƻǊǎ όнύΦ ¢ƘŜ 

ȅŜǘ ŎƻŘƛŦƛŜŘ ǎǘƛƳǳƭƛ ǘǊŀǾŜƭ ƴƻǿ ŀƭƻƴƎ ǘƘŜǎŜ ǇǊƛƳŀǊȅ ƴŜǳǊƻƴǎ ŀǎ ƴŜǊǾŜ ƛƳǇǳƭǎŜǎ όоύ ŀƴŘ ŎŀǳǎŜ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ 

ƴŜǳǊƻǘǊŀƴǎƳƛǘǘŜǊ ǾŜǎƛŎƭŜǎ ƻƴ ǘƘŜ ƻǇǇƻǎƛǘŜ ŜŘƎŜΣ ŀǘ ǘƘŜ ǎȅƴŀǇǎƛǎ ǿƛǘƘ ŀ ǎŜŎƻƴŘŀǊȅ ƴŜǳǊƻƴ ŀǘ ǘƘŜ ŘƻǊǎŀƭ ƘƻǊƴ ƻŦ ǘƘŜ ǎǇƛƴŀƭ 

ŎƻǊŘΦ !ǘ ǘƘƛǎ ǇƻƛƴǘΣ ǘƘŜǊŜ ŀǊŜ ǘǿƻ ǇƻǎǎƛōƛƭƛǘƛŜǎΥ ǘƘŜ ƛƴŎƻƳƛƴƎ ƴŜǊǾŜ ŦƛōǊŜ ŎƻƴǘŀŎǘǎ ŀƴ ƛƴǘŜǊƴŜǳǊƻƴ ǿƘƛŎƘ ŎƻƴǎŜǉǳŜƴǘƭȅ 

ŀŎǘƛǾŀǘŜǎ ŀƴ ŜŦŦŜǊŜƴǘ ƳƻǘƻǊ ƴŜǳǊƻƴ ŦƻǊ ǿƛǘƘŘǊŀǿŀƭ ŦǊƻƳ ǘƘŜ ŜȄǘŜǊƴŀƭ ǎƻǳǊŎŜ ƻŦ ŘŀƳŀƎŜ όŎύΣ ƻǊ ƛǘ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ŀ ǎŜŎƻƴŘ 

ƻǊŘŜǊ ƴŜǳǊƻƴ ŀƴŘ ƛƴŦƻǊƳŀǘƛƻƴ ǘƘŜƴ ŀǎŎŜƴŘǎ ǘƘǊƻǳƎƘ ǘƘŜ ǎŜƴǎƻǊȅ ǘǊŀŎǘǎ ŀƴŘ ƛǎ ǘǊŀƴǎƳƛǘǘŜŘ ǘƻ ǘƘŜ ǘƘŀƭŀƳǳǎ όŘύΣ ǿƘŜǊŜ ŀ 

ǘƘƛǊŘ ƴŜǳǊƻƴ ǿƛƭƭ ǳƭǘƛƳŀǘŜƭȅ ǎǘƛƳǳƭŀǘŜ ǎǇŜŎƛŦƛŎ ŀǊŜŀǎ ƻŦ ǘƘŜ ǎƻƳŀǘƻǎŜƴǎƻǊȅ ŎƻǊǘŜȄ ŦƻǊ ŎƻƴǎŎƛƻǳǎ ǇŜǊŎŜǇǘƛƻƴ όпύΦ ! 

ŘŜǎŎŜƴŘƛƴƎ ǇŀǘƘǿŀȅ όŜύ ŀŎǘƛǾŀǘŜǎ ǘƘŜƴ ǘƘŜ ŜŦŦŜǊŜƴǘ ƳƻǘƻǊ ƴŜǳǊƻƴǎ ŦƻǊ ŜǎŎŀǇƛƴƎ ŦǊƻƳ ǘƘŜ ƴƻȄƛƻǳǎ ǎƻǳǊŎŜΦ ¢ƘŜ ƴƻŎƛŎŜǇǘƛǾŜ 

ǎƛƎƴŀƭ Ƴŀȅ ōŜ ƳƻŘƛŦƛŜŘ ŀƭƭ ŀƭƻƴƎ ǘƘŜ ǎŜƴǎƻǊȅ ǘǊŀŎǘΥ ŀǘ ǘƘŜ ƴƻŎƛŎŜǇǘƻǊ ƳƛƭƛŜǳΣ ŀǘ ǘƘŜ ǎǇƛƴŀƭ ŎƻǊŘ ōȅ ōȅǇŀǎǎƛƴƎ ƛƴǘŜǊƴŜǳǊƻƴǎ 

ƻǊ ŘŜǎŎŜƴŘƛƴƎ ƛƴƘƛōƛǘƻǊȅ ǎȅǎǘŜƳǎΣ ƻǊ ŀǘ ǘƘŜ ǎǳǇǊŀǎǇƛƴŀƭ ŎƻƎƴƛǘƛǾŜ ŀƴŘ ŜƳƻǘƛƻƴŀƭ ŎŜƴǘǊŜǎ όǎƛƎƴŀƭ ah5¦[!¢LhbύΦ 
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1.2. tŀǘƘƻƭƻƎƛŎ ǇŀƛƴΦ 
 

/ƘǊƻƴƛŎ Ǉŀƛƴ ƛǎ ŀ ƎǊƻǳǇ ƻŦ ƳŜŎƘŀƴƛǎǘƛŎŀƭƭȅ ǎŜǇŀǊŀōƭŜ ƴŜǊǾƻǳǎ ǎȅǎǘŜƳ ŘƛǎƻǊŘŜǊǎ ǇǊƻŘǳŎŜŘ ōȅ 

ƻƴŜ ƻǊ ƳƻǊŜ ŀōƴƻǊƳŀƭ ŎŜƭƭǳƭŀǊ ǎƛƎƴŀƭƭƛƴƎ ƳŜŎƘŀƴƛǎƳǎΣ ŀǎ ǉǳƻǘŜŘ ōȅ aΦ {ŀƭǘŜǊ ό{ŀƭǘŜǊΣ нлмпύΦ 

9ƭŜŎǘǊƻƭȅǘŜ ŀƴŘ ƛƳƳǳƴƻƭƻƎƛŎŀƭ-ŘŜǊƛǾŜŘ ŎƘŀƴƎŜǎ ƻŎŎǳǊǊƛƴƎ ƛƴ ǘƘŜ ǇŜǊƛǇƘŜǊȅ ŦƻƭƭƻǿƛƴƎ ǘǊŀǳƳŀ 

Ƴŀȅ ƭŜŀŘ ǘƻ ǇŜǊƛǇƘŜǊŀƭ ǎŜƴǎƛǘƛǎŀǘƛƻƴ ŀƴŘ ǇǊƛƳŀǊȅ ƘȅǇŜǊŀƭƎŜǎƛŀΦ Lƴ ŀŘŘƛǘƛƻƴΣ ƛƴŦƭŀƳƳŀǘƛƻƴ ŀǘ 

ǇŜǊƛǇƘŜǊŀƭ ƴŜǊǾŜ ŜƴŘƛƴƎǎ Ŏŀƴ ŀƭǎƻ ŎŀǳǎŜ ƻǊƛƎƛƴŀƭƭȅ ƳŜŎƘŀƴƻ-ƛƴǎŜƴǎƛǘƛǾŜ ƴŜǊǾŜ ŦƛōǊŜǎ ǘƻ 

ōŜŎƻƳŜ ƳŜŎƘŀƴƻ-ǎŜƴǎƛǘƛǾŜΦ ¢Ƙƛǎ ǊŜŎǊǳƛǘƳŜƴǘ ƻŦ ǎƛƭŜƴǘ ƴƻŎƛŎŜǇǘƻǊǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜǎ 

ǘƘŜ ƴƻŎƛŎŜǇǘƛǾŜ ƛƴǇǳǘ ǘƻ ǘƘŜ ǎǇƛƴŀƭ ŎƻǊŘ ŀƴŘ Ƴŀȅ ǇŀǊǘƭȅ ŜȄǇƭŀƛƴ ǘƘŜ ǇƘŜƴƻƳŜƴŀ ƻŦ ŎŜƴǘǊŀƭ 

ǎŜƴǎƛǘƛǎŀǘƛƻƴ ŀƴŘ ŀƭƭƻŘȅƴƛŀΣ ǘƘŀǘ ƛǎΣ ǿƘȅ ŜǾŜƴ ƴƻǊƳŀƭƭȅ ƴƻƴ-ƴƻȄƛƻǳǎ ǎǘƛƳǳƭƛ Ƴŀȅ ōŜ ŦŜƭǘ ŀǎ 

ǇŀƛƴŦǳƭ ό{ŎƘŀƛōƭŜΣ нллсύΦ Lƴ ǘƘƛǎ ǎŜŎǘƛƻƴ ǿŜ ǿƛƭƭ ŦƻŎǳǎ ƻƴ ǘƘŜ ǇǊƻŎŜǎǎ ƻŦ ǇŜǊƛǇƘŜǊŀƭ ŀƴŘ 

ŎŜƴǘǊŀƭ ǎŜƴǎƛǘƛǎŀǘƛƻƴ όCƛƎΦпύΦ 

 
CƛƎǳǊŜ пΦ /ƘǊƻƴƛŎ ǇŀƛƴΦ tŜǊƛǇƘŜǊŀƭ ŀƴŘ ŎŜƴǘǊŀƭ ŀƳǇƭƛŦƛŎŀǘƛƻƴ Ƴŀȅ ōŜ ƳŜŘƛŀǘŜŘ ōȅ ƛƴƧǳǊȅ-ƛƴŘǳŎŜŘ ŀƭǘŜǊŜŘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ 

ǊŜŎŜǇǘƻǊǎΣ ƛƻƴ ŎƘŀƴƴŜƭǎ ŀƴŘ ƴŜǳǊƻǘǊŀƴǎƳƛǘǘŜǊǎΣ ǿƘƛŎƘ ƳƛƎƘǘ ŎŀǳǎŜ ƛƴŎǊŜŀǎŜŘ ƴŜǳǊƻƴŀƭ ŜȄŎƛǘŀōƛƭƛǘȅ ŀƴŘ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŀŎǘƛƻƴ 

ǇƻǘŜƴǘƛŀƭǎΣ ōǳǘ ŀƭǎƻ ŎƘŀƴƎŜǎ ƛƴ ǎȅƴŀǇǘƛŎ ŎƻƴƴŜŎǘƛǾƛǘȅ ŀƴŘ ǊŜƻǊƎŀƴƛǎŀǘƛƻƴ ƻŦ ŎŜƴǘǊŀƭ ƴƻŎƛŎŜǇǘƛǾŜ ŎƛǊŎǳƛǘǊȅΦ bŜǳǊƻƴŀƭ ŎŜƭƭ 

ŘŜŀǘƘ Ŏŀƴ ƻŎŎǳǊ ǘƻƻΦ tŜǊƛǇƘŜǊŀƭ ƴŜǊǾŜ ƛƴƧǳǊȅ ǇǊƻǾƻƪŜǎ ŀ ǊŜŀŎǘƛƻƴ ŦǊƻƳ ǘƘŜ ƛƳƳǳƴŜ ǎȅǎǘŜƳ ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ƻōǎŜǊǾŜŘ ŀǘ 

ǾŀǊƛƻǳǎ ŀƴŀǘƻƳƛŎŀƭ ƭƻŎŀǘƛƻƴǎΥ όмΣнύ ƛƴƧǳǊŜŘ ƴŜǊǾŜΣ όоύ 5wDΣ όпύ ǎǇƛƴŀƭ ŎƻǊŘ ŀƴŘ ǎǳǇǊŀǎǇƛƴŀƭ ǎƛǘŜǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ Ǉŀƛƴ 

ǇŀǘƘǿŀȅǎΦ LƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ƴŜǳǊƻƴǎΣ ƛƴŦƭŀƳƳŀǘƻǊȅ ƛƳƳǳƴŜ ŀƴŘ ƛƳƳǳƴŜ-ƭƛƪŜ Ǝƭƛŀƭ ŎŜƭƭǎΣ ŀǎ ǿŜƭƭ ŀǎ ŀ ǊŀŦǘ ƻŦ ƛƳƳǳƴŜ 

ŎŜƭƭ-ŘŜǊƛǾŜŘ ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜǎ ŀƴŘ ŎƘŜƳƻƪƛƴŜǎ Ƴŀȅ ōŜ ƛƴǾƻƭǾŜŘ ƛƴ ŎƘǊƻƴƛŎ Ǉŀƛƴ ǇŀǘƘƻƎŜƴŜǎƛǎΦ όDt/w Ґ D ǇǊƻǘŜƛƴ-

ŎƻǳǇƭŜŘ ǊŜŎŜǇǘƻǊΤ ¢Ǌƪ! Ґ ǘǊƻǇƻƳȅƻǎƛƴ ǊŜŎŜǇǘƻǊ ƪƛƴŀǎŜ !Τ [D/ Ґ ƭƛƎŀƴŘ-ƎŀǘŜŘ ŎƘŀƴƴŜƭΤ /ȅǘw Ґ ŎȅǘƻƪƛƴŜ ǊŜŎŜǇǘƻǊύΦ 

t9wLtI9w![ {9b{L¢L{!¢LhbΦ bƻŎƛŎŜǇǘƻǊǎ ŀǊŜ ƭƛƪŜƭȅ ǘƻ ōŜ ǎŜƴǎƛǘƛǎŜŘ ōȅ ƛƴǘŜƴǎŜ ƻǊ ǇǊƻƭƻƴƎŜŘ 

ǎǘƛƳǳƭŀǘƛƻƴΦ wŜŘǳŎǘƛƻƴ ƛƴ ǘƘǊŜǎƘƻƭŘ ŀƴŘ ƻǳǘƭŀǎǘƛƴƎ ŜȄŎƛǘŀǘƛƻƴ ƻŦ ǎŜƴǎƻǊȅ ŦƛōǊŜǎ Ŏŀƴ ǊŜǎǳƭǘ ƛƴ 

ǘƘŜ ŀƭǘŜǊŀǘƛƻƴ ƻŦ ƴŜǳǊƻƴŀƭ ŦǳƴŎǘƛƻƴ ōȅ ǘƘŜ ŀŎǘƛƻƴ ƻŦ ǘǊŀƴǎƳƛǘǘŜǊǎ ǊŜƭŜŀǎŜŘ ŦǊƻƳ ǎǳǊǾŜȅƛƴƎ 

ƛƳƳǳƴŜ ŎŜƭƭǎΦ ¢ƘŜǎŜ ƳƻƭŜŎǳƭŜǎ Ŏŀƴ Ŝǉǳŀƭƭȅ ŀŎǘ ŀǎ ƴŜǳǊƻǘǊŀƴǎƳƛǘǘŜǊǎ ƻǊ ƛƴŦƭŀƳƳŀǘƻǊȅ 
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ƳŜŘƛŀǘƻǊǎ ƛƴŘǳŎƛƴƎ ƴŜǳǊƻƎŜƴƛŎ ƛƴŦƭŀƳƳŀǘƛƻƴ ŀƴŘ ŦǳǊǘƘŜǊ ǊŜŎǊǳƛǘƳŜƴǘ ƻŦ ƛƳƳǳƴŜ ŎŜƭƭǎ2Φ 

!ŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ƛƴŦƭŀƳƳŀǘƻǊȅ ǇǊƻŘǳŎǘǎ Ƙŀǎ ƳǳŎƘ ǘƻ Řƻ ǿƛǘƘ ǘƘŜ ǎŜƴǎƛǘƛǎŀǘƛƻƴ ƻǊ ŘƛǊŜŎǘ 

ŀŎǘƛǾŀǘƛƻƴ ƻŦ ƴŜǳǊƻƴŀƭ ŦƛōǊŜǎΣ ǿƘŀǘ Ŏŀƴ ōŜ ƻǊƛƎƛƴŀǘŜŘ ŀǘ ŘƛŦŦŜǊŜƴǘ ŀƴŀǘƻƳƛŎŀƭ ƭŜǾŜƭǎ ƻƴ ǘƘŜ 

ǇŜǊƛǇƘŜǊȅΥ ŀȄƻƴŀƭ ŜƴŘƛƴƎǎ ǿƛǘƘƛƴ ǘŀǊƎŜǘ ǘƛǎǎǳŜǎ ƻǊ ǇŜǊƛǇƘŜǊŀƭ ƴŜǊǾŜǎ ό!ǳǎǘƛƴ ŀƴŘ aƻŀƭŜƳ-

¢ŀȅƭƻǊΣ нлмлύΦ tŜǊƛǇƘŜǊŀƭ ǎŜƴǎƛǘƛǎŀǘƛƻƴ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ ŜǾƛŘŜƴŎŜ ƻŦ ƛƴŎǊŜŀǎŜŘ ƘŜŀǘ 

ǎŜƴǎƛǘƛǾƛǘȅ ό²ƻƻƭŦ Ŝǘ ŀƭΦΣ нлмнύΦ  

/9b¢w![ {9b{L¢L{!¢LhbΦ !ŦŦŜǊŜƴǘ ŦƛōǊŜǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ǘȅǇŜǎ ό!h Σ !̡ Σ !ɻ  ƻǊ /ύ ŀƴŘ ƻŦ ŘƛŦŦŜǊŜƴǘ 

ƻǊƛƎƛƴǎ όǾƛǎŎŜǊŀƭΥ ƻǊƎŀƴΤ ƻǊ ǎƻƳŀǘƛŎΥ ƳǳǎŎƭŜΣ ǎƪƛƴΣ ǘƛǎǎǳŜύ ƛƴǘŜǊŀŎǘ ǇǊŜǎȅƴŀǇǘƛŎŀƭƭȅΣ ǳƴŘŜǊ 

ƴƻǊƳŀƭ ŎƻƴŘƛǘƛƻƴǎΣ ƛƴ ǘƘŜ ǎǇƛƴŀƭ ŎƻǊŘΦ tǊƻƭƻƴƎŜŘ ƛƴǇǳǘǎ Ŏŀƴ ŎŀǳǎŜ ŀƭǘŜǊŜŘ ŜȄŎƛǘŀōƛƭƛǘȅ ŀƴŘ 

ǎȅƴŀǇǘƛŎ ŜŦŦƛŎŀŎȅ ƻŦ ƴŜǳǊƻƴǎ ŀǘ ǘƘŜ ŘƻǊǎŀƭ ƘƻǊƴΦ ¢ƘŜǎŜ ǇƭŀǎǘƛŎ ŎƘŀƴƎŜǎ Ŏŀƴ ƛƴ ŦŀŎǘ ƳŀƪŜ 

ƻǊƛƎƛƴŀƭ ƴƻǘ ƴƻŎƛŎŜǇǘƛƻƴ-ǘǊŀƴǎƳƛǘǘŜǊ ƴŜǳǊƻƴǎ ŀƴŘ ƴƻŎƛŎŜǇǘƻǊǎ ǘƻ ƛƴǘŜǊŀŎǘ ŀǘ ǘƘŜ ŘƻǊǎŀƭ ƘƻǊƴ 

ƻŦ ǘƘŜ ǎǇƛƴŀƭ ŎƻǊŘ ό/ŜǊǾŜǊƻ ŀƴŘ [ŀƛǊŘΣ мффсύΦ IƻǿŜǾŜǊΣ ǇƭŀǎǘƛŎ ŎƘŀƴƎŜǎ ŀǊŜ ƴƻǘ ǊŜǎǘǊƛŎǘŜŘ ǘƻ 

ǘƘŜ ŘƻǊǎŀƭ ƘƻǊƴ ōǳǘ Ŏŀƴ ƻŎŎǳǊ ŀƭǎƻ ŀǘ ƘƛƎƘŜǊ ƭŜǾŜƭǎΦ /ŜƴǘǊŀƭ ǎŜƴǎƛǘƛǎŀǘƛƻƴ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ 

ƳŀƴƛŦŜǎǘ ǇŀǊǘƛŎǳƭŀǊƭȅ ŀǎ ŘȅƴŀƳƛŎ ǘŀŎǘƛƭŜ ŀƭƭƻŘȅƴƛŀΣ ōǳǘ ŀƭǎƻ ŀǎ ǎŜŎƻƴŘŀǊȅ ǇǳƴŎǘŀǘŜ ƻǊ 

ǇǊŜǎǎǳǊŜ ƘȅǇŜǊŀƭƎŜǎƛŀΣ ŀŦǘŜǊǎŜƴǎŀǘƛƻƴǎΣ ŀƴŘ ŜƴƘŀƴŎŜŘ ǘŜƳǇƻǊŀƭ ǎǳƳƳŀǘƛƻƴ ό²ƻƻƭŦΣ нлммύΦ 

Lƴ ǎǳƳΣ ŘŀƳŀƎŜ ǘƻ ǇŜǊƛǇƘŜǊŀƭ ƴŜǊǾƻǳǎ ǎȅǎǘŜƳ Ƴŀȅ ǊŜǎǳƭǘ ŦǊƻƳ ǘǊŀǳƳŀǘƛŎ ƛƴƧǳǊȅΣ ǎǳǊƎƛŎŀƭ 

ƛƴǘŜǊǾŜƴǘƛƻƴΣ ŘƛǎŜŀǎŜ ƻǊ ƛƴŦŜŎǘƛƻƴ ŀƴŘ ƭŜŀŘǎ ǘƻ ŀƴ ŀŎǳǘŜ ǇƘŀǎŜ ǊŜǎǇƻƴǎŜΣ ǿƘƛŎƘ ƛǎ 

ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ƴƻŎƛŎŜǇǘƛǾŜ ǇŀƛƴΣ ƛƴŦƭŀƳƳŀǘƛƻƴΣ ŀƴŘ ǊŜǎǘǊƛŎǘƛƻƴ ƻŦ ƴƻǊƳŀƭ ŦǳƴŎǘƛƻƴΦ 

¦ǎǳŀƭƭȅΣ ŦƻƭƭƻǿƛƴƎ ǘƘƛǎ ŀŎǳǘŜ ǇƘŀǎŜΣ ǘƘŜǊŜ ƛǎ ŀ ǊŜŎƻǾŜǊȅ ǇŜǊƛƻŘ ƻŦ ŘƛƳƛƴƛǎƘƛƴƎ ƛƴŦƭŀƳƳŀǘƛƻƴΣ 

ǊŜŘǳŎŜŘ ǇŀƛƴΣ ƘŜŀƭƛƴƎ ƻŦ ǘƘŜ ƛƴƧǳǊȅ ŀƴŘ ǊŜǘǳǊƴ ǘƻ ƴƻǊƳŀƭ ŦǳƴŎǘƛƻƴΦ IƻǿŜǾŜǊΣ ƛƴ т-му҈ ƻŦ ǘƘŜ 

ƎŜƴŜǊŀƭ ǇƻǇǳƭŀǘƛƻƴ Ǉŀƛƴ ǇŜǊǎƛǎǘǎ ŘŜǎǇƛǘŜ ƛƴƧǳǊȅ ƘŜŀƭƛƴƎΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ǎǘŀǘŜ ƻŦ ŎƘǊƻƴƛŎ 

ƴŜǳǊƻǇŀǘƘƛŎ Ǉŀƛƴ ό9ŎƘŜǾŜǊǊȅ Ŝǘ ŀƭΦΣ нлмнύΦ ¢Ƙƛǎ ǊŜŦŜǊǎ ǘƻ ŀ ǾŀǊƛŜǘȅ ƻŦ ŎƘǊƻƴƛŎ Ǉŀƛƴ ŎƻƴŘƛǘƛƻƴǎ 

ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ǳƴŘŜǊƭȅƛƴƎ ǇŀǘƘƻǇƘȅǎƛƻƭƻƎƛŎ ƳŜŎƘŀƴƛǎƳǎ ƻǊƛƎƛƴŀǘŜŘ ŦǊƻƳ ǎŜǾŜǊŜ ƴŜǳǊƻƴŀƭ 

ǘƛǎǎǳŜ ŘŀƳŀƎŜΦ ¢ƻ ǘƘƛǎ ǊŜǎǇŜŎǘΣ ōƻǘƘ ŘŀƳŀƎŜŘ ŀƴŘ ǳƴŘŀƳŀƎŜŘ ŀȄƻƴǎ ƘŀǾŜ ƘƛƎƘƭȅ ŀōƴƻǊƳŀƭ 

ǇǊƻǇŜǊǘƛŜǎ ŀǎ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ǘƘƛǎ ƴŜǊǾŜ ƛƳǇŀƛǊƳŜƴǘΦ bŜǳǊƻǇŀǘƘƛŎ Ǉŀƛƴ ƘƻǿŜǾŜǊ Ŏŀƴ ŀƭǎƻ 

ƻǊƛƎƛƴŀǘŜ ŦǊƻƳ ŀ ŘȅǎŦǳƴŎǘƛƻƴ ƛƴ ǘƘŜ ƴŜǊǾƻǳǎ ǎȅǎǘŜƳ ǎǳŎƘ ŀǎ ŘȅǎǊŜƎǳƭŀǘŜŘ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻǊ 

ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŜŎǘƻǇƛŎ ŘƛǎŎƘŀǊƎŜǎ ό[ŀǘǊŜƳƻƭƛŜǊŜ ŀƴŘ ²ƻƻƭŦΣ нллфύΦ 

                                                           

2
 Both neurogenic inflammation (neuroinflammation) and recruitment of immune cells (inflammatory response) are 

terms that will be retrieved when itemising the results obtained for the two animal models of pain herein employed 

(section IV.2.1-2.3). 
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wŜŎŜƴǘƭȅΣ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ǘƘŜ ƛƳƳǳƴŜ ǎȅǎǘŜƳ ǎŜŜƳǎ ǘƻ ƘŀǾŜ ŀ ŎǊǳŎƛŀƭ ǊƻƭŜ ƛƴ ōƻǘƘ ǇŜǊƛǇƘŜǊŀƭ 

ŀƴŘ ŎŜƴǘǊŀƭ ŀōƴƻǊƳŀƭ ǎŜƴǎƻǊȅ ǇǊƻŎŜǎǎƛƴƎΣ ŀƴŘ ŎƘǊƻƴƛŎ ƴŜǳǊƻǇŀǘƘƛŎ Ǉŀƛƴ Ƴŀȅ ƴƻǿ ōŜ 

ŎƻƴǎƛŘŜǊŜŘ ŀ ƴŜǳǊƻ-ƛƳƳǳƴŜ ŘƛǎƻǊŘŜǊ όbƎǳȅŜƴ Ŝǘ ŀƭΦΣ нллнΤ wŀƎƘŀǾŜƴŘǊŀ ŀƴŘ 5Ŝ[ŜƻΣ нллоύΦ 

9ƴŘƻƴŜǳǊŀƭ ǾŜǎǎŜƭǎ ǎǳǊǊƻǳƴŘƛƴƎ ƴŜǊǾŜ ŦŀǎŎƛŎƭŜǎ Ŏŀƴ ǎǳǇǇƭȅ ŘŀƳŀƎŜŘ ƴŜǊǾŜǎ ǿƛǘƘ ŎƛǊŎǳƭŀǘƛƴƎ 

ƛƳƳǳƴŜ ŎŜƭƭǎ όƳŀǎǘ ŎŜƭƭǎΣ ƳŀŎǊƻǇƘŀƎŜǎ ŀƴŘ ¢ ŎŜƭƭǎύΣ ǿƘƛŎƘ ǊŜƭŜŀǎŜ ŦŀŎǘƻǊǎ ǘƘŀǘ ƛƴƛǘƛŀǘŜ ŀƴŘ 

Ƴŀƛƴǘŀƛƴ ǎŜƴǎƻǊȅ ŀōƴƻǊƳŀƭƛǘƛŜǎ ŀŦǘŜǊ ƛƴƧǳǊȅΦ IƻǿŜǾŜǊ ƻǘƘŜǊ ƛƳƳǳƴŜ-ƭƛƪŜ ŜƭŜƳŜƴǘǎ Ŏŀƴ ŀƭǎƻ 

ǇǊƻƭƛŦŜǊŀǘŜ ŀǘ ǘƘŜ ǎƛǘŜ ƻŦ ƛƴƧǳǊȅ όŜΦƎΦΥ {ŎƘǿŀƴƴ ŎŜƭƭǎύΦ LƳƳǳƴŜ-ŘŜǊƛǾŜŘ ŦŀŎǘƻǊǎ ƳƛƎƘǘ ŜƛǘƘŜǊ 

ƛƴŘǳŎŜ ŀŎǘƛǾƛǘȅ ƛƴ ǘƘŜ ŀȄƻƴǎ ǘƘŜȅ ŀŎǘ ƻƴ ƻǊ ōŜ ǘǊŀƴǎǇƻǊǘŜŘ ǊŜǘǊƻƎǊŀŘŜƭȅ ǘƻ ŎŜƭƭōƻŘƛŜǎ ƛƴ ǘƘŜ 

ŘƻǊǎŀƭ Ǌƻƻǘ ƎŀƴƎƭƛƻƴ ό5wDύΣ ǿƘŜǊŜ ǘƘŜȅ ŀƭǘŜǊ ǘƘŜ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ƴŜǳǊƻƴǎΦ 9ȄǘǊŀǾŀǎŀǘƛƻƴ 

ƻǊ ǇǊƻƭƛŦŜǊŀǘƛƻƴ ƻŦ ǊŜǎƛŘŜƴǘ ƛƳƳǳƴŜ όƻǊ ƛƳƳǳƴŜ-ƭƛƪŜύ ŎŜƭƭǎ Ƴŀȅ ŀƭǎƻ ƘŀǇǇŜƴ ƛƴ ǘƘŜ ǎǇƛƴŀƭ 

ŎƻǊŘ ŀŦǘŜǊ ǇŜǊƛǇƘŜǊŀƭ ƴŜǊǾŜ ŘŀƳŀƎŜΦ ¢Ƙŀǘ ƛǎΣ ǇŜǊƛǇƘŜǊŀƭ ƴŜǊǾŜ ƛƴƧǳǊƛŜǎ ǘƘŀǘ ƭŜŀŘ ǘƻ 

ƴŜǳǊƻǇŀǘƘƛŎ Ǉŀƛƴ ǎǘŀǘŜǎ Ŏŀƴ ŎŀǳǎŜ ƛƳƳǳƴŜ-ƳŜŘƛŀǘŜŘ ŎƘŀƴƎŜǎ ƴƻǘ ƻƴƭȅ ƛƴ ǘƘŜ ŘŀƳŀƎŜŘ 

ǇŜǊƛǇƘŜǊŀƭ ƴŜǊǾŜ ŀƴŘ 5wDΣ ōǳǘ ŀƭǎƻ ƛƴ ǘƘŜ /b{Φ  IŜƴŎŜΣ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ƛƳƳǳƴŜ ŀƴŘ ƛƳƳǳƴŜ-

ƭƛƪŜ Ǝƭƛŀƭ ŎŜƭƭǎ ƛƴ ǘƘŜ ƛƴƧǳǊŜŘ ƴŜǊǾŜΣ ŘƻǊǎŀƭ Ǌƻƻǘ ƎŀƴƎƭƛŀ ŀƴŘ ǎǇƛƴŀƭ ŎƻǊŘ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ ǊŜƭŜŀǎŜ 

ƻŦ ǇǊƻ- ŀƴŘ ŀƴǘƛ-ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜǎΣ ŀǎ ǿŜƭƭ ŀǎ ŀƭƎŜǎƛŎ ŀƴŘ ŀƴŀƭƎŜǎƛŎ ƳŜŘƛŀǘƻǊǎΣ ǘƘŜ 

ōŀƭŀƴŎŜ ƻŦ ǿƘƛŎƘ ŘŜǘŜǊƳƛƴŜǎ ǿƘŜǘƘŜǊ Ǉŀƛƴ ŎƘǊƻƴƛŎƛǘȅ ƛǎ ŜǎǘŀōƭƛǎƘŜŘ όaŀǊŎƘŀƴŘ Ŝǘ ŀƭΦΣ нллрΤ 

±ŀƭƭŜƧƻ Ŝǘ ŀƭΦΣ нлмлύΦ 

!ǎ ŀ Ŧƛƴŀƭ ǊŜƳŀǊƪΣ ŘƛǎǘƛƴŎǘƛƻƴ ōŜǘǿŜŜƴ ŀŎǳǘŜ ŀƴŘ ŎƘǊƻƴƛŎ Ǉŀƛƴ ǎƘƻǳƭŘ ŎƻƳǇƭȅ ǘƘŜ ŘƛŦŦŜǊŜƴǘ 

ǇƘȅǎƛƻǇŀǘƘƻƭƻƎƛŎŀƭ ƳŜŎƘŀƴƛǎƳǎ ōȅ ǿƘƛŎƘ ǘƘŜȅ ƻǊƛƎƛƴŀǘŜ ǊŀǘƘŜǊ ǘƘŀƴ ǘƘŜ ŘǳǊŀǘƛƻƴ Ǉŀƛƴ ǊŜƭƛŜŦ 

ǘŀƪŜǎΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ƳŀƴŀƎŜƳŜƴǘ ƻŦ Ǉŀƛƴ ǿƻǳƭŘ ŘŜǇŜƴŘ ƻƴ ǘƘŜ ƪƛƴŘ ƻŦ Ǉŀƛƴ ŀƴŘ ŜŦŦƻǊǘǎ ƛƴ 

ōŀǎƛŎ ƘŜŀƭǘƘ ǎŎƛŜƴŎŜ ǎƘƻǳƭŘ ōŜ ŀŘŘǊŜǎǎŜŘ ƻƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ŀƴŘ ƳƻƭŜŎǳƭŀǊ 

ƳŜŎƘŀƴƛǎƳǎ ǳƴŘŜǊƭȅƛƴƎ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŜǾƻƪŜŘ ǇŀƛƴǎΦ CƻǊ ǿƘƛŎƘ ǇǳǊǇƻǎŜΣ ŀƴƛƳŀƭ ƳƻŘŜƭǎ ŀǊŜ 

ƻŦ ƎǊŜŀǘ ƘŜƭǇΦ  

2. Pathophysiology of pain. 

2.1. Modulation of the nociceptive stimuli. 

NERVE INPUT. All primary afferent neurons are pseudounipolar, formed by a cell body 

(perikarya) located within the DRG and a single axon with two branches: one going towards 

the periphery, and one traveling to the spinal grey matter. The former bifurcates at the end 

to innervate the peripheral tissue, while the latter ends in dendrites that synapse with 
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second order neurons at the dorsal horn. Information is transferred to higher centres of 

the brain through two different nociceptive pathways: the spinothalamic tract that receives 

signal inputs from primary Aɻ and C nerve fibres and conveys temperature and nociception, 

and the lemniscal tract that receives input from primary A,h A̡  and Aɻ  nerve fibres and is 

responsible for touch and proprioception feelings (Dubuc et al., 2013) (Fig.5).  

 

Figure 5. Ascending pain pathways: spinothalamic and lemniscal systems. Nociceptive pathways consist of a chain of 

three neurons that pass the nerve impulses from one to the next. Spinothalamic pathways are represented in green, 

whereas lemniscal pathways show up in blue. (Other alternative spino-reticular and spino-mesencephalic subpathways 

not shown). Labels are merely illustrative. DRG = dorsal root ganglion, ASTT = anterior spinotalamic tract, LSTT = lateral 

spinotalamic tract, LL = lateral lemniscus, ML = medial lemniscus, PAG = periaqueductal grey matter. Note the different 

level of the decussation between spinothalamic and lemniscal pathways; at the spinal cord the former and at the medulla 

the latter. 

Considering the participants cited above: 

Á Peripheral nerves display several Schwann cells along their axons. These cells form a 

myelin segment for one axon only (myelinated) or can include several axons 
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(unmyelinated) in order to facilitate sending appropriate electrical signals 

throughout the nervous system. Schwann cells are essential for survival and 

regeneration of the axons and influence axonal thickness3 (Brodal, 2010a; Dubovy 

et al., 2014). Expression of pattern recognition receptors (PRR) on the surface of 

their cell membrane allow Schwann cells to recognize exogenous (PAMP) as well as 

endogenous (DAMP) danger signals4. Upon activation, they start upregulating and 

secreting inflammatory mediators, what can lead to inflammatory neuropathies 

(Ydens et al., 2013). 

Á DRG not only contain soma, but also satellite glial cells and resident or invading 

macrophages that watch over the correct functioning of the neurons. In 2010, a 

work based on the existence of resident microglial cells in the DRG together with 

the aforementioned elements came to light, suggesting they could act as 

neuroprotective cells following peripheral injury (Patro et al., 2010). This is in 

contradiction with the role described by a different group (Romero-Sandoval et al., 

2008a). A conciliatory solution suggests they may contribute both to destruction of 

myelin and axons and to regenerative processes depending on the local situation 

(Brodal, 2010a). 

Á In the same line as stipulated for the other two elements, spinal dorsal horn 

contains nerve cells (dendrites of primary neurons, soma of second order neurons, 

interneurons) and immune-like cells (astrocytes, microglial cells and 

oligodendrocytes). Neuroglial cells are of especial relevance to our interest since 

they can modulate the nociceptive stimulus in a different way to what seen in the 

previous section (I.1) for interneurons. As it will further be discussed in this section, 

glial activation and subsequent mediator release are implicated in the creation and 

maintenance of persistent pain states (Raghavendra and DeLeo, 2003). 

NERVE OUTPUT. CNS has facilitatory and inhibitory descending pain pathways that are 

different in their anatomy and pharmacological reactivity, and which presumably become 

                                                           

3
 A nerve fibre consists of an axon and surrounding Schwann cells. These can therefore influence the thickness of 

nerve fibres but interestingly, they can also affect axonal thickness. This fact will be of great importance at the 

discussion section.  
4
 PAMP = pathogen-associated molecular pattern; DAMP = damage-associated molecular pattern. 
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activated simultaneously when acute nociception occurs (Fig.6). Descending facilitatory 

pathways are confined to the ventral/ventrolateral funiculi whereas descending inhibitory 

pathways descend in the dorsolateral funiculi (Mulak et al., 2012), both expressing 

different receptors for specific chemical activation (table 1). Unbalanced activation 

between these modulatory pathways might occur under persistent nociceptive input. Such 

sustained activation may result in neuroplastic changes at medullary sites, leading to both 

anatomical and biochemical changes in favour of the descending facilitatory pathway, thus 

increasing pain sensation. This is thought to underlie some states of chronic pain.  

 

 

Table 1. Descending facilitatory and inhibitory pathways in the spinal cord and their corresponding molecular targets. 

5-HT3-R = 5-hydroxy-tryptamine3 receptor; AMPA-R = h -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; 

KAR = kainate receptor; NMDAR = N-methyl-D-aspartate receptor 

The rostral ventromedial medulla (RVM) constitutes a group of neurons that modulates 

nociceptive signals delivering electrical output to the spinal dorsal horn. RVM neurons are 

functionally heterogeneous. Three different classes of neurons have been described so far: 

ON, OFF and neutral cells (Fields et al., 1995). ON-cells promote nociception and OFF-cells 

suppress it, whereas the role of neutral cells, which could represent a subtype of ON- or 

OFF-cells, is not yet well understood. As described in the previous paragraph, nociceptive 

facilitating outflow from the RVM is dominant after nerve injury. This may be explained by 

the fact that immediately before an external noxious stimulus occurs, OFF-cells, which are 

tonically active, pause in firing at the same time that ON-cells accelerate outburst (Porreca 

et al., 2002).  

As reviewed in section I.1.2., mechanical allodynia and hyperalgesia correspond to clinical 

manifestations of significant central sensitisation in chronic pain states (e.g. neuropathic 

pain). However, increased excitability of primary afferent fibres and sensitisation of dorsal 

horn neurons does not explain maintenance of neuropathic pain behaviour itself. On the 

 receptors 

facilitatory pathways 5-HT3ςR (serotonin), AMPAςR, KAR, NMDAςR 

inhibitory pathways 5-HT3ςR (serotonin), ̡-adrenergicςR, dopamineςR, opioid-R 
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contrary, strong evidence suggests that active participation of supraspinal RVM of medulla 

is required for chronic pain state5 (Carlson et al., 2007). 

 

  

 

2.2. Dorsal horn plasticity. 

The dorsal root fibres vary in thickness, what represents a direct function of conduction 

velocity. Although functionally equivalent, terms differ for classification of muscle and 

                                                           

5
 Primary hyperalgesia, a phenomenon defined by increased sensitivity to stimulation at the local site of the tissular 

injury and increased input at the spinal dorsal horn, is a mechanism dependent on the excitability of nociceptors. 

Contrary to this, when there is also increased sensitivity to stimuli from uninjured tissue adjacent to or at some 

distance from the site of injury, a mechanism dependent on the excitability of neurons in the CNS underlies. That is 

secondary hyperalgesia. Changes in excitability of neurons that contribute to maintenance of secondary hyperalgesia 

are not restricted to one unique area, but reside in the spinal cord and also in RVM. Peripheral tissue insult and 

persistent input engage double-sense spinal-brain stem mechanisms that maintain central sensitization and contribute 

to development of secondary hyperalgesia (Gebhart, 2004). 

Figure 6. Descending pain modulatory system: 

ventrolateral and dorsolateral funiculi. According to 

electrophysiological, anatomical and pharmacological 

studies the final relay for common descending pain 

pathways from the brain corresponds to the 

rostroventral medulla (RVM). RVM neurons project 

efferent signals downward to various levels of the 

spinal cord making contact with inhibitory or activatory 

interneurons. However, from a strict point of view, 

facilitatory pathways are confined to the 

ventral/ventrolateral funiculi whereas descending 

inhibitory pathways descend in the dorsolateral 

funiculi. Facilitatory pathways. Glutamate is the main 

excitatory transmitter, acting on AMPA, kainite and 

NMDA receptors. Inhibitory pathways. Dorsolateral 

funiculus joins together descending axons of 

serotonergic, noradrenergic and dopaminergic neurons, 

and terminates on the inhibitory interneurons in the 

dorsal horn of the spinal cord. As regards opioid 

transmission, cortical areas communicate through 

endorphins-mediated synaptic connections with the 

anterior cingulate cortex (AC cortex). Endogenous 

opioids are also present in synapsis between 

interneurons and primary nociceptive afferent fibres in 

the dorsal horn. Facilitatory pathways are represented 

in red, whereas inhibiting pathways show up in green. 

Labels are merely illustrative. AC cortex = anterior 

cingulate cortex, PAG = periaqueductal grey matter, 

RVM medulla = rostral ventromedial medulla. (Other 

structures such as dorsolateral pontine tegmentum, 

tectospinal tract, dorsal reticulospinal tract not shown). 
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cutaneous fibres. Group I muscle afferents typically correspond to A hcutaneous fibres, 

group II to A̡ , group III to Aɻ and group IV to C (table 2). 

Table 2. Diameters of nerve fibres and their classification. 

Weak electrical stimulation of peripheral nerves evokes activity only in the thickest 

myelinated fibres (Ah), and with increasing intensity, the thinner fibres are recruited 

progressively (A̡, Aɻ  and C, in this order). The primary fibres transporting temperature and 

nociceptive signals in normal conditions can be thinly myelinated (Aɻ  fibres, which conduct 

signals from cold receptors) or unmyelinated fibres (C fibres, which conduct signals from 

heat receptors), while signals from low-threshold mechanoreceptors are conducted in thick 

myelinated fibres (Ah and A̡ ) (Brodal, 2010b). It can be therefore easily deduced that under 

normal conditions nociceptors remain silent. However, after nerve or tissue injury, 

nociceptors become active and even A̡ fibres can cross-talk with Aɻ  or C fibres, which will 

convert innocuous sensory signals into noxious signals.  

In brief, small- and medium-size neurons, that is, C and Aɻ nerve fibres, make synaptic 

contacts in lamina I and II of spinal dorsal horn (referred as temperature and nociception 

inputs). On the contrary, larger size neurons send their projections into lamina III and IV 

(related to as touch and proprioception information). Therefore, when the nature of large-

size neurons is altered, these neurons could interpret innocuous signals as noxious signals, 

in which a light touch stimulus could be interpreted as a nociceptive signal (Cui and Fu, 

2014). 

a) Laminae of the dorsal horn in the spinal cord. 

The central terminals of primary sensory neurons in mammals are highly organized in 

horizontal (dorsoventral) planes in the grey matter of the spinal cord. Yet during 

embryogenesis, the dorsoventral axis is arranged so each lamina in the spinal cord 

topographically codifies a specific surface area of the body (Doubell et al., 1997). Rexed 

Afferent fibre diameter Conduction velocity (m/s) Class Function Electrical threshold 

Myelinated 

10 ς 18 µm 

 

60 ς 100 

 

L ό!ʰύ 

 

Proprioceptive 

 

lowest 

5 ς 12 µm 20 ς 70 LL ό!ʲύ Proprioceptive  

1 ς 5 µm 2.5 ς 20 LLL ό!ʵύ Nociceptive  

Unmyelinated  

< 1 µm 

 

< 1 

 

IV (C) 

 

Nociceptive 

 

highest 
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classified the grey matter of the spinal cord in ten different laminae according to the 

heterogeneous arrangement of soma in it (Rexed, 1952) (Fig.7).  

 

Figure 7. Anatomy of the spinal cord: Rexed laminae in dorsal and ventral horns. For our purpose only lumbar 

segments 3, 4 and 5 are represented. Note the different contour of the butterfly-shaped grey matter for every 

lumbar section. 

Somatosensory afferent neurons conducting ςor potentially able to transmitς 

nociceptive information terminate in the dorsal horn of the spinal grey matter (Brown, 

1982), which is typically organised in six laminae:  

Á Lamina I and V contain mainly nociceptive neurons that receive mainly high 

threshold mechano- and thermoceptive primary afferent A  ɻfibre inputs.  

Á Noci- and thermoceptive C-fibres mainly synapse in lamina II.  

Á Low threshold cutaneous A̡ mechanoceptors sprout in laminae III and IV.  

Á Lamina VI receives input from thick myelinated fibres responding to joint 

movement and cutaneous stimulation. 

b) Synaptic plasticity. 

Synaptic plasticity refers to a progressive increase in the responsiveness of an input at 

the synaptic structure, may be due to the amount of neurotransmitters released or to 

the amount or sensibility of the receptors on the postsynaptic neuron. A tissue injury 

causes an initial imbalance in environmental homeostasis at the site of lesion. 

Immediate cells to the wound release their inflammatory cytoplasmic content 

(bradykinin, serotonin, histamine and protons) into the environ causing the disruption 

of normal tissue pH and a switch on the transmembrane potential of nearby nerve 

endings by binding and therefore activating the receptors on their surface. Activated 

nociceptors send electrical signals in the direction of the spinal cord but also count on 

an efferent function, the so-called axon reflex, which consists on the peripheral release 

of neuropeptides and excitatory aminoacids (e.g. substance P, glutamate) promoting 
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neurogenic inflammation and affecting the nearby vasculature (causing increased 

capillary permeability and oedema). Infiltrating mast cells, in last term, release 

histamine, what additionally activates nociceptors (Mapp, 1995)6 (Fig.8). 

  

If peripheral nerve terminals are damaged by this inflammatory response, other 

mechanisms may be operative. In fact, persisting insults to peripheral nerves or directly 

peripheral nerve injury cause a sterile inflammation to develop in sympathetic and 

dorsal root ganglia (DRG)7, and it may ultimately affect central terminals (McLachlan 

and Hu, 2014). As previously reported (Coggeshall, CJ Woolf P Shortland RE, 1992; 

Mapp, 1995), the area responsible for pain sensation at the spinal dorsal horn (laminae 

I and II) may become occupied by nerve fibres which sprout in from the adjacent area 

responsible for proprioception (laminae III and IV). Thus, proprioceptive nerve fibres 

have now an input into a nociceptive area of the spinal cord. The result of this may be 

pain on normal touch or movement, that is, pain mediated by A-fibres.  

Demonstration that cholera toxin b subunit (CTb), with target on myelinated neurons, 

could also label not myelinated neurons after peripheral nerve injury (Tong et al., 1999; 

                                                           

6
 For further detailed reading see (Mifflin and Kerr, 2014). 

7
 Immune cells patrolling the organism are chemically attracted to the ganglia, releasing further proinflammatory 

cytokines that lead to hyperexcitability and ectopic discharge, what may contribute to neuropathic pain. 

Figure 8. Activation of peripheral sensory fibres.  

(1) Tissular damage results in the environmental 

increase of K
+
, prostaglandin, serotonin and bradykinin 

levels, thus activating adjacent nociceptors.  

(2) As a consequence, excitatory aminoacids are 

released from nerve endings and bind to receptors on 

cutaneous, endothelial and mast cells, thus increasing 

vasodilation and contributing to inflammation.  

(3) Eventually, mast cells start releasing histamine, 

which activates nociceptor endings, triggering an 

ouroboros process. 

The end result of this local neuroinflammation confined 

to the nerve terminal is the increased amount of electric 

signals delivered at the dorsal horn of the spinal cord. 
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Ma and Tian, 2001; Shehab et al., 2003), seemed to pull the theory of neuronal 

arrangement to pieces8. However several works employing different techniques 

(electrophysiological, biochemical or different labelling protocols) reopened the debate 

(Shortland and Molander, 1998; Bao et al., 2002; Kohno et al., 2003; Wang et al., 2004). 

Nowadays, synaptic plasticity is fully accepted but how it occurs is yet a subject of 

controversy9. Three forms of synaptic plasticity have been described so far to our 

knowledge (Ikeda et al., 2009): 

Á Classical central sensitisation consists on an immediate activity-dependent increase 

in the excitability of nociceptive neurons in the spinal dorsal horn. These increased 

synaptic efficacy is not restricted to nociceptor synapses (that is to C and A ɻfibres), 

but also to synapses formed by A̡ fibres, which are not activated by the nociceptive 

conditioning stimuli. 

Á Windup, another type of synaptic plasticity, consists on a progressive increase of 

action potential in dorsal horn neurons during a series of repeated C-fibre 

nociceptor stimuli. Repeated long-lasting depolarization of the postsynaptic 

membrane ςinduced by glutamate and neuropeptidesς increases the action 

potential response to each stimulus as neurotransmitters accumulate. 

Á Long-term potentiation (LTP) has been detected in various parts of the central 

nervous system. In the spinal dorsal horn consists of activity-dependent long-lasting 

nociceptor synaptic facilitation. 

2.3. Glial cells: neuron-glia and glia-glia interactions. 

Neuron-glia interactions have an essential role in enabling the nervous system to function 

properly. The more complex and efficient a nervous system is, the more glial cells are 

present (Edenfeld et al., 2005; Austin and Moalem-Taylor, 2010; Eroglu and Barres, 2010).   

                                                           

8
 Until that date, works referred to CTb labelling as an indisputable evidence for sprouting into lamina II from large 

myelinated fibres (A̡) in adjacent laminae. CTb was considered to selectively label large and medium size neurons so 

far (Ma et al., 2000; White and Kocsis, 2002). 
9
 Some additional hypotheses suggested are: (1) inputs from large myelinated fibres to lamina II may be via excitatory 

interneurons; (2) high-frequency stimulation can provoke a failure of synaptic release mechanisms and 

neurotransmitters could actually being also captured by adjacent neurons; (3) aberrant branches of damaged C fibres 

could make contact with large myelinated fibres (Kohno et al., 2003). 
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Glia, also known as neuroglia, was first described in 1859 by German physician Rudolf 

Virchow and derives etymologically from the greek ʴ˂ʾʰ άƎƭǳŜέΦ ¢ƘŜȅ ŀǊŜ ƴƻƴ-conducting 

cells that modulate neurotransmission at the synaptic level and make up over 70% of the 

total cell population in the human CNS (Hertz, 2004; Romero-Sandoval et al., 2008b). Glia 

can be divided into two types: microglia and macroglia (astrocytes and oligodendrocytes10). 

Main functions of glial cells consist on providing structural, trophic and metabolic support 

to the neurons they surround, offering space compartmentalisation at synapses and 

removing cellular debris (Raghavendra and DeLeo, 2003). However, after a growing body of 

scientific research throughout the past 15 years, it can nowadays be stated that glial cells 

have integral roles in maintaining CNS homeostasis, and in chronic pain aetiology and 

progression far beyond the mere role of physical support for neurons they were originally 

attributed (Scholz and Woolf, 2007). In fact, experiments carried out in simple nervous 

systems such as those from invertebrates have shown that glia is able to sculpt neuron 

functional circuits by modifying the efficacy of synaptic connections, what enables to form 

and remove nerve projections (Edenfeld et al., 2005).  

Further works in various models of chronic neuropathic pain in rodents report that 

peripheral nerve injury induces spinal glia activation11 (Ito et al., 2009; Sagar et al., 2011). 

Activation of microglia is the first step in a cascade of immune responses in the CNS. 

Furthermore primary afferent neuron terminals are flanked by microglial cells that 

maintain and survey the environment in the spinal dorsal horn. Microglia expresses the 

same surface markers as macrophages/monocytes12 and, in response to injury, it triggers 

                                                           

10
 Astrocyte and oligodendrocyte lineage cells are derived from neural stem cells, whereas microglia originates from 

the immune system. In the peripheral nervous system, there are two classes of Schwann cell (myelinating and non-

myelinating), which functionally and antigenically resemble the glia of the CNS (Eroglu and Barres, 2010). 

Oligodendrocytes and Schwann cells form the myelin sheath of axonal fibres in the central and peripheral nervous 

system (respectively). However, unlike Schwann cells, a single oligodendrocyte can wrap several axons at a time. 
11

 Proinflammatory cytokines have postulated as common mediators of allodynia and hyperalgesia, since they 

encourage nociceptive transmission between neurons. These algic molecules are in fact current products released by 

activated glia, what suggests that glial cells may be important modulators of nociception and hence, potential targets 

to treat neuropathic pain. 
12

 In early embrionary stages, monocytic precursors are recruited by the CNS before closure of the blood-brain barrier 

(BBB). Subsequently, they differentiate first into macrophage-like amoeboid microglia and then into ramified microglia. 

This explains why microglia expresses the same surface markers as macrophages/monocytes. 
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the neuroinflammatory response, while astrocytes undergo astrogliosis (Marchand et al., 

2005).  

Activated microglia exhibits a ramified star-shaped morphology visually contrasting to the 

original amoeboid shape when inert. They also undergo hyperplasia and up-regulation of 

certain genes related to migration, phagocytosis, cytokines, chemokines, growth factors, 

nitric oxide and prostaglandins (Nakagawa and Kaneko, 2010). Controversially, microglial 

activation in the CNS provides both neuroprotective and neurodegenerative roles (Patro et 

al., 2010). Pro- and anti-inflammatory cytokines can apparently polarize microglia to 

distinct activation states, however there is still intense debate and the topic is yet far from 

being fully understood (Guadagno et al., 2013; Cherry et al., 2014). 

Astrocytes are the most abundant cells in the CNS and modulate synaptic transduction 

through astrocyteςneuron interactions. Activated astrocytes exhibit hypertrophic 

morphology with thick ramifications. Given the crucial roles of astrocytes in brain 

development, metabolism, and function, it is not surprising that astrocytes are involved in 

almost every disease of the central nervous system.  

The time course of spinal microglial and astrocytic activation varies following nerve injury. 

Hence, even after microglial activation decreases, astrocytic activation persists, as does 

neuropathic pain (Nakagawa and Kaneko, 2010). Summarising, microglia might be 

responsible for the initiation of neuropathic pain states, and astrocytes may be involved in 

their maintenance (Fig.9). Despite the scarce literature, especial emphasis must be also 

placed on glial anti-nociceptive properties, that is, glial activation is not always bad 

(Milligan and Watkins, 2009). 
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Figure 9. Modulation of pain-processing by glial cells in the spinal dorsal horn. Under continuous and increased firing 

from the periphery, activated microglia releases several pro-inflammatory cytokines, chemokines and other agents that 

modulate pain processing by affecting either presynaptic release of neurotransmitters and/or postsynaptic excitability. 

Additionally, glial cells also have an important role in the cross-talking between non-nociceptive (A fibres) and nociceptive 

neurons (central sensitisation). The release of inflammatory mediators initiates a self-propagating mechanism of 

enhanced cytokine expression by microglial cells assisted by an increasing population of activated astrocytes, which 

maintain the neuroinflammatory process even after the cease-fire of microglial cells.  

Most available analgesics for pathological pain are still symptomatic. Conventional 

treatments have a scarce efficiency for neuropathic pain. Traditionally, coadjuvant drugs 

such as antidepressants and anticonvulsants, have demonstrated to be more efficient than 

opioids in some types of neuropathy (Watkins et al., 2007a). Recently, a few analgesics 

based on pathological mechanisms aimed to modulate the biochemical reactions that take 

place in neuron-to-astrocyte, neuron-to-microglia or microglia-to-astrocyte communication 

at definite times (once upon ingested) (Fig.10).  
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Figure 10. Signals involved in the activation of spinal microglia and astrocytes
13

. Ceftriaxone, amitriptyline, 

propentofyline, riluzole and MS-153 have been reported to modulate glutamate external levels by means of glutamate 

transporters (GLT-1 and GLAST) in astrocytes. Fluorocitrate, propentofylline (again) and L- -haminoadipate have shown to 

act on internal signalling pathways disrupting the meǘŀōƻƭƛǎƳ ƻŦ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ ƳƛŎǊƻƎƭƛŀΦ DŜƴŜǎΩ ƭŀōŜƭǎ ŀǊŜ ƳŜǊŜƭȅ 

testimonial. AQP4: aquaporin 4, ERK: extracellular signal-regulated kinase, GlyT: glycine transporter, JNK: c-Jun N-terminal 

kinase, MMP: matrix metalloprotease, TLR: toll-like receptor. Modified from (Nakagawa and Kaneko, 2010).  

Several changes have been noted to occur in the dorsal horn with central sensitisation. 

Firstly, pain-associated molecules such as substance P (SP), calcitonin gene-related peptide 

(CGRP) and other ligands targeting ion channels (ATP) are released at the synapse bottom 

by primary afferent neurons. Following increased firing, some of these surplus molecules 

may not be able to bind the receptors on the post-synaptical neuron but target the 

surrounding neuroglia. As a consequence, upregulation of cytokines (e.g. IL-1 ,̡ IL-6, TNF- ,h 

IL-18) and chemokines (e.g. CCL2, CXC3L1) levels increase in glial cells, leading to further 

attraction and activation of immune glial cells and encouraging nociceptive transmission 

between neurons. Under this overexcited state, afferent dendrites release additional 

                                                           

13
 For further reading on pharmacological attenuation of glial activation see (Mika, 2008). 
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excitatory aminoacids and chemokines creating a vicious cycle that intercommunicates 

neurons, microglia and astrocytes at the dorsal horn (Norimoto et al., 2014).  

3. Toll-like receptor.  

3.1. Systematic discovery and distribution of Toll-like receptors. 

Human toll-like receptors (TLR) are homologues of Drosophila toll proteins14. Eleven 

members of the TLR family have been identified in humans so far (designated TLR1 to 11) 

(Oda and Kitano, 2006) and they are distinguished by belonging to a protein superfamily 

with interleukin-1 receptor (IL-1R) homologous regions: the toll/IL-1R (TIR) family 

(reviewed in (Leon et al., 2008; McCormack et al., 2009)). TLR4 is probably the most 

studied among them all, as it presents two unique features that distinguishably set it apart: 

the requirement of a co-receptor for ligand recognition and the ability to signal through 

two different adaptor protein systems according to its cellular location ςMyD88- and TRIF-

dependent pathways, inducing eitƘŜǊ ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜ ƻǊ LCbʲ ǇǊƻŘǳŎǘƛƻƴΣ 

respectively15 ς (Tanimura et al., 2008; Gangloff, 2012). 

TLR4 is a type I transmembrane glycoprotein16 with a highly polymorphic extracellular 

leucine-rich repeat (LRR)17 N-terminal domain, and an intracellular signaling TIR18 C-

terminal domain (Gómez et al., 2014) implicated in both innate and adaptive immune 

responses in vertebrates (Sorge et al., 2011). The cytoplasmic TIR domain modulates 

interactions with the adaptor proteins involved in the signal transduction cascade, what in 

simple terms consists in downstream recruitment of protein kinases, which activate 

transcription factors such as nuclear factor-ˁ. όbCˁ.ύΣ ŀŎǘƛǾŀǘƛƴƎ ǇǊƻǘŜƛƴ м ό!t-1) and 

interferon (IFN)-regulatory factor 3 (IRF3) (Hoshino et al., 1999; Kawai and Akira, 2006). 

The final result is the up-regulation of diverse inflammatory mediators such as cytokines, 

                                                           

14
 To read more on Drosophila toll proteins see (Bilak et al., 2003). 

15
 Biological activity of TLR4 depends on their membrane localization. Plasma membrane MyD88-dependent pathway 

gives rise to cytokine production, whilst endosome TRIF-dependent pathway results in type I IFN. 
16

  A Type I membrane protein refers to a single-pass membrane protein (crosses the membrane only once) with its 

hydrophilic N-terminal segment on the extracellular side of the membrane. 
17

 Leucine-rich repeat domain consists in a typical conserved arc-shaped structure with multiple leucine residues that 

provides an optimal scaffold for the formation of protein-protein interactions. 
18

 Toll/interleukin-1 receptor consists in a conserved cytoplasmic domain with a central five-ǎǘǊŀƴŘŜŘ ǇŀǊŀƭƭŜƭ ʲ-sheet 

ǎǳǊǊƻǳƴŘŜŘ ōȅ ŦƛǾŜ ʰ-helices on both sides that makes it attractive for specific protein binding. 
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chemokines, tissue-destructive enzymes and the expression of costimulatory molecules on 

antigen-presenting cells (APC). This signifies the induction of the adaptive immune 

response ό!ōŘƻƭƭŀƘƛπwƻƻŘǎŀȊ et al., 2007). 

As key players of the innate immune system, TLR can recognize pathogen-associated 

molecular patterns (PAMP) such as bacterial endotoxin, Gram-negative bacterial 

lypopolysaccharides (LPS) and lipooligosaccharides (LOS) (Peri and Calabrese, 2013). 

However, they can also detect endogenous molecules resulting from injury known as 

damage associated molecular patterns (DAMP) or alarmins. That said, TLR4 is 

overexpressed in damaged tissues and may be activated by necrotic cells, injured axons 

and components of the extracellular matrix. Some endogenous ligands of TLR4 are several 

heat shock proteins (Lasarte et al., 2007; Ohara et al., 2013), the alternatively spliced type 

III repeat extra domain A of cellular fibronectin (FNIII EDA) (Okamura et al., 2001; Lefebvre 

et al., 2011) and a plasma proteins (Sohn et al., 2012). They all cause cytokine production 

mediated by TLR4. 

As mentioned before, TLR4 requires a co-receptor for ligand recognition. To this respect, 

two binding proteins have been identified so far. The myeloid differentiation 2 receptor 

(MD-2), a small glycoprotein that interacts as a monomer with an exogenous PAMP leading 

to its activation (Teghanemt et al., 2008), and an additional co-receptor named cluster of 

differentiation 14 (CD14) (Fig.11). In fact, a PAMP such as LPS has been reported to fail to 

produce allodynia, supporting the idea of an alternative via for TLR4 signaling that induces 

enhanced nociception19 in absence of bacterium-derived factors (Cao et al., 2009; 

Hutchinson et al., 2009). Additionally, it has been described that CD14 is upregulated upon 

exposure to inflammatory molecules, as it is required for the internalisation of TLR4 

(Zanoni et al., 2011). 

 

 

                                                           

19
 TLR4 activation is necessary but not sufficient to induce spinally mediated pain enhancement. This can be explained 

by a dual mechanism of antigen presentation to TLR4 (as the one cited in the paragraph) leading to two different 

effects (sepsis or allodynia). But another explanation could be that TLR4 is only one of the many molecular players in 

the development of pain behaviours (Smith, 2010). 
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Figure 11. TLR4 intracellular signaling pathway: innate and adaptive immune response. (1) Interaction between ECM 
components and TLR4 ectodomain prevent dimerization of the cytosolic TIR domains, essential for maintaining the 
receptor in an inactive state prior to the recognition of the ligand. Tissue disruption liberates TLR4 from restraint, thus 
allowing endogenous ligands to stimulate the receptor. (2) Ligand recognition by TLR leads to the association of cytosolic 
TIR domains, as only dimeric TIR provide the scaffold for the recruitment of cytosolic adapters and assembly of 
signalosome. (3) Activation of intracellular transmission via signalling cascade initiates. The first downstream step 
requires the interaction between TLR and adaptor molecules containing TIR domain. Association with the different 
adaptors will depend on TLR4 membrane localization. Thus it can bind MyD88 and TIRAP/Mal (on the one side) or 
TRIF/TICAM-1 and TRAM/TICAM-2 (on the other side). TLR4 signals through the MyD88-dependent pathway from the cell 
membrane to produce proinflammatory cytokines and is internalized into late endosomes to signal through the TICAM-
dependent pathway to produce IFN. Alternatively, proinflammatory cytokines can also be upregulated through a MyD88-
independent pathway. Additionally to these transcription products, both MyD88-dependent and ςindependent pathways 
can induce the transcription of TPA, which is a potent protein kinase C (PKC) activator. (4) In brief, the activation and 
translocation ƻŦ bCˁ.Σ !t-1 and IRF-3 transcription factors to the nucleus promotes the production of a wide variety of 
inflammatory mediators such as cytokines (¢bCʰΣ L[сΣ L[мʲύΣ chemokines, type 1 interferon (IFN), tissue-destructive 
enzymes. These costimulatory molecules provide a second signal to T cells to initiate the adaptive immune response. IRF-
3 = interferon regulatory factor-3; AP-1 = activator protein-1; TPA = 12-O-tetradecanoylphorbol-13-acetate; IFN-ʲ Ґ 
interferon- ;̡ RANTES = regulated on activation normal T Cell expressed and secreted; IP-10 = interferon- -ɹinduced protein 
10; COX-2 = cyclooxygenase-2. Modified from (Owen M et al., 2015). 

 



 

25 

 

I INTRODUCTION 

3.2. Role of Toll-like receptors in dorsal horn plasticity. 

TLR4 antagonists have been traditionally conceived as ideal molecules triggering 

therapeutic effects on rodent sepsis models (Piazza et al., 2009; Takashima et al., 2009). 

However, later discoveries on the predominant expression of TLR4 by microglia20 in the 

CNS ςalso resident and recruited macrophages ς (Olson and Miller, 2004) and on the 

presence of these receptors in peripheral sensory neurons (Wadachi and Hargreaves, 2006) 

suggested a role for TLR4 also in nociception. Further experiments using TLR4 antagonists 

in rodent models of neuropathic pain confirmed this hypothesis as repeated administration 

resulted in relief of both thermal hyperalgesia and mechanical allodynia (Bettoni et al., 

2008). Notwithstanding, in addition to this, TLR4 receptors have been described on the 

surface of a large number of distinct cell types: immune cells (Gondokaryono et al., 2007; 

Huang et al., 2007), dendritic cells (Takagi, 2011), glial cells (Li et al., 2015), the articular 

cartilage (Meng et al., 2010; Gómez et al., 2014), neurons (Ohara et al., 2013), fibroblasts 

(Ospelt et al., 2008), Sertoli cells (Winnall et al., 2011) and endothelial and epithelial cells 

(Erridge, 2010). 

In their basal state, glia play important roles in maintaining the health and normal 

functioning of the nervous system. However under altered physiological states, such as 

chronic pain, glia becomes activated, releasing a variety of substances involved in the 

initiation and maintenance of neuropathic pain including prostaglandins, excitatory 

aminoacids, growth factors and proinflammatory cytokines (Watkins and Maier, 2003). This 

contributes to the dysregulation of neuronal functioning. In this regard, the involvement of 

TLR4 in these neuroimmune interactions has been increasingly reported in the past decade 

(Bettoni et al., 2008; Saito et al., 2010). Furthermore, knock-out and knock-down assays of 

TLR4 expression have shown an attenuation of behavioural hypersensitivity, decreased glial 

activation and decreased expression of proinflammatory cytokines (Tanga et al., 2005; Lan 

et al., 2010).  

 

                                                           

20
 Expression of TLR4 on the microglial cell surface is of particular concern to us since they grow in numbers as they 

massively activate under sustained pain conditions, contributing to central sensitization ςthe main adaptive change 

involved in pain chronificationς.  
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3.3. Morphine and Opioid-induced Hypersensitivity (OIH). 

Opioids are the benchmark for treating moderate to severe pain and together with non-

steroidal anti-inflammatory drugs (NSAID) the spearhead of the WHO analgesic ladder 

(Clark, 2002; Angst and Clark, 2006). Although originally designed for alleviating cancer-

related pain, its potent analgesia made them popular for treating any chronic pain21. 

However, neuropathic pain has been reported to be resistant to morphine treatment. 

In the past century it was yet known that opposing analgesia opiates could intriguingly 

induce immunosuppressive side effects coursing along with the loss of antinociception 

(West et al., 1997). This convergent scenario was traditionally explained by means of a 

tolerant mechanism (de Conno et al., 1991; Sjøgren et al., 1993; Aley and Levine, 1997). 

Striking similarities in mechanisms underlying chronic pain and opioid tolerance led to the 

discovery of a possible role for spinal glia in modulating opioid counter-regulatory 

mechanisms. Furthermore, several studies on repeated morphine administration 

demonstrated a proinflammatory response opposing morphine analgesia (Song and Zhao, 

2001).  

Over the last few years, an emerging concept has been steadily gaining ground as a valid 

alternative to explain this crossroads: the phenomenon of opioid-induced hypersensitivity 

(OIH), also known as opioid-induced hyperalgesia (Ocasio et al., 2004). This theory achieved 

rapid and detailed clinical broadcasting especially by the hand of Dr Wolfgang Koppert 

(Koppert, 2004;Koppert and Schmelz, 2007) and Dr J David Clark (Angst and Clark, 2006; 

Chu et al., 2006; Low et al., 2012). To this respect, acute and chronic22 high doses of opioids 

have been reported to induce spontaneous pain, allodynia and thermal hyperalgesia in 

humans (Raffa and Pergolizzi, 2013) and rodents (Li et al., 2001; Chang et al., 2007). 

Nevertheless, it is still difficult to differentiate between morphine tolerance and induced 

                                                           

21
 Opioids mediate their pharmacological effects via activation of three types of G-protein coupled receptors (GPCR): 

mu opioid receptor (MOR), delta opioid receptor (DOR) and kappa opioid receptor (KOR). Recently, a new opioid-like 

receptor ORL-1 has been proposed. Opioid receptors are found in cell membranes at multiple sites in the CNS and PNS. 

Morphine, the gold standard among strong opioids, is a potent µ agonist. 
22

 Until very recently, it was assumed that chronic use of opioids could lead to opioid-induced abnormal pain 

sensitivity only if followed by abrupt reduction or withdrawal of dosage; however this position was definitely knocked 

down in the past decade as reviewed in (DuPen et al., 2007;Mao, 2006). 
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hyperalgesia and various mechanisms have been proposed to be implicated in the 

development of OIH based on plastic changes occurring in the PNS and CNS. 

a) Counter-regulation hypothesis. According to the counter-regulation hypothesis23, a 

balance between anti- and pro-nociceptive effects is apparently dependent on the type, 

dose, pattern and route of opioid administration (Chu et al., 2006) and is thought to 

occur as a compensatory mechanism in an attempt to reach homeostasis (Freye, 2010). 

Chronic administration of intrathecal or systemic morphine may produce a sustained 

imbalance at spinal and supraspinal levels and therefore act also on some other opioid 

receptors coupled to excitatory cholera toxin-sensitive Gs-proteins (stimulative 

regulative G protein) located on pre- and post-synaptic neurons and on glial cells. 

Subsequently, intracellular levels of cAMP increase and enable the activation of protein 

kinases and the opening of calcium channels leading to increased intracellular Ca2+ 

levels and membrane depolarization. As a consequence, multiple neurotransmitters 

(Substance P, CGRP) are released. Calcium may also act on nNOS leading to NO 

production and on conventional PKC, which will phosphorylate and inactivate opioid 

receptors and activate NMDA-receptors (Koppert and Schmelz, 2007; Marion Lee et al., 

2011; Raffa and Pergolizzi, 2013; Pal and Das, 2013) (Fig.12). It is worth mentioning that 

opioid receptors exist as dimers or oligomers of same or different opioid receptor 

ǎǳōǘȅǇŜǎ ŀƴŘ ǘƘŀǘ ǇƻǘŜƴŎȅ ƻŦ ƳƻǊǇƘƛƴŜ ƛǎ ŀǘǘŜƴǳŀǘŜŘ ƛƴ ʵ-containing opioid receptors, 

since they display decreased G-protein coupling and signaling compared to µ-

homodimers; corresponding to what seen in cases of neuropathic pain as well (Gupta et 

al., 2010). 

                                                           

23
 The counter-regulation hypothesis is also referred to as the opponent process theory (Solomon and Corbit, 1974). 
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Figure 12. Schemtatic representation of the different mechanisms implicated in the development of OIH. When an 

opioid binds to a receptor, an excitatory or inhibitory response may occur. The activation of opioid receptors can 

inhibit transmission of pain impulses in the brain and spinal cord and in peripheral sensory nerves. Opioids can also 

modulate noxious stimuli via descending inhibitory pathway. However opioids can also lead to pro-nociceptive 

mechanisms, which may differ depending on the chosen site along the nervous system: (1) sensitisation of peripheral 

nerve endings; (2) enhanced descending facilitation of nociceptive signal transmission; (3) enhanced production and 

release as well as diminished reuptake of nociceptive neurotransmitters; (4) sensitisation of second-order neurons to 

nociceptive neurotransmitters; (5) Neuroplastic changes in the RVM medulla that may increase descending 

facilitation via on cells. Box A (dotted line). Activation of Gi/o-coupled opioid receptors reduces intracellular levels of 

cAMP. However, upon long-term application of µ-agonists other less common Gs-coupled opioid receptors may also 

become activated and act on adenylyl cyclases increasing the levels of intracellular cAMP at the primary nerve 

endings in the spinal dorsal horn. This will result in the activation of protein kinases and the opening of calcium 

channels leading to increased intracellular Ca
2+

 levels and membrane depolarization. Consequently, a heightened 

release of excitatory amino acids and neuropeptides acting on the postsynaptic neuron (e.g. NK1-R) will also occur. 

Morphine-induced activation of Gs-coupled opioid receptors can also happen at the postsynaptic neuron. Increased 

intracellular levels of Ca
2+

 can induce the activation of a conventional PKC causing the phosphorylation of NMDA-

receptors and therefore increased influx of Ca
2+

. Simultaneously, PKC can also act on opioid receptors rendering 

them inactive. In addition to all this, increased levels of intracellular Ca
2+

 induce heightened production of NO, which 

reduces the antinociceptive potency of µ-agonists. Further increased levels of opioids might be maintained by 

facilitative descending pathways. Box B (dotted line). Additionally, following morphine chronic treatment µ-ʵ 

ƘŜǘŜǊƻŘƛƳŜǊ ƛǎ ƛƴŎǊŜŀǎŜŘ ƛƴ ǘƘŜ 5wDΣ w±a ŀƴŘ ƻǘƘŜǊ ǊŜƎƛƻƴǎ ƛƴ ǘƘŜ ōǊŀƛƴΦ tƻǘŜƴŎȅ ƻŦ ƳƻǊǇƘƛƴŜ ƛǎ ŀǘǘŜƴǳŀǘŜŘ ƛƴ ʵ-

containing opioid receptors, since they display decreased G-protein coupling and signaling compared to µ-

homodimers. DRG = dorsal root ganglia, RVM = rostral ventromedial medulla, cAMP = cyclic adenosine 

monophosphate, PKC = protein kinase C, NO = nitric oxide. Figure modified from (Angst and Clark, 2006;Koppert and 

Schmelz, 2007).  

Despite this approach, opioids can exert non-stereoselective effects on other receptors 

( Hutchinson et al., 2010a; Due et al., 2012). This is sustainable with the fact that opioid 
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hyperalgesia was still observed in µ-Σ ʵ- ŀƴŘ ˁ-opioid receptor triple knockout mice, 

which again is suggestive of the existence of a non-classical opioid receptor whose non-

stereoselective activation opposes analgesia (Juni et al., 2007).  

b) TLR4 and opioids tinckering.  

Opioids are currently obtained by isolation from opium for the low cost that it 

represents (Rinner and Hudlicky, 2012). Some opioids (e.g. codeine, heroin) produce 

metabolites chemically identical to morphine after systemic administration (Smith, 

2009). In this regard morphine is primarily metabolised in the liver into two major 

metabolites: morphine-6-glucuronide (M6G) and morphine-3-glucuronide (M3G); the 

former, an analgesic active compound, and the latter, devoid of analgesic activity 

(Komatsu et al., 2009). Morphine derivative M3G ( Lewis et al., 2010; Due et al., 2012) 

presents a lack of binding to opioid receptors and has been reported to mediate, single-

handedly, the activation of the TLR4/MD-2 heterodimer on microglial surfaces, as 

inferred from in vitro, in vivo and in silico studies24 (Fig.13). To this respect, researcher 

Linda R. Watkins  and her team (Hutchinson et al., 2010a; Hutchinson et al., 2010b; 

Hutchinson et al., 2012) advocate for considering TLR4 receptors as the missing link 

that connects the concepts of immune system, antinociception loss and use of opioids. 

According to Watkins, opioids might activate TLR4 on glial surfaces leading to a 

mechanism that opposes classical opioid analgesia (Watkins et al., 2005; Watkins et al., 

2007a; Watkins et al., 2009). In fact, although TLR4 might not be the only receptor for 

glial activation, some glial inhibitors (propentofylline, pentoxifylline, minocycline, 

ibudilast) are potential useful agents for the treatment of neuropathic pain and for the 

prevention of tolerance to morphine analgesia (Mika, 2008), and particularlly ibudilast 

has been recently described as a TLR4 singalling inhibitor.  Ibudilast showed to increase 

the clinical efficacy of opioids by inhibiting glial activation (based on microglial and 

astrocyte activation marker suppression) and to possess the ability of enhancing the 

production of anti-inflammatory cytokines, in addition to suppressing proinflammatory 

ones. That is, TLR4 can recognize opioids as foreign xenobiotic substances leading to 

proinflammatory immune signaling (Watkins et al., 2007a). In fact, TLR4 knockout mice 

                                                           

24
 A wide list of TLR4 agonist and antagonist molecules are described in (Li, 2012). 
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fail to display hyperalgesia following M3G administration (Due et al., 2012) and OIH is 

not reversed by administration of an opioid antagonist (Chu et al., 2006). 

 

Figure 13. TLR4 stimulation as an underlying mechanism for opioid-induced hyperalgesia. Although the molecular 

mechanisms underlying OIH still remain to be clarified, it is thought to result from alterations in the PNS and CNS. To 

this respect, a wide range of opioids and opioid metabolites have been reported to bind and activate TLR4, whose 

main representative are the opioid metabolite morphine-3-glucuronide (M3G) and the unnatural isomer (+)ς

morphine, both of which have no effect on opioid receptors but elicit increased nociception. TLR4 is predominantly 

expressed in sensory neurons in the DRG and in microglia in the spinal dorsal horn, and overlapping mechanisms 

based on TLR4 non-stereoselective activation have been suggested to regulate both surgical incision induced-

nociception and OIH.  

To the best of our knowledge, the only existing opposition to these findings is based on 

the work of a Japanese group, stating that TLR4-knockout mice present microglial 

activation (assessed by CD11b mRNA levels25) and reduced tail-flick26 latencies when 

morphine is daily given for five consecutive days (Fukagawa et al., 2013).  

4. Animal models for the study of pain. 

4.1. Osteoarthritic pain. 

                                                           

25
 Despite the traditional use of CD11b, Iba1 and GFAP as protein markers of glial cell activation, as suggested in 

(Horvath et al., 2010), this is being increasingly questioned.  
26

 The tail-flick test consists in a radiant heat light source that sends out a light beam focused to the tail of the rat. The 

reaction is detected automatically when a digital timer that started counting up when the light switched up stops as 

the animal withdraws its tail from the light beam. The recorded time is registered as the withdrawal latency for that 

animal. 
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Osteoarthritic Pain (OA) is currently defined as a chronic degenerative disorder of 

multifactorial aetiology that affects the entire diarthrosis leading to a same pathologic 

state: degeneration of the joint elements with eventual restricted movement and pain 

(Pomonis et al., 2005; Aigner et al., 2010). Risk factors associated with the development of 

OA include genetic, ethnical, gender, ageing, obese and occupational based reasons among 

others. In fact, OA affects differently to men and women, being hand and knee OA more 

commun in women and hip OA similar in both genres (Solís et al., 2007). 

According to the International Association for the Study of Pain (IASP), osteoarthritis (OA) is 

the most common joint disorder worldwide, affecting aproximately 37% of senior citizens 

(IASP, 2009). Large scale studies on the prevalence of osteoarthritis in Spain are carried out 

by the Spanish Society for Rheumatology (SER). This Society estimated a similar prevalence 

of 43% in the general Spanish population in year 2000 (Cano Montoro and Cases Gómez, 

2002). To this respect, only knee and hand OA exhibit well-documented national data, 

remaining other locations (e.g. hip, neck or column) undocumented, extrapolated from 

foreign studies or only partially analysed in small cohort of patients by individual groups 

(Alegre De Miquel et al., 2011; Garriga, 2014) (table 3). 

 

 

 

Table 3. Study on the prevalence and impact of rheumatic diseases carried out by the Spanish Society for 

Rheumatology (EPISER 2000 project
27

). There might be variations in OA prevalence depending on the different diagnosis 

criteria (e.g. symptomatic, radiologic or both) used in population-based studies (Comas et al., 2010). All the data herein 

mentioned come from the EPISER 2000 project. 

Until very recently, pre-clinical research on OA was mainly focused on the study of the 

progression of the disease rather than on the chronic pain associated to this condition 

(Ayala and Fernández-López, 2007). Nowadays pain is just considered the major symptom 

of OA and also the major determinant of functional loss. Factors proposed for contributing 
                                                           

27
 EPISER 2000 project consisted on a study to determine the prevalence of lumbalgia, hand and knee OA, rheumatoid 

arthritis, fibromialgia and osteoporosis in the Spanish population. It also counted on the development of a pilot study 

on the prevalence of systemic lupus erythematosus. Basically, a population-based survey was conducted in 20 Spanish 

cities to 2.998 individuals over an age of 20, random selected and clasified according to age and sex. Subjects were 

also examined in minute detail by trained rheumatologists according to a standardised protocol and criteria in 

accordance to the American College of Rheumatology and the WHO were applied (Carmona, 2001). 

 Age 

Affected joint 40-49 50-59 60-69 70-79 >80 general 

knee OA 
prevalence in men 2.4% 5.5% 18.1% 16.7% 14.3% 5.7% 

10.3% 
prevalence in women 4.4% 13.3% 37.2% 44.1% 29.1% 14.0% 

hand OA 
prevalence in men      2.3% 

6.2% 
prevalence in women      9.5% 
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to this complex pain syndrome include biological, psychological and social framework, the 

sum of which may explain the discrepancies found between the degree of joint damage 

and the severity of pain in different patients (Hunter et al., 2009) (table 4). 

 

Table 4. Biological and psychological factors contributing to OA pain. (1) Structural pathology. Under certain conditions 

knee structure undergoes cartilage erosion, disrupted bone metabolism and local proinflammatory processes that lead to 

synovitis and vascular and nerve remodelling. (2) Peripheral nervous system. Neuro -inflammation and -sensitisation at 

the peripheral terminals may cause hyperexitability of nerve afferent fibres leading to spontaneous firing. (3) Altered 

spinal cord gating. Continuous discharge at the spinal dorsal horn might result in synapse plasticity and cause disruptive 

phenomena such as referred pain and muscle hyperalgesia even though the pain source originates at the knee joint. (4) 

Altered cortical processing. Past experiences and sociocultural background may influence subjective judgment of pain 

and lead to dysfunction of descending noxious inhibitory control. Motor disfunction. Tissue injury and consequent 

release of proinflammatory molecules may lead to changes in the environment bathing nociceptor terminals, resulting in 

lowered thresholds and increased responsiveness to stimuli. Additionally, hypertrophy of the capsule causes movement 

restriction and during the healing feedback response, this immobilization can originate developing small fibres to adhere 

with the surrounding tissue leading to ectopic discharge and stimuli misinterpretation by the spinal cord and brain. 

Despite the underlying chronic pain condition, whether OA has a neuropathic or a rather 

nociceptive component has long been subject of debate (Combe et al., 2004; Hochman et 

al., 2010; Kelly et al., 2013). National (Oteo et al., 2013) and international (Hochman et al., 

2010) clinical studies have recently shown up the presence of a neuropathic component in 

not less than 33% of all cases diagnosed as chronic knee joint pain caused by knee 

osteoarthritis. That said, both peripheral and central sensitisation are relevant elements in 

the pathology as elicited for clinical evidence in the recent years (Arendt-Nielsen et al., 

2010; Finan et al., 2013). In fact, all indicators of pain sensititisation (both peripheral and 

central) have been observed in patients with knee osteoarthritis to a greater or lesser 

extent: hyperalgesia, allodynia, spatial summation, temporal summation (wind-up) and 

aftersensations (Harden et al., 2013; Skou et al., 2013). On the one hand, peripheral 

sensitisation is normally related to local and neurogenic inflammation, which shows up 

mainly as primary hyperalgesia and aftersensations but only little primary allodynia. On the 

other hand central sensitisation is characterised by allodynia and hyperalgesia spread to 
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adjacent and remote sites from the affected joint (spatial summation) and may involve 

impared descending pain modulation mechanisms (Courtney et al., 2012).  

4.1.1. Pain associated with osteoarthritis of the knee. 

During osteoarthritis, the impediment of articular mobilization makes the pressure 

exerted by the synovial liquid in the articular space to be too much to allow the 

nutrients to get into the chondrocytes; hence the cell cannot produce the fibres needed 

for repairing the ECM of the cartilage (Beyreuther et al., 2007).  

The knee receives a nerve supply from cutaneous nerves in the overlying skin, branches 

of peripheral nerves passing near the joint (primary nerves) and branches of 

intramuscular nerves crossing the joint capsule (accessory nerves) (Fig.14). Most 

afferent fibres in articular nerves are unmyelinated, comprising C and sympathetic nerve 

ŦƛōǊŜǎΦ IŜŀǾƛƭȅ ƳȅŜƭƛƴŀǘŜŘ !ʲ ŦƛōǊŜǎ ŀƴŘ ǘƘƛƴƭȅ ƳȅŜƭƛƴŀǘŜŘ !ʵ Ŧƛōres comprise about 20% 

of the total fibres (Kidd, 1996). These sensory nerves respond to mechanical stimuli such 

as stretching of the joint capsule but also to chemical inflammatory mediators, which 

may directly stimulate silent nociceptive fibres or sensitise them to mechanical stimuli. 

All types of afferences (nociceptors or not) may be implicated in the pathophysiology of 

osteoarthritic pain by means of peripheral sensitisation and neurogenic plasticity may 

operate at both, peripheral and spinal levels. 
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Figure 14. Knee joint innervation. The femoral nerve innervates muscular and cutaneous tissues of the upper tight 

and leg. The terminal cutaneous branch of the femoral nerve is the saphenous nerve. Saphenous nerve divides into 

three branches at the knee joint, all gathered in the infrapatellar branch, but also continues downstream to the feet 

basically innervating skin tissues. Sciatic nerve innervates the lower leg and foot and devides in two branches at the 

popliteal fossa: the tibial and the common peroneal nerves. The tibial nerve gives rise to articular, muscle and skin 

branches, whereas the common peroneal nerve gives off articular and cutaneous (lateral sural nerve) branches. 

In the rat, 80% of all knee joint afferent nerve fibres are nociceptive. Nociceptors are 

located throughout the entire joint, including the capsule (McDougall, 2006), ligaments 

(McDougall et al., 1997), tendons, menisci, periosteum and subchondral bone (Mach et 

al., 2002). Even the synovium contains a good supply of large-ό!ʲύΣ middle-ό!ʵύ ŀƴŘ 

small-diameter (C) axons (Wenham and Conaghan, 2009). The former are especially 

located around the larger blood vessels and responsible for the control of articular 

blood flow, while the middle- and small-sized are basically silent and responsible for 

pain transmission only during tissue damage or when sensitised during an inflammatory 

response (McDougall et al., 1997). Paradoxically, the cartilage (McCormack et al., 2009), 

the primary site of injury in OA, is avascular and aneural (Bora and Miller, 1987; 

Henrotin et al., 2005). This may explain why in the early states, the joint is usually 

asymptomatic.  

However, innervation of the diarthrosis under pathologic conditions is notably different 

from that of normal state. Under pathological conditions, the sensory and sympathetic 
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nerve fibres are absent in the superficial synovia and in areas of intense inflammation, 

whilst deeper synovia keeps its innervation around the vessels (Im et al., 2010). Contrary 

to this, nerve and vascular ingrowth have been reported to occur in damaged 

osteoarthritic cartilage (Fig.15) (Ashraf and Walsh, 2008). This may suggest that the 

inflammatory soup straining from the nearby vessels may produce different effects 

depending on the tissue phenotype where it is released.  

Osteoarthritic pain initiates with a mild intraarticular inflammation and degeneration of 

the articular cartilage and the subchondral bone (Beyreuther et al., 2007). 

Overexpression of matrix-degrading proteases and pronflammatory cytokines 

contribute to the progression of the pathology by diverse mechanisms involving down-

regulation of anabolic processes and up-regulation of catabolic and inflammatory 

responses (Kapoor et al., 2010). As a result, high-threshold mechanoreceptors, 

polymodal nociceptors, and "silent" nociceptors in the joint capsules and ligaments 

become sensitised, reducing their activation thresholds and increasing the firing rate of 

action potentials to the spinal dorsal horn. 
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Figure 15. Vascularization and innervation of the articular cartilage in the knee under normal and pathological 

conditions. The degradation of cartilage results of the combination of mechanical stress and biochemical factors. (1) 

OA generally initiates with mechanical erosion. (2) Particles released from the knee cartilage to the interstitial fluid 

ǇǊƻǾƻƪŜ ŀ άƪƴƻŎƪ ƻƴ ŜŦŦŜŎǘέ ƻƴ ƛƳƳǳƴŜ ŎŜƭƭǎ ŎŀǳǎƛƴƎ ǘƘŜ Ƨƻƛƴǘ ŎŀǾƛǘȅ ǘƻ ǎǿŜƭƭ ǳǇΣ ǘƘǳǎ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǘŜƴǎƛƻƴ ŀǘ ǘƘŜ 

connective tissue and causing the articular space to distend the capsule. Initial thickening of the synovial membrane 

and capsule causes the knee cartilage to stop being lubricated, being deprived of the nutritional supply. (3) Thus, the 

cartilage loses its capacity to tolerate tensions, breaks up and thins, remaining in turn the subchondral bone exposed. 

Next, there is an increase of the emerging bone mass all along the articular line, together with angiogenesis and nerve 

growth at the epiphyseal plate of the metaphysis. Fissures in the cartilage on the one side and subchondral 

angiogenesis on the other side increase permeability allowing further plasma cells to enter the cartilage-bone unit. 

Despite the clear evidence for a central role on pain production in OA, current 

treatments are chiefly palliative and aimed at peripheral mechanisms ( Jordan et al., 

2003; Barron and Rubin, 2007; Benito et al., 2008) (table 5). There are, additionally, a 
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few drawbacks associated with many of the drugs being used. For instance, analgesia 

induced by peri- or intra-articular knee infiltration with corticorsteroids (Wittich et al., 

2009; Ertürk et al., 2014) or local anaesthetics (Creamer et al., 1996; Eker et al., 2008; 

Jorgensen et al., 2014) lasts only 2-3 weeks and requires multiple injections. Intra-

articular hyaluronic acid for its part has not proved to achieve greater effects and results 

from different studies show to be controversial (Lo et al., 2003; Arrich et al., 2005). 

Other conventional treatments such as NSAID have shown both insufficient efficacy and 

gastrointestinal or cardiovascular side effects (Caldwell et al., 1999; Brandt, 2003; van 

Laar et al., 2012;). On the other hand, topic capsaicin (Kosuwon et al., 2010; Laslett and 

Jones, 2014) and oral SYSADOA28  (Clegg et al., 2006) have recently postulated as good 

alternatives as presenting more remnant analgesia and avoiding secondary effects of 

NSAID. However, physicians usually turn to the use of combined therapies for treating 

osteoarthritis-knee pain29.  

Type of administration Treatment 

ORAL 

paracetamol (acetaminophen) 

NSAID 

opioids*  

tramadol 

SYSADOA (glucosamine sulfate, chondroitin sulfate, diacetylrhein)  

TOPICAL 

local anaesthetics (lidocaine) 

NSAID 

capsaicin 

INTRA-ARTICULAR 

corticosteroids 

hyaluronan (SYSADOA) 

local anaesthetics 

Table 5. Current pharmacological treatment on knee osteoarthritis. Treatments for OA-knee pain are chiefly 

palliative and aimed at peripheral mechanisms, except the use of tramadol and opioids, which can bind receptors 

located in the CNS. Treatment guidelines recommend starting with paracetamol as the first-line therapy for oral 

administration, followed by NSAID, opioids and tramadol. Patients not responding to paracetamol nor willing to 

undergo further systemic therapy are prescribed topical administration as a stand-alone therapy or in combination 

with oral drugs. Condroprotective drugs (SYSADOA) may be also given as coadjuvants to oral paracetamol. While 

paracetamol achieves acute pain relief, these medicines provide long-therm acting but prolonged effect and are 

considered as disease-modifying drugs. The latter effect can also be appreciated with intra-articular therapy however, 

this is an invasive technique and requires both aseptic conditions and spaced-time administrations. 

                                                           

28
 SYSADOA = symptomatic slow action drugs for osteoarthritis. 

29
 A consensus document on pharmacological treatment of OA elaborated by the SER is recommended for further 

reading (Blanco and de la Sociedad, Panel de Expertos, 2005). 
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4.1.2. A model of osteoarthritic pain chemically induced by monosodium iodoacetate. 

Experimental animal model systems are intended to best imitate syndromes and 

pathologies currently occurring in patients and to this purpose, they are decisive to 

complement osteoarthritic studies from clinicians in human beings. They provide a 

means for studying the pain mechanisms involved in such a heterogeneous disease and 

give cause to survey correlating symptoms in other chronic pain conditions in order to 

develop more efficient therapies.  

However, despite the robust similarities to the human disease, achieving identical 

overlapping is a matter out of reach. To this regard, infiltration of the chemical agent 

monosiodium iodoacetate (MIA) into the articular cavity of the rat knee reproduces the 

knee degenerative disease observed in clinics in a very precise way. Since the articular 

cartilage lacks vascularization, the metabolism in chondrocytes acts at low oxygen 

tensions, being the majority of the energetic requirements satisfied by anaerobic 

glycolysis. In the MIA model, MIA binds the active site of glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) enzyme rendering the enzyme useless. As a consequence, the 

following steps in glycolysis are inhibited. Therefore, the blockade of glycolisis leads to 

their own cellular death and subsequent disruption of articular cartilage (Lefebvre et al., 

2011).  

Attending to a physiological context, MIA induces hind paw distal tactile allodynia and 

thermal hyperalgesia (Procházková et al., 2009), and knee proximal mechanical 

hyperalgesia that correlate with the presence of activated spinal microglia and astroglia 

typical in central sensitisation (Sagar et al., 2011) 

From a clinical point of view, MIA induces synovitis followed by cartilage thinning, 

development of fissures and disruption of deeper zones in direct contact with the 

subchondral bone. Inflammation of the synovium and capsule is apparently resolved by 

day 3-7 and is not considered to play a role any more in pain production. This first phase 

mainly consists in the interaction of plasmatic proteins and inflammatory products with 

resident fibroblasts to restore the cartilage surface. Hence, while neutrophils and 

macrophages remove the dead tissue and cellular debris, other incoming cells together 

with resident fibroblasts form a granulation tissue, which starts as a laxe connective 
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tissue that ends up by progressively densifying and even producing cartilage in some 

areas in order to patch the damaged area (Fig.16A). Subsequently, patches of new-

forming tissue extend to the calcified cartilage and repair of the deep zone occurs during 

the second week post-MIA (Bove et al., 2003; Combe et al., 2004). During this process, 

remodelling of the superficial zone can however cause an excess of deposits that may 

turn towards an outgrown, thickened fibrotic phenotype, leading to aberrant 

architecture and function of the normal tissue. That is, the development of a 

fibrocartillaginous callus or fibrous pannus that, in case of a natural normal fracture 

would serve to join the bone fragments but, in this case (chemically induced OA), it 

often makes the femoral and tibial condiles to stick together (Fig.16B). 

 

Figure 16. A. Representative micrograph of a toluidine-blue stained section of the tibial plateau in a healthy (left 

side) and MIA-induced osteoarthritic (right side) knee, 22 days post-injection. Healthy cartilage is made up of three 

well-diferentiated zones: (1) superfitial tangential zone (10-20%), (2) middle zone (40-60%), (3) deep zone (30%). 

Proportion of each of these zones is altered in the pathological cartilage. During OA process, the superficial zone, 

consisting in the resting cartilage (navy blue), thins or completely fades away. Structural disruption of the synovial 

membrane allows plasma to massively enter the intra-articular space and the wound (before, referred as articular 

surface) is covered by a wave of formed elements secreting cytokines, growth factors and plasmatic proteins that 

serve as the basis for the resident cells to adhere and start to repair the wound (light blue). During the repairing 

process, resident cells in the middle zone (proliferative zone) start to proliferate together with the invading cells that 

infiltrated into its clefts and fissures; then migrate to the surface and occasionally produce new cartilage (§). Marked 

damage can also affect the deep zone from the calcified cartilage and show decreased thickness. The tidemarkτthe 

demarcation line between calcified and articular cartilageτshifts upwards, representing a thinning of the overall 

articular cartilage. Note excess pannus (þ) formed in the joint between femur and tibia with the disruption of the 

synovium (dotted-line box). B. Gross appearance of the knee joint following surplus fibrosis, 22 days post-MIA. 
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4.2. Postsurgical pain. 

Nearly every surgery evokes postoperative pain. This is often classified within the acute 

pain category regarding the ailment duration, which in many cases in more or less short 

order resolves, but may shift into a rather outlasting subchronic pain state in some 

therapy-resistant cases (Deumens et al., 2013). To this respect, the IASP defined persistent 

post-operative pain as the pain state that generally lasts more than two months after 

surgical intervention and cannot be explained by other causes (Schug and Pogatzki-Zahn, 

2011).  

During the last decade an increasing number of articles enhanced transition into chronic 

post-surgical pain as a not so uncommon event involving physical remodelling of the 

neuronal network structure. In fact, plastic changes such as temporal and spatial 

summation at distant sites to the wound have been reported, whence peripheral (Brennan 

et al., 1996) and central (Obata et al., 2006; Ito et al., 2009; Chen et al., 2012) sensitisation 

are considered important hallmarks of this long-lasting postoperative (PO) pain. 

Despite the existence of guidelines to surgically proceed on the basis of consensus and 

introduction of new interventional and anaesthetic techniques, postoperative pain 

continues to be largely undermanaged (Wu and Raja, 2011) and insufficiently represented 

in clinical literature (Kissin and Gelman, 2012).  

In order to investigate the pathophysiological mechanisms of this persistent postsurgical 

pain and to evaluate novel analgesic therapeutics, preclinical models of postsurgical pain 

have been developed.   

4.2.1. Incisional model of pain. 

The typical model of incisional pain was first characterised by Brennan and colls. 

(Brennan et al., 1996). Considering that pain caused by inflammation, nerve injury or 

incision is constructed by different pathophysiologic mechanisms, the authors 

designed an incisional model for postoperative pain able to sensitise on the one hand 

ǇǊƛƳŀǊȅ ŀŦŦŜǊŜƴŎŜǎ ό!ʵ ŀƴŘ /-fibres) and on the other hand wide dynamic range 

(WDR) neurons in the spinal dorsal horn (Pogatzki et al., 2002; Zahn et al., 2002; 

Banik and Brennan, 2004). This model is based on a surgical incision performed on 
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ǘƘŜ ǇƭŀƴǘŀǊ ŀǎǇŜŎǘ ƻŦ ǘƘŜ ŀƴƛƳŀƭΩǎ ƘƛƴŘ ǇŀǿΦ LƴŦƻǊƳŀǘƛƻƴ ƛǎ ǘǊŀƴǎƳƛǘǘŜŘ ōȅ ōƻǘƘ sural 

and tibial nerves (Fig.17) and results in an increased responsiveness to tactile and/or 

heat stimuli at sites immediately adjacent (both) and remote (only the former) to the 

incision (Zahn and Brennan, 1999). In other words: the development of primary and 

secondary hyperalgesia. 

 

Figure 17. Cutaneous innervation on the sole of the foot in human patients and on the plantar aspect of the 

hind paw in rats. Saphenous, sural and tibial branches of the femoral (the former) and sciatic (the latters) nerves 

are shown. Areas of primary ŀƴŘ ǎŜŎƻƴŘŀǊȅ ƘȅǇŜǊǎŜƴǎƛǘƛǾƛǘȅ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ƳƻŘŜƭ ŀŦǘŜǊ ƛƴŎƛǎƛƻƴ ƻƴǘƻ ǘƘŜ ǊŀǘΩǎ 

paw are also shown (dotted line box). L2 to L6 correspond to lumbar sections of the spinal cord, whilst S1 matches 

the sacral region. Note that S1 region in human patients corresponds to L6 in rats. 

Immune cells play a controversial dual role at the incision site in surgical wounds, as 

they not only contribute to the inflammatory and nociceptive response during wound 

healing but may also initiate the sensitisation of peripheral nociceptors (Magerl and 

Klein, 2006; Voscopoulos and Lema, 2010).  
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I INTRODUCTION 

Observations derivative from this model may lead to test theories of sensitisation 

and plasticity in postoperative pain but also to assess the contribution of different 

analgesic drugs and therapies to the management of incisional pain.  

Regarding a basic science context, the pain incisional model in rodents is a well-

characterised method to assess morphine-derived pro- or anti-nociceptive effects. 

Regarding this last point in particular, diverse studies seem to indicate that reading of 

opioid induced hypersensitibility (OIH) apparently depends on the nature of the 

model and on the tests used for measuring the experimentally evoked pain. To cite 

but a couple of examples, a single medium/low-dose of morphine administered 

subcutaneously into the skin of the back prior to the surgery (Clark et al., 2007) has 

shown to reduce early proinflammatory cytokines levels within the wound 

environment, with the consequent although short-lasting anti-nociception. In the 

same line, an intrathecal administration of high-dose morphine (Nagakura et al., 

2008) results in supression of surgically induced pain immediately after incision. 

However, information about chronic morphine administration is still confusing. To 

our knowledge, Sinatra and Ford suggested for the first time the hypothesis that 

chronic (but not acute) high doses of opiates in animals with peripheral nerve 

damage could negatively affect the proliferation of Schwann cells (and other immune 

cells) and induce the inhibition of myelin debris removal (Sinatra and Ford, 1979). 

This was later followed by the discovery of opiates affecting other immune-like cells 

such as the glia. For instance, studies on repeated administration of high systemic 

doses of morphine show hypertrophy and overexpression of several molecular 

markers in spinal glial cells, what is related to facilitation of pain transmission (Song 

and Zhao, 2001; Cui et al., 2006). Furthermore, chronic subcutaneous administration 

of medium/high doses of morphine starting prior to surgery fails to reduce 

hypersensitivity, slowing down the course of recovery and enhancing molecular 

changes in microglia during several days as evidence of changes in neural plasticity 

(Horvath et al., 2010). Additionally, enhanced levels of proinflammatory cytokines at 

the peri-incisional skin area have also been reported under chronic high doses of 

morphine (Liang et al., 2008). This could be explained by the development of a 

physiological tolerance to morphine immunosuppressive effects (West et al., 1997).
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II OBJECTIVES 

Animal pain models are basically used for two reasons: to explore the mechanisms that underlie 

both physiological and pathological pain, and to study or develop currently existing or new 

synthetic analgesic drugs. According to this: 

¶ On the one hand the present work intended to accurately assess the nociceptive thresholds 

in animals suffering from osteoarthritis-induced knee joint pain,  

1. to achieve therefore a better understanding of the chronic pain state  

2. to study the role of toll-like receptor 4 (TLR4) by means of a TLR4 blocking molecule on:  

a. hampering the development of the disease, 

b. diminishing nociception once the disease is developed. 

¶ On the other hand, the work also aimed to evaluate the nociceptive thresholds in a rat 

model of incisional pain to study the role of toll-like receptor 4 (TLR4) by means of a TLR4 

blocking molecule on time recovery and the mechanisms involved in such an acute pain 

state.  

¶ An additional objective consisted in studying the involvement of glia in the maintenance of 

both, osteoarthritic and surgical pain. 
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III MATERIAL AND METHODS 

1. Experimental animals. 

Adult male Wistar rats obtained from Harlan Interfauna Ibérica (Spain) were used for all 

experiments. The animals were housed in clear plastic cages (4-6 rats/cage) under standard 

laboratory conditions: temperature- (23 ± 1ºC), humidity- (50-55%) and light- (12/12-h light/dark 

cycle; lights on at 7.30) controlled rooms with standard rodent chow and water available ad 

libitum. All rats were left at least for five days to be acclimatized in the environment of our animal 

facilities before the initiation of any experiment in accordance with animal protection standards 

(BOE, 2005; Capdevila et al., 2007). After observation of spontaneous behaviour in order to ensure 

there was no anomalous response, animals were randomly assigned to treatment or control 

groups. An observer who was blind to drug treatment conducted all the behavioural assays. All 

animal procedures were carried out following a protocol that was approved by the Ethical 

Committee of Universidad Rey Juan Carlos (URJC) and in agreement with the guidelines of the 

International Association for the Study of Pain (IASP) (Zimmermann, 1983). 

2. Surgical procedures. 

2.1. MIA model of osteoarthritic pain. 

OA was induced in rats (weighing 200ς250 g or 250ς300 g for i.p. or i.t. administration 

respectively) by intra-articular infiltration of monosodium iodoacetate (MIA) into the knee 

cavity. As it has been previously reported (Schuelert and McDougall, 2008; Schuelert et al., 

2010), iodoacetate produces a very persistent degeneration of the knee articulation that 

reaches its maximum state on week two up to four. 

Briefly, animals were anaesthetised with 0.3 ml / 100 g (i.p.) Equithesin (176 mM MgSO4.7H2O, 

5.6% Dolethal Vétoquinol S.A., 5.62 mM propylene glycol Codex®, 254 mM chloral hydrate 

Sigma-Aldrich®, 11.4% absolute ethanol)30. A single intraarticular injection of 2 mg MIA 

(Sigma-Aldrich®) in 50 µl (Pomonis et al., 2005; Cifuentes et al., 2010) physiological saline 

                                                           

30
 For animals receiving intrathecal (i.t.) drug administration, MIA was given under isoflurane anaesthesia. The main 

reasons for this decision were: (1) chloral hydrate was forbidden in year 2013, (2) i.t. administration was performed 

subsequent to intraperitoneal (i.p.), and (3) during the Thesis we found out in the literature that isoflurane induced 

less side effects than any other anaesthetic. 
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(0.9% NaCl) was given through the infra-patellar ligament of the right knee31 (Fig.18). The 

dose of MIA was based on the previous literature (Fernihough et al., 2004; Kalff et al., 2010). 

Control contralateral hind paw received a single intra-articular injection of normal saline (50 

˃ƭύ (Bove et al., 2003; Cialdai et al., 2009). 50 µl saline was also intra-articularly administered 

into both knee joints in a distinct control naïve group. All injections were executed by means 

of a 30 G insulin syringe (Becton Dickinson) (Clements et al., 2009). 

 
Figure 18. Chemical-induced model of osteoarthritic pain: knee joint injection.  

2.2. Intrathecal surgery: osteoarthritic pain. 

Intrathecal surgery was performed as previously described (Matsunaga et al., 2007; Avila-

Martin et al., 2011) with slight modifications. Briefly, rats were surgically prepared under 

pentobarbital (Dolethal, 0.225 ml·kg-1, i.p., Vetóquinol) and 2% xylazine (Xilagesic, 0.43 ml·kg-1, 

i.p., Calier) anaesthesia, followed by an atropine dose (0.05 ml·kg-1, B. Braun) in order to avoid 

spasms and bradycardia. In addition 0.1 ml of antibiotic was administered (Enrofloxacin, 2.5% 

Baytril®, Bayer) after surgery, followed by daily doses up to four days. A commercially 

                                                           

31
 In Portugal knee joint injection was performed into the left knee in a volumen of 25 µl with a 26 G needle, and 

contralateral knees received no injection. 
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available polyethylene tube (I.D.: 28 mm O.D.: 61 mm; PE-10, Becton Dickinson) was 

purchased for catheter implantation and externalized to the back of the neck. Immediately 

before surgical implantation the catheter was sterilized with absolute ethanol, and thoroughly 

washed with sterile physiological saline. Following skin incision and blunt dissection of the 

muscle layers overlying the vertebrae, a small hemi-laminectomy at the vertebral L5 level was 

performed (spinal Co3). The exposed Co3 dura was subjected to a small durectomy with iris-

type scissors so that the tip of the intrathecal catheter could be inserted rostrally and medially 

on top of the spinal cord with a final position just below the intended L5 delivery site 

(vertebral L1). The area was cleaned to permit catheter fixture with cyanoacrylate glue to the 

L6 vertebrae. The percutaneous end of the intrathecal catheter was finally secured by 

inserting it through a small cutaneous incision at the base of the cranium, whereupon it was 

filled with sterile saline and tapped with a custom-made steel wire. Artificial dura mater 

(Neuropatch, B. Braun) was placed on top of the small tear and the overlying muscle layers 

were ligated with a continuous 4-0 polyglycolic acid absorbable suture. Skin was finally closed 

with individual 2-0 silk suture stitches (Fig.19). Rats were housed individually and carefully 

observed during recovery. Animals showing neurological deficits after surgery were not used. 

Four days following implantation of intrathecal catheters, new baseline measurements were 

taken and rats were given a single intra-articular injection of MIA (Liu et al., 2011) or saline 

accordingly under isoflurane anaesthesia. 
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Figure 19. Intrathecal surgery. A. Representation of the skeleton of a rat. B. Schematic representation of topographic 

relations of spinal cord and vertebral column. C. Cross section of the spinal cord. D. Laminectomy and catheterisation 

performed on a rat. Since nomenclature of the vertebral bodies does not correlate in space to the same spinal segments, 

catheter tubes had to be introduced 1.46 cm upwards through the subdural space in order to reach the desired site for the 

release of the drugs (as shown in A and B). 

2.3. Surgical incision: incisional pain. 

Surgery was performed according to the rat model of incisional pain developed by Brennan et 

al.(Brennan et al., 1996) with slight modifications (Fig.20). Rats (weighing 250ς300 g) were 

anaesthetised with 2% isoflurane delivered via a nose cone. The right hind paw was prepared 

in a sterile manner applying a 10% povidone-iodine solution (Betadine®) onto its plantar 

aspect and a 1ςcm longitudinal incision was made through skin and fascia, starting 0.5 cm 

from the proximal edge of the heel and extending toward the digits. The plantaris muscle was 

then elevated on a 23 G hypodermic needle and likewise incised longitudinally. Haemostasis 

was achieved with gentle pressure and the skin was gathered with 2 mattress sutures of 5-0 

nylon. Finally the wound site was covered with topical antibiotic ointment (0.2% nitrofurazone, 

Furacin®) and the animals were then allowed to recover in their cages. The left contralateral 

paw remained intact. 
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Figure 20. Surgical incision. 

3. In vivo assays.  

Behavioural experiments.  

Limb nociception was assessed by tactile, thermal and mechanical sensory testing as 

described in the following lines. 

3.1. Von Frey test. 

During the Thesis, depending on the model being used, von Frey filaments or electronic 

von Frey were used for an optimal characterisation (Fig.21).  
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Figure 21. Von Frey test.  

During two days previous to behavioural assessment and every test day before the 

experiment, animals were placed in a Perspex chamber with a mesh metal floor and 

allowed to acclimatize. When using von Frey filaments, a five-try paradigm was assumed. 

Essentially, von Frey filaments where applied five times in a row perpendicular to the 

mid plantar surface of the hind paw while the animal standing still on its four paws. The 

five-trial process was repeated three times only if four out of five trials achieved a 

response; if not, we moved on to the next filament (from low weight to high weight) 

until we achieved four-five responses in a three-serial-row. That is, we pursued an all or 

nothing response (Ferreira-Gomes et al., 2008). When using automated electronic von 

Frey, (Ugo Basile), the response threshold to innocuous light touch on either hind paw 

was measured as previously described with minor modifications (Whiteside et al., 2004). 

Electronic von Frey monofilament was applied perpendicular to the mid plantar surface 

of the hind paw and held until a response was achieved. The mechanical stimulation was 

maintained for 2 s and a total of three readings were taken for each rat at each time 

point. Average of these three readings was determined and used for subsequent 

analyses.  

3.2. Paw-flick test. 

The response to noxious thermal stimulus was determined using a thermal plantar 

devise (Ugo Basile, Italy) in a modified Bennett and IŀǊƎǊŜŀǾŜǎΩ ƳŜǘƘƻŘ (Bennett and 

Hargreaves, 1990) (Fig.22). Briefly, similarly to the previous test, rats were allowed to 

acclimatize to the test conditions two days preceding the experiments and ten minutes 

on every test day before behavioural assessment by being placed within a plastic 
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compartment on a glass floor. A light source beneath the floor was then aimed at the 

mid plantar surface of the hind paw. The withdrawal reflex interrupted the light and 

automatically turned it off remaining the time for latency withdrawal recorded. Average 

of three measures 2-5 min apart was recorded. The intensity of the heat source was 

adjusted such that baseline latencies to withdrawal were 8-10 s, with a 15 s cut off to 

avoid tissue damage. 

 

Figure 22. Paw-flick test.  

3.3. Knee bend test.  

To assess the sensitivity to a natural mechanical stimulus such as the knee-bend 

movement and therefore, to elucidate the existence of proximal hyperalgesia, a knee-

bend test was performed as described by Ferreira-Gomes et al. (Ferreira-Gomes et al., 

2008) in a rat model of MIA-induced osteoarthritic pain. All animals were habituated to 

the experimenter and to the test for a period of one week before recording any value. 

The test consisted on recording the number of squeaks and/or struggle reactions in 

response to five extensions and five flexions of the knee joint (Fig. 23) and scored as 

follows: 

Score Type of reaction 

0 No response 

0.5 Struggle occurs to maximal flexion/extension 

1 
Struggle occurs to moderate flexion/extension 

Vocalisation occurs to maximal flexion/extension 

2 Vocalisation occurs to moderate flexion/extension 

The sum of the recorded reactions (with a maximal feasible value of 20) represents the 

knee-bend score. 
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Figure 23. Knee bend test. Str. = struggle; voc. = vocalisation.  

3.4. Catwalk test.  

The Catwalk test was used to evaluate the disability induced by the OA model and the 

disconformity after receiving the treatment (Ferreira-Gomes et al., 2012). OA animals 

show a decreased weight bearing in the osteoarthritic limb probably due to increased 

sensitivity. In this test animals are placed in a glass platform located in a dark 

compartment and allowed to walk freely. The surface is mildly water sprayed and a light 

beam from a tubular fluorescent lamp illuminates the platform in order to reflect the 

light downwards only at the points of contact of each paw area with the glass platform, 

resulting in a bright sharp image of the paw print (Fig.24). The intensity of the paw print 

signal increases with the area of the paw in contact with the platform and with the 

pressure applied by it. Therefore, the total ipsilateral paw print intensity is quantified by 

determining the area of the paw in contact with the platform, in number of pixels, and 

multiplying it by the mean intensity of each pixel, giving us the overall intensity of the 

paw print.  

The platform was monitored by a video camera with a wide-angle objective, placed 

under the glass platform and connected to a computer equipped with video acquisition 

software (Ulead Video Studio, USA). Six random frames of the videos recorded during 

the rat evaluation were obtained: 3 frames with the animal walking (corresponding to 

spaced time steps of consecutive contralateral and ipsilateral footprints) and 3 frames 

corresponding to distant trials with the animal standing still. The number and intensity 

of pixels above a defined threshold were quantified using ImageJ 1.47, allowing the 
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comparison between the area/pressure applied by each paw. Results were expressed in 

total intensity of the ipsilateral hind paw as a percentage of the total intensity of both 

hind paws. 

Figure 24. Catwalk test. 

4. Drugs used. 

4.1. TLR4-A1. 

Based on the studies carried out by Piazza et al. (Piazza et al., 2009) on in vitro cell cultures 

and in vivo sepsis model in mice, we reproduced a benzylammonium lipid to be tested in our 

in vivo Ǌŀǘ ƳƻŘŜƭ ǎȅǎǘŜƳǎ ǘƘŀǘ ǿŜ ƴŀƳŜŘ ŀǎ ά¢[wп ŀƴǘŀƎƻƴƛǎǘ мέ ό¢[wп-A1). A TLR4 inhibitor 

molecule (TLR4-A1) with target on its co-receptor CD14 protein (Arroyo-Espliguero et al., 

2004) was synthesized as previously described (Piazza et al., 2009; Peri and Piazza, 2012) and 

presented in a 9:1 ratio of 0.9% saline and ethanol. For intrathecal administration, TLR4-A1 

was diluted only in sterile saline.  

TLR4-A1 synthesis was modified by Dr Quesada starting from a commercially available and 

inexpensive compound (methyl- -̡D-glucopyranoside) (Fig.25). The identity and purity of the 

compound was confirmed and verified by HPLC analysis and NMR.  
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Figure 25. TLR4-A1 molecule.  

4.2. Other drugs.  

Morphine sulphate was purchased from Sigma-Aldrich Química (Spain) and diluted in 0.9% 

innocuous saline.  

All i.p. administrations consisted on a total volume of 0.5 ml. On its part, i.t. administrations 

consisted on volumes of 0.01 ml preceded and followed by 0.01 ml sterile saline. All drugs 

were freshly prepared on the day of the experiment. 

Experimental and drug administration protocols. 

a)  MIA-induced model of osteoarthritic pain.  

In order to assess the time course and chronicity of pain in the model, behavioural 

assessment was first performed during a 50-day period after the infiltration of 2 mg MIA. 

The role of TLR4 targeting chronic or nociceptive pain was investigated using a new 

synthetic experimental compound: TLR4-A1 (Table 6). Intraarticular injection was given 

subsequent to habituation to the test environment and after recording baseline values (day 

0). Data were then registered from postoperative day 7 onwards as follows: on days 7, 14 

and 21, and alternatively on days 28, 35, 40 and 50 too.  
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1. Acute administration of TLR4-A1 upon the development of osteoarthritis 
¶ blank group    Ҧ    control 

¶ MIA group      Ҧ    control                                                                  

¶ MIA group + 10 mg·kg
-1
 TLR4-A1 (i.p.)  on day 14                         

2. Chronic administration of TLR4-A1 upon the development of osteoarthritis 
¶ blank group    Ҧ    control 

¶ MIA group      Ҧ    control                                                                 

¶ MIA group + 15-day treatment with 10 mg·kg
-1
 TLR4-A1 (i.p.) 

3. Chronic administration of TLR4-A1 parallel to the induction of the osteoarthritis 

i.p.administration 

¶ blank group    Ҧ    control 

¶ MIA group      Ҧ    control                                                                  

¶ MIA group + 5-day treatment with 10 mg·kg
-1
 TLR4-A1 (i.p.)     

i.t. administration 
¶ blank group + surgery    Ҧ    control                                                

¶ MIA group + surgery      Ҧ    control                                                
MIA group + surgery + 5-day treatment with 0.1 mg·kg

-1
 TLR4-A1 (i.t.) 

Table 6. Pharmacological treatments evaluated in the MIA-induced model of osteoarthritic pain. 

a.1) Acute systemic administration.  

In order to determine the anti-nociceptive properties of the TLR4-A1 compound after 

the onset of the pathology, animals were given a single dose on day 14 after MIA 

injection. This also enabled us to characterize the time course of drug effect. TLR4-A1 

acute treatment consisted on a single dose (10 mg·kg-1) on day 14 and animal 

behaviour was evaluated before and 30 min, 60, 1 h 30 min, 2 h and 3 h following the 

administration (Fig.26A). 
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Figure 26. Experimental protocol followed at the FMUP. A. Acute administration. B. Chronic administration. 

a.2) Chronic systemic administration.  

In the protocol followed at the FMUP, chronic treatment with vehicle TLR4-A1 or TLR4-

A1 (10 mg·kg-1) itself consisted on daily administrations during 15 days starting on day 

14. Behavioural tests were carried out on days 3, 7, 14 and 15 post-MIA injection and 

on days 18, 20, 22, 24, 26 and 28 before and 1 h after drug administration (Fig.26B).  

In the protocol followed in Universidad Rey Juan Carlos (FCS-URJC), vehicle of TLR4-A1 

or TLR4-A1 alone (10 mg·kg-1, i.p.) was daily administered during five consecutive days 

starting on day 0 post-MIA injection. Withdrawal thresholds for tactile allodynia 

(electronic von Frey) and heat hyperalgesia (paw-flick test) in 2 mg MIA- and sham 

saline-treated knees were evaluated on the aforementioned days (Fig.27A).  
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Figure 27. Experimental protocol for chronic administration of TLR4-A1 followed at the FCS-URJC. A. i.p. 

administration. B. i.t. administration.  

a.3) Chronic intrathecal administration.  

Two different baseline thresholds were recorded for groups undergoing intrathecal 

surgery: just before catheterisation and four days after the surgery was performed. 

Rats with no motor or sensitive impairment were classified into control naïve or 

osteoarthritic group and received innocuous saline or TLR4-A1 (0.1 mg·kg-1) during the 

first five days immediately after 2 mg MIA- or saline-infiltration. Withdrawal threshold 

and thermal latency were assessed every 7 days during the following three weeks 

(Fig.27B). 

b) Model of incisional, postoperative pain.  

Von Frey and paw-flick tests were performed during 10 consecutive days to determine the 

time course of tactile allodynia and heat hyperalgesia on operated animals and to evaluate 

the effect of the administration of three different treatments on their nociceptive 

thresholds (Table 7).  

Chronic administration of vehicle, morphine or/and TLR4-A1 (two doses of 5 mg·kg-1·day-1) 
¶ blank group          Ҧ    control                                                                     

¶ ƛƴŎƛǎƛƻƴŀƭ ƎǊƻǳǇ   Ҧ    ŎƻƴǘǊƻƭ  Ҧ  ф-days vehicle (i.p.)                          

¶ ƛƴŎƛǎƛƻƴŀƭ ƎǊƻǳǇ   Ҧ    9-days 10 mg·kg
-1
 morphine (i.p.)                      

¶ ƛƴŎƛǎƛƻƴŀƭ ƎǊƻǳǇ   Ҧ    9-days 10 mg·kg
-1
 TLR4-A1 (i.p.)                        

¶ ƛƴŎƛǎƛƻƴŀƭ ƎǊƻǳǇ   Ҧ    9-days 10 mg·kg
-1
 TLR4-A1 + morphine (i.p.)   

Table 7. Pharmacological treatments evaluated in the postoperative model of incisional pain. 
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Every compound was i.p. injected twice a day (5 mg·kg-1), since higher doses of 

morphine were seen to produce sedation. Each administration was separated by 6 hours 

for 9 consecutive days and tested starting 24 h following plantar incision twice a day: 2 

hours before and 45 min following the first administration of the day. In the case of 

animals receiving both drugs, TLR4-A1 was administered 15 min prior to morphine and 

behaviour was assessed 30 min after the latter (Fig.28). In sum, every animal had 

received at the end of the day 10 mg·kg-1 morphine or/and TLR4-A1.  

 
Figure 28. Experimental protocol for chronic administration of morphine and/or TLR4-A1: a 9-day treatment 

starting one day following surgical incision.  

Doses for TLR4-A1 were obtained comparing to previous works carried out by F Peri and 

M Piazza (Piazza et al., 2009) on a mice sepsis model.  

5. In vitro assays. 

5.1. General histological methods. 

5.1.1. Immunohistochemical study for glial activity. 

5.1.1.1. Collection of spinal cords.  

Animals were sacrified 22 or 10 days after surgery (OA and PO model respectively; 

n = 4-5 rats for each group). Deep pentobarbital (60 mg·kg-1, i.p.) anaesthetised 

rats were intracardially perfused via the left ventricle with 200 ml of normal saline 

(pumped by means of a peristaltic pump at a constant flow rate of approximately 

20 ml·min-1) followed by fresh-prepared 4% paraformaldehyde (PFA) fixative in 0.1 



 

61 

 

III MATERIAL AND METHODS 

M phosphate buffer saline (PBS), pH 7.4, 4ºC (referred to as fixative solution from 

now on), once upon blood was cleared from the circulatory system (Fig.29). 

 

Figure 29. Transcardial perfusion.  

 

A laminectomy of the entire thoracic and lumbar spinal cord was performed and a 

L3-L5 spinal segment was excised and kept in the aforementioned fixative solution 

for four extra hours at room temperature. Then cryopreserved in 0.1 M PBS (pH 

7.4) supplemented with 30% sucrose and 0.05% azide (cryopreservative solution) 

at 4ºC until further processing32. Alternatively, the knees or saphenous nerves 

were also collected. 

5.1.1.2. Tissue processing.  

Following post-fixation treatment spinal cord specimens were transferred through 

serial increasing concentrations of water miscible ethanol; then replaced with 

xylene, which can be mixed with paraffin (Fig.30). In order to ease and hasten the 

dehydratation protocol, samples were introduced into numbered cassettes and 

placed into a basket located in a tissue-transfer processor for an automated 

                                                           

32
 A similar protocol was followed in Portugal at the FMUP with minor modifications; using 0.2 ml of heparin prior to 

perfusing the animal and sǘŀǊǘƛƴƎ ǘƘŜ ǇŜǊŦǳǎƛƻƴ ǿƛǘƘ ¢ȅǊƻŘŜǎΩ ǎƻƭǳǘƛƻƴ ƛƴǎǘŜŀŘ ƻŦ ǎŀƭƛƴŜΦ  
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performance. After dehydration, samples were placed in moulds which were filled 

up with hot liquid paraffin. Once paraffin cooled down, blocks were ready to cut. 

 

Figure 30. Grading-up concentrations of ethanol for specimens dehydration. On the left side of the image, a table shows the 

programme entered into the tissue processor, consisting on grading-up concentrations of ethanol for specimens dehydration (initial 

task on top). 

Paraffin wax blocks of spinal sections corresponding to lumbar segments 3 to 5 

were thaw-mounted in a Minot rotatory microtome and serial 5 µm transverse 

sections collected on 0.02% poly-L-lysine coated slides.  

In order to not waste too much time nor materials, it was important to think about 

a strategy. Each segment of spinal cord was too large to be placed onto a cassette, 

so we placed it in two halves (as seen in Fig.30). Every spinal fragment was then 

mounted on four different slides as 20 consecutive sections placed in order. Since 

we aimed to obtain serial cuts for L3, L4 and L5 sections, after cutting, we could 

have a series of possibilities: L4-L4, L3-L5, L4-L3 o L5-L4, depending on how we 

placed the spinal cord segments (Fig.31). This disposal enabled thus comparison of 

each section with the previous and following so the specific lumbar section could be 

determined corroborating typical grey matter shapes specific for each lumbar 

section on an anatomy atlas.  
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Figure 31. Disposal of paraffin wax-mounted spinal cord samples.  

5.1.1.3. Immuno-staining. 

All samples were immune-stained by the indirect peroxidase-labeled antibody 

method (Fig.32).  
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Figure 32. Indirect peroxidase-labeled antibody method. DAB = оΣоΩ-diamino-benzidine-tetrahydrochloride. 

 

Briefly, after deparaffinization samples followed an antigen retrieval-microwave 

method in citrate buffer. Then treated with a fresh 3% solution of hydrogen 

peroxide (H2O2) in sterile water for 15 min33 in order to block the activity of 

endogenous peroxidase, followed by a 30 min incubation with fetal calf serum 

(FCS) or bovine serum albumin (BSA) as appropriate to reduce non-specific 

background staining. Sections were then treated for 1 hour with optimally diluted 

Abcam7260 rabbit anti-GFAP (1:5000) or Abcam5076 goat anti-Iba-1 (1:500) 

serum immunoglobulins, washed and treated for an additional hour with one drop 

of histofine kit® (CyTM2-conjugated) anti-rabbit or Jackson 

ImmunoReasearch711225152 alkaline-phosphatase (AP)-conjugated donkey anti-

goat serum immunoglobulin diluted 1:350. Samples were then washed to remove 

ŀƴȅ ŜȄŎŜǎǎ ƻŦ ŀƴǘƛōƻŘȅ ŀƴŘ ǘǊŜŀǘŜŘ ǿƛǘƘ ŀ ŦǊŜǎƘƭȅ ǇǊŜǇŀǊŜŘ ǎƻƭǳǘƛƻƴ ƻŦ лΦлр҈ оΣоΩ-

diamino-benzidine-tetrahydrochloride (DAB, Sigma®) for 5 min. A dark brown end-

product became then visible at the site of the antigen as the DAB reaction took 

place (Fig.33).  

                                                           

33
 The protocol for immuno-staining had slight variations at the FMUP: 0.5% of H2O2 in methyl alcohol for 30 min was 

used. 
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Figure 33. Immunostaining protocol. 

Eventually, sections were washed well in tap water and followed a staining-dish 

system of grading-up concentrations of ethanol inverse to the one just seen in the 

previous figure (table8). A drop of EukittTM mountaing medium (miscible with 

xylene but not with water) was added onto the microscope slide and protected 

with a cover-slip. 

H2O 

H2O 

96% ethanol 

96% ethanol  

Absolute ethanol 

Absolute etanol 

Xylene 

Xylene 

Xylene 

Table 8. Grading-up concentrations of ethanol. 

5.1.1.4. Method for counting immunoreactive receptors: microscopic examination. 

For each section corresponding to every lumbar region, total stained-cells were 

counted separately in laminas I-II, III-IV and V-VI. Identification of spinal cord 

layers was made according to the classification by Rexed (Rexed, 1952) and 
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photomicrographs were recorded to make montages of the entire spinal cord at a 

final magnification of 20x. 

5.1.2. Macroscopic examination of the knees: osteoarthritic pain. 

Regarding the MIA-induced model of osteoarthritic pain, rat knee joints were exposed in 

order to verify correlation between the damaging action of MIA with the results 

observed when behavioural testing. After sacrificing, ligaments were excised and the 

tibial and femoral articular faces were exposed (Fig.34). 

 

Figura 34. Schematic frontal and cross sectional view of the right knee.  

5.1.3. Processing and microscopic examination of the knees: osteoarthritic pain. 

5.1.3.1. Bone decalcification.  

Dissection and tissue processing of rat knee joints was performed as previously 

described (Memon et al., 2010) with slight modifications. Because of the calcium 

salts contained in the bone, a specific protocol for the preparation of sections was 

needed. The articulating bones were cut as proximal to the knee joint as possible 

and immediately transferred to cold fixative solution for additional 72 h. 

Specimens were then replaced in cryoprotective solution and kept at 4ºC until 

further use. Removal of the mineral content was carried out by immersion of the 

knee samples in a decalcifying fluid containing a chelating agent, EDTA, and 

leaving the samples rotate in that fluid at room temperature (5% EDTA / 10% PFA) 


