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Scope of the problem
Frequency and Severity of 7 symptoms in SCI patients

MP Jensen et al., 2007

Correlation coefficients between Symptom Severity and Patient Function



Types of pain after SCI

Waxman et al., 2006, Trends Neurosci
Siddall, 2009, Spinal Cord



Types of pain after SCI

Siddall et al., 2003, Pain



The pain pathway: peripheral anatomy
Nociception is the process by which intense thermal, mechanical, or chemical stimuli are detected by a subpopulation 
of peripheral nerve fibers, called nociceptors (Basbaum and Jessell, 2000)



Nociceptor projections are stratified to specific laminae in the 
spinal cord dorsal horn

Rexed’s laminae

Todd et al., 2010



Nociceptor projections are stratified to specific laminae in the 
spinal cord dorsal horn

Electrophysiological studies of dorsal horn neurons:
• Lamina I neurons primarily responsive to noxious stimuli (Aδ and C afferents)
• Lamina III and IV neurons primarily responsive to innocuous stimuli (Aβ)
• Lamina V neurons with convergent nonnoxious and noxious input via direct (monosynaptic) Aβ 

and Aδ and indirect (polysynaptic) C fiber inputsWide Dynamic Range Neurons (WDR)

Basbaum et al., 2009



Supraspinal projections and pain processing

Spinothalamic tract

Spinoreticulothalamic tract

Descending modulation:
Periaqueductal grey & 
rostral ventral medulla

Sensory-discriminative pain

aversive/emotional properties 
of pain experience

Projection neurons in laminae I & V constitute major 
output from dorsal horn to brain

Basbaum et al., 2009



Mechanisms of neuropathic pain after SCI

Basbaum et al., 2009

Brain

Peripheral
Spinal cord



Peripheral mechanisms of neuropathic pain following SCI
“Discomplete” SCI is common

74 of 88 clinically complete SCI patients (84%) had discomplete injuries on Brain Motor Control Assessment

Sherwood et al., 1992, J Neurol Sci

Jendrassik maneuver elicits 
EMG activity below lesion

Voluntary suppression of 
plantar withdrawal reflex



Spinal mechanisms of neuropathic pain following SCI

Loeser et al., 1968, J Neurosurg

T11

T12

L1

Patient with L1 
sensory/motor level

“These cells also seem to lose their graded response to peripheral stimuli and fire with abnormally 
prolonged bursts to any suprathreshold stimulus. This might be analogous to the long-lasting, 
diffuse pain which our patient reported when his partially innervated thighs were stimulated.”



WDR neuron response to subcutaneous electrical stimulation
A) Normal
B) 2d after transient SC ischemia (period of allodynia)
C) 15d after transient SC ischemia (recovery from allodynia)

Hao et al., 1992, J Neurophys.

Separation and Aδ and C input

Spinal mechanisms of neuropathic pain following SCI



WDR neuron response to graded mechanical stimuli

Spinal mechanisms of neuropathic pain following SCI

Hao et al., 1992, J Neurophys.



Yezierski et al., 1993, Neurosci Lett

Changes in Dorsal Horn Nociceptive Neuron Responses:

↑proportion of cells responding to noxious stimulation
↑spontaneous discharges/background activity
↑evoked activity to innocuous and noxious stimuli
↑after-discharges following stimulation

Waxman et al., 2006, Trends Neurosci

Spinal mechanisms of neuropathic pain following SCI



Changes in dorsal horn neuron response properties are associated with 
other cellular and molecular changes in the spinal cord after SCI:

Circuit Reorganization Glial Activation Molecular expression 
changes

Glutamate/Seratonin receptor signaling
Loss of GABAergic inhibition Cytokine/Prostaglandin release Voltage-gated Na Channel 1.3

• Rapid recovery from inactivation
• Persistent depolarizing current in 
response to small subthreshold stimuli 

Spinal mechanisms of neuropathic pain following SCI

Hains et al, 2003, J Neurosci
Hains et al, 2005, Brain

Mills et al, 2002, J Neurotrauma
Hains et al, 2003, Exp Brain Res
Drew et al., 2004, Pain



Hains et al, 2003, J Neurosci
Hains et al, 2005, Brain

Molecular expression 
changes

Mills et al, 2002, J Neurotrauma
Hains et al, 2003, Exp Brain Res
Drew et al., 2004, Pain

Voltage-gated Na Channel 1.3
• Rapid recovery from inactivation
• Persistent depolarizing current in 
response to small subthreshold stimuli 

Spinal mechanisms of neuropathic pain following SCI



Hains et al, 2003, J Neurosci
Hains et al, 2005, Brain

Mills et al, 2002, J Neurotrauma
Hains et al, 2003, Exp Brain Res
Drew et al., 2004, Pain

Spinal mechanisms of neuropathic pain following SCI
Similar hyperactivity observed in sensory thalamic neurons



Single unit recordings from sensory thalamus (Vc)

movement disorder patients SCI patients

Neurons in sensory thalamus (Vc) display high-frequency bursting pattern of activity after SCI

Brain mechanisms of neuropathic pain following SCI



Boord et al., 2008, Spinal Cord

Thalamocortical Dysrhythmia (TCD): a centralized pain echo
abnormal resonant interaction between thalamus and cortex that 
results in widespread coherence in low frequency (theta) activity 

Theta-alpha 
EEG power 
distribution

Neuropathic pain

control

Localization using ICA

Woman with right 
forearm/wrist pain

Woman with bilateral 
foot/ankle pain

Brain mechanisms of neuropathic pain following SCI



Boord et al., 2008, Spinal Cord

Thalamocortical Dysrhythmia (TCD): a centralized pain echo
abnormal resonant interaction between thalamus and cortex that 
results in widespread coherence in low frequency (theta) activity 

Theta-alpha 
EEG power 
distribution

Neuropathic pain

control

SC intact

SCI no pain

SCI pain

TCD in SCI neuropathic pain

Brain mechanisms of neuropathic pain following SCI



Brain mechanisms of neuropathic pain following SCI

Lip Little Finger

Cortical reorganization associated with SCI neuropathic pain intensity

Wrigley et al., 2009, Pain



Brain mechanisms of neuropathic pain following SCI

Lip Little Finger

Cortical reorganization associated with SCI neuropathic pain intensity

Wrigley et al., 2009, Pain
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