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Abstract 
There is central pain complaint of burning cold pain common to patients with multiple 

sclerosis.  Approximately 30-40% of patients with multiple sclerosis (MS) suffer from central 
neuropathic pain, usually focused symmetrically in both feet and legs and often accompanied 
by cold allodynia and deep hyperesthesia [Osterberg et al 2005]. This condition resembles 
thalamic central pain, which also presents with dysfunctional pain and temperature sensations; 
however, thalamic pain is strictly contralateral [Craig 2007].  A distinct explanation for bilateral 
MS central pain likely involves a spinal lesion, yet a correlation has not been found [Svendson et 
al 2011]. We hypothesized that ascending projections from lumbosacral lamina I neurons to 
bilateral mid-thoracic autonomic nuclei are mirrored by descending projections [Craig 2002]; 
thus, a mid-thoracic lesion that damaged bilateral autonomic descending projections to 
lumbosacral lamina I neurons might underlie bilateral central pain in MS.  Sympathetic 
interneurons in the mid-thoracic IMM/IML project to the brainstem but not the thalamus, 
implying they could be involved in homeostatic sensory integration at both brainstem and 
spinal levels.  The lower extremity pain could be due to a lesion in the upper thoracic cord, 
interrupting the homeostatic integration pathway between the parabrachial nucleus in the 
brainstem, the (intermediomedial) and intermediolateral (IMM/IML) region of T2-6 segments of 
the spinal cord, and lumbar lamina 1.  To prove the existence of bilateral propriospinal 
projections between upper thoracic sympathetic interneurons and lumbosacral sensory 
(“pain”) neurons, anterograde and retrograde labeling with CTb and fluorescent tracers were 
performed in three animal species.  In parallel, MRI analysis of MS patients with bilateral 
burning cold pain in the lower extremities tested the theory by examining for spinal lesions in 
the upper thoracic level.  We tested this hypothesis with parallel clinical and neuroanatomical 
studies and identified a striking correspondence; MS patients with central neuropathic pain are 
distinguished by the presence of a lesion focused in the center of the mid-thoracic spinal cord, 
and in three mammalian species neurons with bilateral descending projections to the 
lumbosacral superficial dorsal horn are concentrated in the autonomic intermediomedial 
nucleus surrounding the mid-thoracic central canal.  These findings will allow us to devise 
future treatments based on the newly understood neuroanatomical mechanisms.  
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Introduction 

Central pain (CP) affects 30-40% of patients with multiple sclerosis (MS), frequently 

described as bilateral burning cold pain most often in the lower extremities [Osterberg et al, 

2004].   Central pain is defined by the International Association for the Study of Pain as “pain 

initiated or caused by a primary lesion or dysfunction of the central nervous system” [Merskey 

and Bogduk, 1994].  More recently, it has been defined by Treede et al as “pain arising as a 

direct consequence of a lesion or disease affecting the central somatosensory system”.  Along 

with stroke and traumatic spinal cord injury, MS is one of the more common causes of central 

pain [Nicholson, 2004].  

MS itself is a chronic progressive disease defined primarily by the objective demonstration 

of central lesions causing demyelination and axonal degeneration disseminated in space and 

time [Poser, 1983; Polman, 2011], often accompanied by motor or sensory complaints.  

Patients with MS often complain of abnormal feelings of pain and temperature in the legs 

and/or arms  [Boivie, 1989; Osterberg et al 2005].  Chronic CP is most often observed bilaterally 

in the feet and legs of MS patients, accompanied by cold allodynia and deep hyperaesthesia 

[Osterberg et al, 2004].   This pain is profound and debilitating  [Svendsen, 2005]. 

Such pain can be a leading symptom causing enormous suffering and requiring large 

doses of opioids for treatment [Marchettini, 2006]. Central pain is notoriously recalcitrant to 

treatment [Nicholson, 2004].  Treatment of central pain in MS has not been well studied and 

generally consists of strategies used in other forms of neuropathic pain [Pollman, 2008]. 

Although patients with multiple sclerosis frequently experience neuropathic pain, effective 

treatment awaits research clarifying the underlying mechanisms [Truini et al 2012]. 

While many groups have attempted to explain an etiology for this profoundly disturbing 

experience, they have fallen short.  For example, Olechowski and his group published an article 

in 2009 describing a possible relationship to central pain resulting from T cells accumulating in 

the dorsal horn in animal models, but it is as yet unclear how this relates to humans.  

 This condition is likely due to an MS lesion at a central location as the sensation of 

burning cold pain is bilateral.  There is a similarity to post-stroke central pain and thalamic pain 

as both pain and temperature sensory thresholds are affected.   Post stroke pain is thought to 
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be caused by a disruption in the homeostatic spinothalamic afferent input that normally 

functions to decrease the inhibition over certain forebrain areas in the distributed pain 

network, resulting in nociception without a peripheral cause of the sensation [Bovie, 1989].  

Lesions in the dorsal margin of the middle/posterior insula in humans can also produce post 

stroke central pain syndrome, a finding that suggests central pain possibly results from loss of 

normal inhibition of pain by cold [Craig, 2000].  Similarly, thalamic pain is thought to be 

produced by a lesion of the ascending spino-thalamo-cortical “pain and temperature” pathway 

that originates in lamina I of the superficial dorsal horn, but, in contrast to MS central pain, it is 

always strictly contralateral [Craig 2007].   

 The neurons responsible for communicating nociception, or feelings of pain, ascend in the 

spinal cord via the spinothalamic pathway.  Specifically, the nociceptive- and thermoreceptive-

specific neurons are found in lamina I of the spinal cord.  Lumbar lamina I projections receives 

ascending and descending inputs [Soja, 1983 & Craig, 2000], specifically to the parabrachial 

nucleus and to the insula (via the thalamus).    

Research in this laboratory suggests pain functions as a homeostatic process, much like 

temperature, itch, hunger or thirst, modulated via a specific sensory pathway within a direct 

thalamocortical projection that extends from the afferent limb of the hierarchical homeostatic 

system to the cortical level (see figure 1) [Craig, 2002].  Craig has proposed that cold allodynia 

results from a nociceptive processing disinhibition [Craig 1998,2007] and involve specific brain 

centers such as the medial thalamus and anterior insular cortex (AIC).  The AIC and the anterior 

cingulate cortex (ACC) are widely considered to be major centers of awareness and attention.  

For example, studies have shown noxious heat stimulation activates regions in the insula, 

including the AIC [Brooks et al, 2002].  Cold allodynia has been shown to activate the ACC in 

multiple fMRI studies [Seghier et al, 2005; Ducreux et al., 2006].  

It is the afferent sensory input from lamina I spinothalamocortical projections to awareness 

and attention centers, and efferent connections to brainstems areas such as the parabrachial 

nucleus and periaqueductal grey (PAG) region that contribute to the motivational aspect of 

emotion [Craig, 2002].  The parabrachial nucleus is associated with modulation of ascending  
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Figure 1.  The homeostatic processing hierarchy, taken from Craig 2002.  The central hypothesis 

of this application  is that lamina I receives descending modulating controls from the spinal 

autonomic nuclei (labeled here ANS) bilaterally just as it does from the brainstem pre-

autonomic regions (labeled here RVLM + VMM) and from the paraventricular hypothalamus.  

We propose that an MS lesion in the thoracic cord could produce dysfunctional modulation of 

lumbosacral lamina I spinothalamic neurons that underlie feelings of pain and temperature, 

thus producing MS central pain with bilaterally symmetric symptoms. Identifying such 

propriospinal autonomic interneurons is the goal of the proposed research. 

visceral information, likely by inhibition [Mileikovskii, 1988].  Disruption of normal cold 

inhibition has preciously been documented to result in burning pain in patients with MS and CP 
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[Morin, 2002].  Noxious spinal input to the parabrachial nucleus is bilateral [Blomqvist, 1989].  

Lesions at any point of this circuit could result in faulty pain perception (See Figure 1).  

Sympathetic interneurons in the mid-thoracic IML/IMM project to the brainstem but not the 

thalamus [Andrew et al, 2003], again implying they could be involved in modulation of 

homeostatic sensory integration.   

Prior anatomical work demonstrated that lamina I, which contains the nociceptive- and 

thermoreceptive-specific neurons that provide the ascending pain and temperature pathway to 

the contralateral thalamus, also projects bilaterally both to the thoracolumbar autonomic 

nuclei and to the pre-autonomic motor regions in the brainstem [Craig 1993, 1995, 2002].  This 

perspective is directly supported by evidence indicating that descending modulation of lamina I 

neurons from the brainstem originates in the same homeostatic integration sites to which 

lamina I projects [Craig, 1995], as well as from the paraventricular hypothalamus, which 

projects only to the autonomic nuclei and lamina I in the spinal cord [Holstege, 1988]. 

 

It is well known that the MS pathology of demyelinating or inflammatory lesions 

commonly occurs in the spinal cord [Ikuta, 1976].  Finnerup and his colleagues extensively 

described relationships between spinal cord injuries and central pain in 2003, possibly acting in 

a mechanism of lost afferent input.   They have already shown that showed that central grey 

matter lesions in the rostral spinal cord lesion plays some role in CP. Studies on post stroke 

central pain have implicated neurons in the spinothalamic pathway in the burning cold pain 

phenomenon, which is contrary to the previously held belief that it is lesions in the medial 

lemniscal pathways [Boivie, 2005; Bowsher, 1996].  Thus the lesions responsible for the central 

pain experienced by MS patients most likely involve neurons in the spinal cord, prior to the 

decussation of spinothalamic (ST) neurons conveying nociceptive information, and that 

ascend in lamina 1 pathways bilaterally [Osterberg et al, 2004].   

It seems rather unlikely that a spinal lesion could directly and symmetrically affect the 

bilateral ascending lamina I pathways without producing a complete spinal blockade, because 

these pathways are widely separated on opposite sides of the spinal cord [Craig et al 2002].   It 

seems much more likely that a spinal lesion might affect the lamina I pathways symmetrically 
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on both sides if it produced dysfunctional descending modulation bilaterally, resulting in 

abnormal ascending activity in the pain and temperature pathways on both sides.    

Together, these considerations suggest the possibility that descending modulation of 

lumbosacral lamina I “pain and temperature” neurons might also originate bilaterally from the 

very same thoracic spinal autonomic regions of the homeostatic processing hierarchy that 

receive lamina I projections.  Because the burning cold sensation in the lower extremities is 

bilateral, disruptive lesions could be expected to be present at the point of origination of the 

interneurons at the thoracic level, which receives bilateral input and projects bilaterally to the 

parabrachial nucleus [Blomqvist, 1989].  The most likely site of such a lesion is at thoracic spinal 

levels, because descending projections from the brainstem to the superficial dorsal horn that 

can modulate the output of lamina I neurons are from cardio-respiratory pre-autonomic sites in 

which a lesion would likely be fatal [Willis and Westlund, 1997].   

 An MS lesion in thoracic spinal cord might produce dysfunctional descending 

modulation of the ascending “pain and temperature” pathways that could explain the bilateral 

clinical semiology.  The sensory disturbance in the CP complaint may be the result of a lesion in 

the upper thoracic spinal cord, interrupting the integration pathway between the sympathetic 

interneurons in the intermediomedial and intermediolateral (IMM/IML) region of the upper 

thoracic spinal cord that project both down from the brainstem and up from lumbar lamina 1.   

 

Our central hypothesis is as follows: if propriospinal interneurons in the spinal thoracic 

autonomic nuclei project bilaterally to the lumbosacral superficial dorsal horn, then an MS 

lesion in the thoracic spinal cord could potentially explain the bilateral symptoms of central 

pain found in 30-40% of MS patients by producing dysfunctional propriospinal modulation of 

lumbosacral lamina I projection neurons. This is a novel and innovative hypothesis; to the best 

of our knowledge, it has never been suggested by prior authors.  

To support this hypothesis, there were two specific aims of this study.  The first was to 

identify the locations in three animal species of propriospinal interneurons that project to the 

superficial dorsal horn of segments L5-S2.  These are the interneurons that can modulate the 

activity of the lamina I projection neurons that underlie pain and temperature sensations, and 
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thus produce MS central pain.  It is likely that they are located bilaterally in the IMM and IML in 

particular, with different segmental distributions based on the somatotopy of the lumbosacral 

dorsal horn.  

To extrapolate the study to MS patients with central pain, the second aim of our 

investigation sought to show comparative evidence in neuroradiological imaging of MS 

patients. Disruptive lesions were expected to be at the point of origination of the interneurons, 

which receives bilateral input and projects bilaterally to the parabrachial nucleus.  We thus 

anticipated lesions in the upper thoracic region of MS patients with central pain.  
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RESEARCH METHODOLOGY 

Clinical Methods. 

Study Participants 

We pursued a clinical study involving the consecutive acquisition of 32 patients with a 

significant history for bilateral lower extremity cold allodynia or deep hyperesthesia from a 

single MS Center.  The cohort was ascertained through a prospective collection of MS cases 

evaluated at the Barrow Neurological Institute (BNI) Multiple Sclerosis Center from January 

2011 to January 2012.  All cases of central neuropathic pain were consecutively collected by a 

single MS specialist (D.T.O.) and incorporated into the dataset without knowledge of the 

findings within the structural neuro-imaging studies of the central nervous system.  Patients 

were included in this group if the following criteria were met i) clinically definitive diagnosis of 

MS, ii) available imaging of the brain, cervical, and thoracic spinal cord, iii) 18 years of age or 

older, iv) documentation of central neuropathic pain as defined by the presence of cold 

allodynia or deep hyperesthesia within the lower extremities. 

Age and gender matched MS patients (N=30) lacking bilateral central neuropathic pain 

complaints who possessed similar comprehensive imaging of the CNS were also consecutively 

collected and served as the control group.  In all cases, data from a detailed clinical history, 

comprehensive neurological evaluation, para-clinical and imaging studies were available for 

review.   Table 1 summarizes the demographic data of the study cohort.   The research protocol 

was approved by the BNI Institutional Review Board. 

For all structural neuro-imaging studies reviewed, abnormalities within the brain or 

spinal cord were initially identified by a neuro-radiologist on the formal interpretation and 

subsequently verified by an MS specialist (D.T.O.).  A qualitative (i.e. geographical positioning 

and morphology of lesions) and quantitative (i.e. number of T2-foci, presence or absence of 

gadolinium enhancement) analysis of the available brain spinal cord imaging studies was 

performed on all study participants.   

 Brain MRI studies were assessed for the presence of lesions in the supratentorial and 

infratentorial regions, with specific attention to brainstem structures and the presence of  
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Table 1 summarizes the demographic data of the study cohort of MS patients with and without 

central neuropathic pain.  
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gadolinium enhancement.  Lesions within the cervical and thoracic spinal cord were deemed 

significant if the following criteria were met: i) focal or multi-focal involvement of the spinal 

cord parenchyma with ovoid, well-circumscribed lesions present, ii) non-contiguous lesions 

involving < 2 spinal segments, iii) abnormalities present on more than 1 MRI sequence and/or 

plane of view, and iv) the high-signal abnormalities are not better accounted for by another 

process (i.e. protruding disc, vascular malformation, etc.).  

Statistical Analysis 

 All calculations and statistical analyses were performed using Stata/IC 11.2 (Stata 

Corporation, College Station, Texas, U.S.A.). 

 Wilcoxon-Mann-Whitney tests were used to assess for statistically significant 

differences between groups with and without central neuropathic pain.  Medians with 

interquartile ranges (IQR) (25th-75th percentiles) were acquired to summarize the demographic, 

clinical and radiological data.   

 The significance of the presence of a thoracic demyelinating plaque located centrally 

within the thoracic spinal cord (T1-T6) in predicting central neuropathic pain was determined by 

calculating the true positives (MS patients with a T1-T6 centrally positioned lesion with central 

neuropathic pain), false positives (MS patients with a T1-T6 centrally positioned lesion with no 

complaints of central neuropathic pain), true negatives (MS patients without a T1-T6 centrally 

positioned lesion and no central pain), and false negatives (MS patients without a T1-T6 

centrally positioned lesion but developing central neuropathic pain).  The sensitivity (true 

positives/(true positives + false negatives)) and specificity (true negatives/(true negatives + 

false positives)) was also calculated with corresponding confidence 95% confidence intervals 

(CI).  A 2-tailed Fisher exact test was used for analysis of the contingency table with odds ratios 

(ORs), 95%CI, and p values calculated.  

A demyelinating plaque located centrally within T1-T6 was used as the primary predictor 

in logistic regression models to assess the outcome of central neuropathic pain.  Covariates 

included: age at MS diagnosis, age at first clinical symptom, disease duration from the time of 

diagnosis and first symptom, race/ethnicity, gender, family history for MS, presence of contrast 

enhancement on MRI scans, presence of posterior fossa lesions, presence of brainstem lesions, 
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presence of cervical spine disease, spinal cord lesion number, thoracic spine involvement (T6-

T12), abnormal cerebrospinal fluid profiles (elevated IgG index (>0.70) or the presence of >2 

unique oligoclonal bands within the central nervous system), and exposure to disease 

modifying therapy.  Meaningful covariates were incorporated into the multivariate logistic 

regression model, generating odds ratios (ORs) and 95% confidence intervals (CI) and p values.   

A p value < 0.05 was considered significant. 

 

Neuroanatomical Methods. 

Our neuroanatomical studies used standard retrograde labeling techniques in 2 rats, 1 

monkey, and 4 cats, using a standard lab protocol (Craig, 1993, 2008).  The experiments were 

authorized by the appropriate local authorities (rats in Linkoping, Sweden, cats and monkey at 

Barrow Neurological Institute in Phoenix, Arizona).  

Lamina I Recordings and Micro-injections.  All animals were deeply anesthetized for all 

procedures. Animals were mounted in a spinal frame, and the lumbosacral enlargement was 

exposed by dorsal laminectomy.  Lamina I is identified by modality-selective single and multi-

unit responses to natural noxious and thermal innocuous cutaneous stimulation of the hindlimb 

at a depth of 200-600 µm, as in published studies (for example, Craig et al., 1999).  Analog 

records are preserved on tape.  The microelectrode is then withdrawn, and one to six 

iontophoretic injections of CTb or of 10,000 MW dextran labeled with Alexa 546 or Alexa 594 

dextran (10% in distilled water; Molecular Probes) are made by replacing the recording 

electrode with a back-filled micropipette (tip ca. 15 µm) and passing 5-8 µA pulsed positive 

current for 8-30 min.  Alternatively, the micropipette can be attached to a WPI Picopump and a 

small (0.2 – 0.6 ul) micro-injection made by applying pneumatic pressure pulses repeatedly until 

a calibrated amount is delivered, as measured using an eyepiece reticle on a dissection 

microscope.  Injections restricted to lamina I or laminae I-II have been made in many cases in 

cat and monkey in this laboratory without spread to the deep dorsal horn, as documented in 

prior publications (e.g., Craig, 1993, 1995; Craig et al., 1999). In 2 rats, a micropipette was 

inserted just below the left L2 pia mater and 100nL of the tracer cholera toxin subunit B (CTb; 

1%, List Biological, Campbell, CA) was pressure injected, as before [Ericson & Blomqvist 1988]. 
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In cat-1, a 10uL syringe was inserted into left S1 and L7 longitudinally at a steep angle and 1uL 

CTb was slowly injected. In cat-2, a micropipette inserted 700 um vertically into left L7 (at the 

medial edge of the dorsal root entry zone) was used to make three 100nL pressure injections of 

CTb spaced at 0.5mm rostro-caudal intervals. In cat-3, a 10uL syringe inserted vertically was 

used to make five rostro-caudally spaced injections of 10K dextran conjugated to Alexa546 

(10%, Invitrogen, Grand Island NY) at depths of 500-1000 um in left L7-S1, and on the right side 

5 injections were made similarly of 10K dextran conjugated to Lucifer Yellow (10%, Invitrogen, 

Grand Island NY). In cat-4, such double injections were made on the opposite sides. 

Histological Processing.  After 13-27 days of survival, animals were tranquilized and then 

deeply anesthetized with a lethal overdose of pentobarbital i.v. They were immediately 

perfused transcardially with warm phosphate-buffered saline (PBS; 0.1 M, pH 7.4, 38°C), 

followed by fixation with 1 liter of 4% paraformaldehyde and 0.2% picric acid in phosphate 

buffer (0.1 M, pH 7.4, room temperature), followed by 1.5 liter 2% paraformaldehyde, 0.5% 

glutaraldehyde and 10% sucrose in phosphate buffer (0.1 M, pH 7.4, 4°C, 60 min; see Craig, 

2004).  The brain and spinal cord were removed and placed in the final solution for 5 days, then 

in PBS pH7.4 containing 30% sucrose for 7 days.  The spinal segments were counted beginning 

at the brainstem, then marked and blocked.  Serial 50 um-thick sections are cut in either the 

horizontal, sagittal or transverse plane on a horizontal freezing microtome and collected in PBS.  

Serial 50 µm-thick transverse sections were also cut through the entire brainstem, from which a 

1-in-2 series is stained with thionin.  The sections were processed according to the tracers used. 

Sections from cases with only fluorescent tracers were mounted and coverslipped.   

Cases with CTb injections, or both CTb and fluorescent tracers, were processed for CTb 

using immunohistochemical labeling with an ABC/DAB protocol at room temperature on a 

shaker table.  Our current protocol is as follows: using ample rinsing between steps in PBS and 

PBS-T (with 0.1% Triton-X), the sections are treated with: 0.02% NaIO4, 15 min; 0.1% NaBH4, 15 

min; 0.5% egg white, 30 min; 2% normal horse serum (NHS), 2 hr; rabbit anti-CTb (1:40,000, List 

Biological, Campbell, CA) in 2% NHS, 40-48 hr; biotinylated goat anti-rabbit IgG (1:800, Vector 

Laboratories, Burlingame, CA), 4-8 hr; ABC solution (Vector Laboratories) 1 hr; and lastly, a DAB 

reaction (0.025% diaminobenzidine and 0.02% hydrogen peroxide for 3-7 min). The sections 
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were then mounted from PBS onto gelatin-dipped slides, air-dried, rinsed for 30 min in 

alcohol/chloroform and Citrisolv (a non-toxic substitute for xylene) and coverslipped with 

Permount (Sigma).  If the sections also contained fluorescent labeling, then the PBS in the 

above protocol was replaced with TBS (Tris-buffered saline) and they were mounted from TBS 

onto gelatin-dipped slides, air dried, rinsed in Citrisolv and coverslipped with DPX (Aldrich, 

Milwaukee, WI), then kept at 4°C in the dark until examination.  

Sections were double-labeled for ChAT [or SP] using a similar immunohistochemical 

protocol adapted for double-labeling by mixing primary antibodies against the two antigens 

from different hosts and then following with secondary antibodies against the different host 

IGGs labeled with different tags to produce differential labeling.  In other words, after 

pretreatment and with rinsing as above, the sections were incubated in: affinity-purified goat 

anti-choline acetyltransferase (1:4000, Millipore) [or anti-SP] and polyclonal rabbit anti-CTb 

(1:40,000, List) in 2% NHS in PBS-T with 1% bovine serum albumin for 48 to 72 hours at 4°C; 

biotinylated donkey anti-rabbit IgG (1:800, Vector); 1:400  tetramethylrhodamine(TRITC)-

labeled  avidin DCS (Vector) mixed with 1:100 fluorescein(FITC)-labeled horse anti-goat IgG 

(Vector).  After rinsing, the sections were mounted on gelatin-coated slides, dried, rinsed in 

Citrisolv and coverslipped with DPX. This protocol produced red fluorescent retrogradely-CTb-

labeled neurons and green fluorescent ChAT-positive neurons and dendrite bundles that 

characterize the ladder-like neuropil of the thoracolumbar autonomic nuclei (Markham and 

Vaughn 1990).   

Anatomical Analyses.  The sections were examined using a binocular dissecting 

stereomicroscope with 4x-40x magnification and a compound epi-fluorescence light microscope 

with 4x, 10x, 20x, and 40x objectives.  Cells labeled with Rdex or Pdex were identified using the 

rhodamine (G-2) filter or the selective filters for each fluorochrome. Labeled neurons were 

identified, counted and plotted with respect to laminar and segmental location on both sides of 

the spinal cord, as well as in the nuclei of the brainstem as identified in the thionin series.  

Double-labeled neurons were identified by examining with the appropriate illumination 

methods successively.  Photomicrographs are made with the digital camera mounted on either 

the compound microscope (light or fluorescence) or on the AZ-100 photomacroscope, and later 
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processed with Adobe Photoshop (See Figure 3).  Drawings were made using a camera lucida 

and entered in Canvas using a scanner or a drawing tablet.  Plots of cell locations were made 

using the cameral lucida or the computerized MD-Plot system mounted on the compound 

microscope.  Populations of labeled neurons belonging to different categories were compared 

using standard parametric and non-parametric statistics (Sigmaplot), as appropriate.  
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Results  

Table 2 summarizes both the clinical and radiological characteristics of the cohort 

examined.  A higher number of cases with thoracic spinal cord involvement was observed in the 

group with central neuropathic pain (97% vs 50%; p < 0.001).  Significant differences with 

respect to the presence of a centrally positioned demyelinating focus within the thoracic spine 

(97% vs 20%; p < 0.001) along with a higher likelihood of involvement within the upper thoracic 

spine (97% vs 17%; p < 0.001) were also observed.   

The value of a centrally located focus within the thoracic spinal cord between T1-T6 in 

relation to central neuropathic pain complaints was determined with an observed sensitivity of 

96.9% (95% CI 83.8-99.9) and specificity of 93.3 (95% CI 77.9-99.2).  A statistically significant 

relationship between central neuropathic pain and the presence of a centrally located 

demyelinating focus within the thoracic spine (Odds Ratio (OR) = 434.0 [95% CI lower limit 

43.7]; p <0.001, 2-tailed Fisher exact test) was also observed (See fig.2).   

 The multivariate logistic regression model incorporating meaningful covariates 

supported this observation with a substantial increase in the odds of developing central 

neuropathic pain observed when a central demyelinating focus within the thoracic spinal cord 

(T1-T6) was present (OR 500.5, 95% CI 36.0-6965.3, p < 0.0001).  A sensitivity analysis was 

performed to assess the impact of other covariates with no significant changes in statistical 

outcomes demonstrated.  
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FIGURE 2.  Clinical Evidence.  

(a). Sagital short inversion time inversion recovery (STIR) MRI sequence of the thoracic spinal 

cord demonstrating a focus of hyperintensity at T1 in a 38-year-old man diagnosed with MS 

(1999) and central neuropathic pain, and axial T2-weighted gradient-echo (GRE) MRI of the T1 

lesion demonstrating a central hyperintense focus within the upper thoracic spinal cord.  

(b). Sagital STIR MRI of the thoracic spine demonstrating a focus of hyperintensity at T1 in a 40-

year-old woman with demyelinating disease without central neuropathic pain, and axial T2-

weighted turbo spin-echo MRI of the T1 lesion demonstrating a small hyperintense focus 

positioned at the right lateral aspect of the spinal cord.   

(c) Sagital STIR MRI of the thoracic spine demonstrating a focus of hyperintensity at T5-6 in a 

man with demyelinating disease with central neuropathic pain, and axial T2-weighted turbo 

spin-echo MRI of the T5-6 lesion demonstrating a central hyperintense focus within the mid-

thoracic spinal cord. 
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Table 2 summarizes both the clinical and radiological characteristics of MS patients with and 
without central neuropathic pain.  
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 Our neuroanatomical studies identified neurons in the thoracic spinal segments with 

descending projections to the superficial dorsal horn of the lumbosacral enlargement in 2 rats, 

1 monkey, and 4 cats.  In all cases, labeled thoracic neurons were observed on both sides 

mainly in lamina I, lamina V, the intermediate zone and the ventral horn, consistent with prior 

reports in cats [see Table 3; Matsushita et al. 1979; Yezierski et al. 1980], with pronounced 

labeling in the thoracic autonomic nuclei, that is, the intermediolateral (IML) and 

intermediomedial (IMM) cell columns. In both rats, a small injection limited to lamina I in left L5 

labeled clusters of thoracic IMM cells dorsal to the central canal (Fig. 3a). In the monkey, small 

injections in the left L7 superficial dorsal horn produced labeling at thoracic levels that was 

strongly focused in lamina I, the IML and the IMM (Fig. 3b).  In cat-1, a massive injection 

throughout left L7-S1 labeled thousands of thoracic neurons, whereas in cat-2 small injections 

in the superficial L7 dorsal horn labeled dozens, yet in both cases, concentrations of labeled 

neurons were observed in lamina I and the IMM of mid- and upper-thoracic segments (Fig. 3c). 

In all cases, the thoracic labeling in lamina I and the IML was predominantly ipsilateral, whereas 

labeling in the IMM was bilateral with a contralateral emphasis. 

 

 Labeling gradually decreased from caudal to rostral thoracic levels, as expected, yet 

conspicuous increases in labeling drew attention to particular segments (see Tables 3). The 

overall longitudinal distribution of labeling from the massive injection in cat-1 revealed strong 

concentrations of labeled neurons in the bilateral IMM of T1 and T5, the ipsilateral IML of T5, 

and ipsilateral lamina I of T1-2. The labeling patterns in the cases with small injections also 

indicate that the upper- and mid-thoracic segments are significant sources of descending input 

to the lumbosacral superficial dorsal horn.  

 Finally, in two cats red fluorescent tracer was injected in the L7 dorsal horn on the left 

side and green tracer on the right. Double-labeled neurons in both cases were located mainly in 

the thoracic IMM, dorsal to the central canal. A complete count obtained from segments T3 

through T10 in cat-3 revealed that 61 of 83 double-labeled neurons (74%) were in the IMM, as 

shown in Figure 3d, with increased numbers in upper-thoracic segments T3-4.  
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FIGURE 3.  Neuroanatomical evidence.   

(a) An iontophoretic injection of CTb in lamina I of the left L5 segment in rat-2 produced 

retrogradely labeled neurons bilaterally in the intermediate zone and VH of thoracic segments. 

The lower photomicrograph shows labeled IMM cells at T10 in a transverse section (lower 

arrows indicate the central canal).  In all drawn figures, dots represent location of labeled cells, 

diagonal arrows indicate labeled cells in central canal and vertical arrows indicate injection 

sites. 

(b) Pressure injections (5) of 200nL Alexa546-dextran(10K) in the left superficial L7 dorsal horn 

of monkey-1 produced retrogradely labeled neurons concentrated in lamina I and the 

autonomic nuclei of thoracic segments. The lower photomicrograph shows labeled cells in the 

T6 IMM in a horizontal section (vertical arrows indicate the central canal).   

(c) Pressure injections (3) of 100nL CTb in the left superficial L7 dorsal horn produced 

retrogradely labeled neurons in lamina I, the IMM and the IML of thoracic segments. The 

photomicrograph shows labeled cells in the T3 IML and the IMM in a horizontal section (vertical 

arrows indicate the central canal).   

(d) Pressure injections (3) of 500nL Alexa546-dextran(10K) in the left L7 dorsal horn and (5) of 

500 nL LuciferYellow-dextran(10K) in the right L7 dorsal horn produced retrogradely double-

labeled neurons concentrated in the IMM of thoracic segments. The photomicrographs show 

double-labeled cells in the T4 IMM (transverse) and the T8 IMM (horizontal).   

 VH = ventral horn, IMM = intermediomedial, IML = intermediolateral.  
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  Table 3 summarizes the labeled cells counted in each spinal segments.   

 These tables show the numbers of labeled cells counted in serial horizontal or transverse 

sections of various spinal segments. In each set, all blocks were of similar longitudinal extent, 

unless noted otherwise. Labeled cells were counted in either lamina I (I), lamina V (V), the 

intermediate zone (VII), the ventral horn (VH), the intermediolateral (IML) or the 

intermediomedial (IMM) cell columns on both right and left. The two rats received an 

iontophoretic injection of CTb in lamina I of the left L5; cells were counted in 10 alternate 

sections from each segment.  Monkey-1 received pressure injections of Alexa546-dextran(10K) 

in the left superficial L7 dorsal horn; the alternate transverse and horizontal blocks were each 

~10mm long.  Cat-1 and cat-2 received large or small pressure injections of CTb in the left 

superficial L7 dorsal horn, respectively; all segments of cat-1 were sectioned horizontally (each 

~18mm long, except T1-2 and T3-4 were each ~12mm), and the thoracic segments of cat-2 

were alternately sectioned transverse (each ~ 10mm long, except T6 was 5mm) and horizontal 

(each ~20mm long, except T2-3 was 13mm).  Cat-3 received pressure injections of Alexa546-

dextran(10K) in the left L7 dorsal horn and LuciferYellow-dextran(10K) in the right L7 dorsal 

horn, and all double-labeled cells were counted; all segments were sectioned horizontally 

except T4, which was half as long and was cut transverse.  Note that CTb is the most efficient 

retrograde tracer available for spinal labeling.  In all cases with single labeling, the thoracic 

labeling in lamina I and the IML was predominantly ipsilateral, whereas labeling in the IMM was 

bilateral with a contralateral emphasis. In cases with double-labeling neurons were located 

mainly in the thoracic IMM, dorsal to the central canal.  
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Rat 1 trans L injection I V IML VII IMM VH 

T4 
L 0 0 6 2 1 7 

    R      0      0      1      2      6      6 

T5 
L 0 0 2 1 2 5 

    R      0      0       3      1      3      6 

T6 
L 0 0 0 1 1 2 

    R      0      1      4       3      3       2 

T7 
L 0 3 2 1 1 6 

    R      0      4      0      0      7       6 

T8 
L 0 2 0 3 4 9 

    R      0      0      0      3      5      7 

T9 
L 0 2 6 3 4 6 

    R      0      4      2       4       10      15 

T10 
L 0 0 4 2 6 5 

    R      0       2            5       1           7      6 

T11 L 0 2 2 5 10 3 
    R      0       0       0      2      8       16 

T12 L 0 5 3 5 4 10 
    R      0      3      2      6      14       9 

T13 
L 0 7 3 3 10 15 

    R      0      0      5      10      10      16 
                

Rat 2 trans L injection I V IML VII IMM VH 

T5 L 0 0 2 2 3 3 
    R      0      2      4       0       3      2 

T7 L 0 0 4 2 10 4 
    R       0       0       6      3      4      3 

T9 L 0 0 2 2 6 5 
    R       0       0       4      2       7       5 

T11 L 0 0 0 1 9 5 
    R      0       0       3       6       13       8 

T13 
L 0 1 1 3 6 15 

    R      0       0       18      4      8       10 
 

        
Rat 3 trans L injection I V IML VII IMM VH 

T4 
L 0 0 0 0 0 0 

    R      0      0      0      0      0      0 

T5 
L 0 0 2 0 0 0 

    R      0      0      0      0      0      0 

T6 L 0 0 0 0 0 1 
    R      0      0      0      0      0      0 
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T7 L 0 0 0 0 0 0 
    R      0      0      0      0      0      0 

T8 L 0 0 0 0 0 0 
    R      0      0      0      0      0      0 

T9 L 0 0 0 0 0 0 
    R      0      0      0      0      0      0 

T10 L 0 0 0 0 0 0 
    R      0      0      0      0      0      0 

T11 L 0 0 0 0 0 0 
    R      0      0      0      0      0      0 

T12 L 0 0 0 0 0 0 
    R      0      0      3      0      0      2 

T13 
L 0 0 0 0 0 0 

    R      0      0      0      0      0      0 
         

Rat 4 trans L injection I V IML VII IMM VH 

T4 
L 0 1 0 1 0 0 

    R      0      0      0      1      0      0 

T5 
L 0 0 0 0 0 0 

    R      0      0 2      0      0      0 

T6 
L 0 0 0 0 0 0 

    R      0      0      0      0      0      0 

T7 
L 0 0 0 0 0 0 

    R      0      0 2      0      0      0 

T8 
L 0 0 0 0 0 0 

    R      0      0      0      0      0      0 

T9 
L 0 0 0 0 2 0 

    R      0      0      0      0      0     1 

T10 
L 0 0 0 0 3 2 

    R      0      0      0       1       3       3 

T11 
L 0 1 0 0 0 0 

    R      0      0 2      0      0      1 

T12 
L 0 0 0 0 0 0 

    R      0      0      0      0      0      1 

T13 
L 0 0 0 3 0 3 

    R      0      1      0      0      0      0 
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Monkey 1 

Trans L injection I V IML VII IMM VH 
T5 

 
L 24 6 10 2 9 4 

    R       1       0      0      2       9      4 
T7 

 
L 18 1 10 6 9 3 

    R      3       2       2      1      8       2 
T9 

 
L 15 1 10 6 5 2 

    R       8       2      0      0      7      5 
T13 

 
L 60 16 31 12 32 14 

    R      17      4      5      4      19      15 
        

Monkey 1 
Horiz L injection I V IML VII IMM VH 

T2 
L 16 5 1 2 5 0 

    R       6       1      0      5      9      3 

T4 L 13 8 2 6 6 1 
    R       2       0      3      2      10       3 

T6 L 12 5 8 11 5 4 
    R       5      2       2       5       10      3 

T8 L 16 1 12 11 11 6 
    R       3       2       3       8       4      1 

T10 
L 23 11 18 19 13 3 

    R      9       8       14       27      32       14 
        

Cat 1 horiz L injection I V IML VII IMM VH 

T1-2 
L 154 57 4 28 133 141 

    R      81      25       0       20       267      121 

T3-4 
L 110 37 64 27 104 204 

    R       41       37        25       114       142       141 

T5-6 
L 43 20 123 81 166 307 

    R       38       25       6       220       184       107 

T7-8 
L 111 50 59 159 120 603 

    R        42       26       42       113       177       488 

T9-10 
L 99 83 237 383 202 366 

    R       28       22       37       290       243       203 

T11-12 
L 59 118 270 254 183 390 

    R        45       54        29       493       206       269 

T13 
L 130 115 405 908 212 324 

    R         33         48        15       446       154       288 
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Cat 2 trans L injection I V IML VII IMM VH 

T1 
L 20 5 0 1 5 2 

    R       10       7       0       1         7       1 

T4 
L 20 5 9 4 15 10 

    R      22       7       2      8        11      9 

T6 
L 11 3 3 2 8 5 

    R       6      3       0       0      12        6 

T9 
L 28 10 14 16 22 22 

    R       8        8       2       7        18        31 

T11 
L 39 36 18 30 18 24 

    R       8       23       4       14       15       25 
        

Cat 2 horiz L injection I V IML VII IMM VH 

T2-3 
L 45 19 0 0 6 0 

    R      12       4      0       4       13       2 

T5-6 
L 14 16 26 4 20 7 

    R       13       8      1       10        15       1 

T7-8 
L 28 27 4 7 41 13 

    R      7        13       3        5      35       2 

T10-11 L 40 37 60 50 61 3 
    R       7       11      2       24      44       18 

T12-13 
L 49 38 86 40 81 6 

    R      17       16       12      21       41       3 
        

Cat 3 trans 
Double 
Labeled I V IML VII IMM VH 

T3 L 0 0 0 0 4 0 
    R      0      1      0      1      5      1 

T4 L 0 0 0 0 4 3 
    R     0     0      0       2      4       1 

T5 L 0 0 0 0 0 0 
    R     0     0      0     0      3      2 

T6 L 0 0 0 0 3 0 
    R     0     0      0     0      3     0 

T7 L 0 0 1 0 0 0 
    R     0     0      0      0       6      0 

T8 L 0 0 0 0 6 0 
    R     0      1     0       2      6       2 

T9 L 0 0 0 0 3  0 
    R     0     0     0      0        5       1 

T10 
L 0 0 1 0 5 0 

    R     0     0      2       1       4     0 
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Discussion  

The unanticipated and noteworthy observation of the association of centrally positioned 

upper-thoracic spinal cord lesions to central pain, coupled with the neuroanatomical data 

provide extremely strong evidence for the etiology of central neuropathic pain, for which no 

explanation has been previously available.   Anatomic insight into the cause of central pain in 

MS would generate both a greater understanding of nociception as well as preempting the 

development of therapeutic options.  Elucidating a potential cause of this as of yet poorly 

understood pain phenomenon would be a step closer to relieving the pain and suffering 

experienced by this patient population.  

 Obvious limitations of this study include the small sample size, limitations of MR 

technology, and the subjective nature of pain.  As stated, bilateral central pain in the lower 

extremities is not a common presentation of patients, and the data set is limited by this factor.  

Such pain is often unrecognized in practice [Solaro, 2011], which also limits the subject pool.   

Pain is a subjective complaint, and until recently, somewhat difficult to quantify.  Further follow 

up studies with autonomic physiological testing and evoked potentials, such as described in 

Truini et al [2012] is warranted.   

Pain can be a leading symptom causing enormous suffering and requiring large doses of 

opioids for treatment [Marchettini, 2006], and even then,  CP is notoriously recalcitrant to 

treatment [Nicholson, 2004].  Treatment of central pain in MS has not been well studied and 

generally consists of strategies used in other forms of neuropathic pain [Pollman, 2008]. 

Although patients with multiple sclerosis frequently experience neuropathic pain, effective 

treatment awaits research clarifying the underlying mechanisms [Truini et al 2012].  There is no 

evidence that our current approach to central pain is beneficial, especially given the side effect 

profile of such medications in the MS population [Pollman, 2008].   Recently, an attempt at 

Transcutaneous Electrical Nerve Stimulation (TENS) was successful in a case study, based on the 

theories confirmed by this research [Chitsaz, 2009].  This is but one example of how these data 

can not only lead to advances in our understanding of the pathogenesis of central pain in MS 

but can also enable specific development of effective symptomatic approaches toward relieving 

the disabling pain and suffering experienced by this patient population.    
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This study is novel and groundbreaking.  Establishing a correlation between thoracic 

lesions and bilateral burning cold pain would changes our current understanding of how pain is 

modulated in general and the etiology of central pain in MS in particular.  
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Future Directions 

As mentioned above, this body of evidence opens the doors to multiple research 

pathways.  This research sets the stage for a prospective study.  Further follow up studies that 

include autonomic physiological testing will further solidify the data.  With a pathway in mind, 

further molecular research can help in the development of targeted therapy.   This novel 

etiology of central pain should also be examined in other models of central pain, both in 

Multiple Sclerosis and other neurological disorders, further contributing to possible beneficial 

treatment in our future.  

 

 

  



  MELMED, KARA 

 32 

REFERENCES 

Andrew D, Krout KE, Craig AD. Differentiation of lamina I spinomedullary and spinothalamic 
neurons in the cat. J Comp Neurol. 2003; 458 (3) :257-71.  
 
Blomqvist A, Ma W, Berkley KJ. Spinal input to the parabrachial nucleus in the cat. Brain 
Research,1989; 480:29-36.  
 
Boivie J, Leijon G, Johansson I . Central post-stroke pain—a study of the mechanisms through 
analyses of the sensory abnormalities. Pain 1989;37:173–85 
 
Boivie J. Central pain. In: McMahon SB, Koltzenburg M, editors. Textbook of pain. 5th ed. 
Edinburgh: Churchill Livingstone; 2005. p. 1057–74 
 
Bowsher D. Central pain: clinical and physiological characteristics. J Neurol Neurosurg 
Psychiatry 1996;61:62–9. 
 
Brook JC, Nurmikko TJ, Bimson WE, Singh KD & Roberts N.   fMRI of thermal pain: effects of 
stimulus laterality and attention. Neuroimage. 2002. 15, 293–301  
 
Chitsaz A, Janhorbani M, Shaygannejad V, et al.: Sensory complaints of the upper extremities in 
multiple sclerosis: relative  efficacy of nortriptyline and transcutaneous electrical nerve 
stimulation. Clin J Pain 2009, 24:281–285.  
 
Craig AD. Propriospinal input to thoracolumbar sympathetic nuclei from cervical and lumbar 
lamina I neurons in the cat and the monkey. J Comp Neurol. 1993 May 22; 331 (4) :517-30.   
 
Craig AD.  Distribution of brainstem projections from spinal lamina I neurons in the cat and the 
monkey. J Comp Neurol. 1995. 361:225–248. 
 
Craig AD. An ascending general homeostatic afferent pathway originating in lamina I. Prog 
Brain Res. 1996; 107:225-42.   
 
Craig AD. A new version of the thalamic disinhibition hypothesis of central pain. Pain Forum. 
1998;7:1–14. 
 
Craig AD, Chen, K, Reiman, EM. Thermosensory activation of insular cortex. Nature 
Neuroscience. 2000. 3(2). Pp 184-190. 
 
Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. 
Nat Rev Neurosci. 2002 Aug; 3 (8) :655-66.   
 
Craig AD. Mechanisms of thalamic pain. In: Henry J.L., Panju A., Yashpal K., editors. Central 
Neuropathic Pain: Focus on Poststroke Pain. Seattle: IASP Press; 2007. pp. 81–99. 



  MELMED, KARA 

 33 

 
Ducreux D, Attal N, Parker R, Bouhassira D. Mechanisms of central neuropathic pain: a 
combined psychophysical and fMRI study in syringomyelia. Brain. 2006;129(4):963–976. 
 
Ericson H, Blomqvist A. Tracing of neuronal connections with cholera toxin subunit B: light and 
electron microscopic immunohistochemistry using monoclonal antibodies. J Neurosci 
Methods.1988;24:225–235. 
 
Finnerup NB, Johannesen IL, Fuglsang-Frederiksen A, Bach FW, Jensen TS.  Sensory function in 
spinal cord injury patients with and without central pain. Brain.  2003. 126, 57±70 
 
Holstege G, Bandler R, Saper CB, editors. The emotional motor system. Amsterdam: Elsevier. p 
225–242. 
 
Ikuta F, Zimmerman HM. Distribution of plaques in seventy autopsy cases of multiple sclerosis 
in the United States,. Neurology 1976; 26:26-28. .  
 
Matsushita M, Ikeda M, Hosoya Y. The location of spinal neurons with long descending axons 
(Long Descending Propriospinal Tract Neurons) in the cat: a study with the horseradish 
peroxidase technique. J Comp Neurol. 1979. 184:63-80. 
 
Marchettini P, Formaglio F, Lacerenza M. Pain as heralding symptom in multiple sclerosis. 
Neurol Sci 2006; 27 Suppl. 4: S294-6   
 
Merskey H, Bogduk N. Classification of Chronic Pain. Seattle: IASP  Press; 1994. 
 
MIleikovskii BY. Participation of the brainstem visceral centers in the formation of emotional 
and behavioral reactions. Neurosci Behav Physiol. 1988 Jan-Feb;18(1):71-5. 
 
Morin C, Buschnell MC, Luskin MB, Craig AD. Disruption of Thermal Perception in a Multiple 
Sclerosis Patient With Central Pain. Clin J Pain  2002. 18:191–195  
 
Nicholson BD. Evaluation and treatment of central pain syndromes. Neurology 2004; 62(5 suppl 
2): S30-6).  
 
Olechowski CJ, Truong JJ, Kerr BJ: Neuropathic pain behaviours in a chronic-relapsing model of 
experiment al autoimmune encephalomyelitis (EAE). Pain 2009, 141:156–164. 
 
Osterberg A, Boivie J, Thuomas KA. Central pain in multiple sceloris – prevalence and clinical 
characterisitics.  E Jour Pain 9 (2005) 531 – 542.   
 
Osterberg A and Boivie J. Central pain in multiple sclerosis – Sensory abnormalities. Eur J Pain, 
2009.  
 



  MELMED, KARA 

 34 

Pollmann W, Feneberg W:  Current management of pain associated with multiple 
sclerosis.  CNS Drugs 2008. 22. (4): 291-324.  
 
Polman CH, Reingold SC, Banwell B, et al. Diagnostic criteria for multiple sclerosis: 2010 
revisions to the McDonald criteria. Annals of Neurology. 2011;69(2):292–302. 
 
Poser CM, Paty DW, Scheinberg L, McDonald WI, Davis FA, Ebers GC, Johnson KP, Sibley WA, 
Silberberg DH, Tourtellotte WW. New diagnostic criteria for multiple sclerosis: guidelines for 
research protocols. Ann Neurol. 1983 Mar; 13 (3) :227-31.   
 
Seghier ML, Lazeyras R, Vuiileumier P, Schnider A, Carota A. Functional magnetic resonance 
imaging and diffusion tensor imaging in a case of central poststroke pain. The Journal al of Pain. 
2005;6(3):208–212. 
 
Solaro C & Uccelli MM. Management of pain in multiple sclerosis: a pharmacological approach. 
Nature reviews. Neurology. 2011. 7, 519-527. 
 
Soja PJ, Sinclair JG. Spinal vs supraspinal actions of morphine on cat spinal cord multireceptive 
neurons. Brain Res. 1983 Aug 22;273(1):1–7. 
 
Svendsen KB, Jensen TS, Hansen HJ, Bach FW. Sensory function and quality of life in patients 
with multiple sclerosis and pain. Pain 2005;114:473–81 
 
Treede RD, Jensen TS, Campbell JN, Cruccu G, Dostrovsky JO, Griffin JW, Hansson P, Hughes R, 
Nurmikko T, Serra J. Neuropathic  pain: redefinition and a grading system for clinical and 
research purposes. Neurology. 2008;70(18):1630–1635. 
 
Truini A, Galeotti F, La Cesa  S,  Di Rezze S , Biasiotta A, Di Stefano Ga, Tinelli E,  Enrico 
Millefiorini E, Gatti A, Cruccu G. Mechanisms of pain in multiple sclerosis: A combined clinical 
and neurophysiological study. PAIN (2012) 
 
Willis WD Jr., Zhang X, Honda CN, et al . Projections from the marginal zone and deep dorsal 
horn to the ventrobasal nuclei of the primate thalamus. Pain 2001;92:267–76. 
 
Willis WD, Westlund KN. Neuroanatomy of the pain system and the pathways that modulate 
pain. J. Clin. Neurohysiol. 1997. 14, 2–31. 
 
Yezierski RP, Culberson JL, Brown PB. Cells of origin of propriospinal connections to cat 
lumbosacral gray as determined with horseradish peroxidase. Exp Neurol. 1980. 69:493-512. 

 


