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CHRONIC PAIN AS EXPRESSION OF NEURAL SUBSTRATES.
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INTRODUCTION

One of the lessons Professor Pompeiano taught me was the assiduous attentive-
ness to every neuronal behavior in the different experimental conditions and,
meanwhile. the logic of their activity into the relational cascade of general neural
activities leading to specific motor patterns, This conceptual approach to the study
of the nervous system was a landmark to me and represented a crucial point in my
future research. Though I later devoted to the sensory systems, the lesson was, and
is. still valid and deep seeking, coloured with his style, brisk and unused to flam-
boyance.

Currently, my interests, devoted to sensory neurophysiology, are dedicated to cen-
tral processing accompanying chronic pain.

Pain relies on central and peripheral anomalies that trigger and maintain diverse
pathways of central networks. In the absence of peripheral triggers, however, chron-
ic pain may be still evident. The phenomenon (it would be better using the plural)
seems sustained by a network of activations and inactivations. This cohort of neur-
al events is the result of an innate complexity of the central nervous system, In par-
ticular. this fact implies the role that higher central neural circuitries play in the con-
struction of abnormal perceptual engrams in the painful syndromes, a sensory role
often autonomous from actual inputs from the periphery (11).

On those accounts, a number of anomalies at different scales have been described.
as markers of the central single neuron and circuitry irregularities concurrent to pain.

In our experimental setup, this double approach provides an account of the nor-
mal and anomalous dynamics of the unitary components, neurons and in addition it
guarantees a quantitative description of the connectivity properties in the interaction
among the units. This analytical choice tends to match up the neuronal dynamics to
the behavioral data. The gap between the neural and the perceptual side of pain
comes out unfilled: the two sides of the problem, perception and neural activity are
however analyzed in detail.
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On these premises we set up experiments from diverse areas of the nervous sys-
tem using different models of chronic pain in experimental animals. We shall show
here results coming from electrophysiological experiments on neuropathic pain
models.

Neuropathic pain is an excruciating condition generated by functional or struc-
tural damages to the peripheral nerve hbres. This condition brings to heavy conse-
quences in the central circuits receiving the input from the damaged fibers. The
enlargement of the receptive fields is a typical consequence of the damage and rep-
resents the peripheral counterpart of central rearrangements evident at the level of
the single unit and of the networks. Single neurons show sensitization phenomena.
Sensitization is a complex event due to resetting of the neuronal membrane
excitability, exiting in neuronal hyperexcitability and hyperresponsiveness (11). The
central rewiring is started and maintained by a peripheral damage. like compression
and injuries. Chronic maintenance of painful perception needs no further peripheral
input. Actually, once started by the anomalous peripheral conditions. cellular and
network conversions may however be still observed once any peripheral anomaly
disappeared.

In our experiments we try to understand the dynamic anomalies exhibited by sin-
ale neurons in different districts of the somato-sensory pathway and, in addition, to
elucidate the stable network irregularities commonly originated in models of chron-
ic pain. In this paper we present data from simultaneous recordings from Ventro-
Basal Nuclei of the Thalamus and the posterior paw cortical projection area in the
tirst Somatosensory Cortical Area. The study of single neuron behavior was accom-
panied by the network dynamics analysis in the Thalamus and in the Cortex. The
final target was the identification of specific neural dynamic profiles for chronic
pain.

METHODS

Adult male Sprague-Dawley rats were used. The neuropathic model was induced in the deeply
anesthetized animal (Nembutal 40 mg/ke i.p.) by placing four loose ligatures around the femoral
tract of the sciatic nerve along the recipes of the Bennett-Xie model or Chronic Constriction Injury
(CCD (1.

The electrophysiological experiments were performed [12-15 days after the induction of the
neuropathy. The rats received a pre-anesthesia with Nembutal (40 mg/kg ip. for induction), the
cannulation of the jugular vein and of the trachea. Body temperature. arterial blood pressure and
heart rate were monitored throughout the entire experiment: the stubility of arterial pressure (val-
ues of 90-110 mum He) and heart rate (values of 320+ 10 beats per minute) signaled adequate anes-
thesia as the complementary signs of piloerection and lacrimation.

Rats were mounted in a metal stereotactical frame; two holes were drilled on the skull one for
the access to the Somatosensory Cortex (stereotactic positioning 2.2 mm LL, 0.5-0.8 mm AP, 400-
750 nm depth with an orthogonal electrode). the other [or the simultaneous access to the Thalamus
(stereatactic positioning 2.5-2.7 mm LL, 5.5-5.7 mm AP, 5000-6000 um depth with a 25 anteri-
orly-slanted electrode). The Dura Mater was then carelully removed and the nervous lissue was
then protected with the application of a warm saline soaked piece of surgical foam before the inser-
tion of the electrodes. The animals were then paralyzed and maimained in complete paralysis with
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gallamine triethiodide (20 mg/kg/h) and placed under gaseous anesthesia (Isoflurane 0.6-0.8 I/hr
and Oxygen 0. 2 I/hr).

The multiple clectrodes were then inserted after planar stereotactic positioning. Two remotely
controlled micro stepper engines. with 2 pum step. drove the descent of the twa electrodes. The
clectrodes were multiple platinum-iridium electrode structures with nine-channel 3 x 3 matrix con-
figuration (FHC, Bowdoinham, CO. USA). The 3 x 3 electrode array has intertip distance of 150
pm. In the TC configuration the recordings were from the granular lamina (lamina IV) of the
Somatosensory Cortex and from the neural fields responding to the posterior paw in the Thalamic
Ventrobasal Nucleus. contralateral to the injured paw. Histological control was. performed for
every experiment.

Recordings for three and eighteen channels were made by two diverse scquisition systems
(Data-Wave and Neuralynx). Stercolactic correct positioning was then checked by analyzing
online the responses to different peripheral stimuli, where neurons responded 10 non-noxious
(brushing the skin with a cotton rod). and to noxious stimuli (calibrated pinching of ca 400 g on a
contact area of 2 mm* for 10s) applied to the peripheral areas supplied by the sciatic nerve. Each
of our single electrade had a tip impedance of (1.5 to 1.5 M£Q being able to record three to five neu-
rons simultaneously. Thus a set of up to 90 neurons could be recorded. Off-line reconstruction and
separition of the recorded spikes were made by a program set up in our laboratory, based on two-
step selection criterion (multiple parameter and principal component, respectively). Signal analy-
ses were made by mutual correlations of the recorded traces by Edit Distance and Temporal Series
Homology (4, 17) and Gravity Method procedures”.

All the analyses were carried out on traces from ongoing. spontancous non-stimulated activity,

Edit Distance and Tempaoral Series Homology

Given two spike-time sequences (taken as a description of the activity of two neurons in a time
window) we can formalize the intuition of their quantity of similarity through the mathematical
notion of edit distance separating them, as the amount of efforts needed to transform one in the
other. According (o the criterion ol maximum parsimorny. we choose the transformation involving
the lowest quantity of efforts.

We decided upon a sel of possible atomic transformations (ex: insertion. deletion. shift of a
spike time) and of their costs (ex: the cost of an insertion/deletion and the cost of a unitary shift).
Typically more than one series of atomic operations can transform a fixed spike train into anoth-
er. we will consider the one minimizing the total sum of efforts.

Complementary, while defining the differences between two spike trains by means of edit oper-
ations. we state their similarities as the common subset of spikes acting as a pivot in the transfor-
mation,

It is exactly this subset of the distortion that we call Longest Common Subsequence (LCS) (4,
17): so that the length of the LCS between two spike trains is a measure of the degree of their sim-
ilarity.

Gravity Method
The Gravity Method, (6). allows for the study of synchronies and discharge pattern similarities
among N neuron discharge pattern. Neurons dre held as electrcally charged particles immersed in

an electrical field. Given the bi-univocal correspondence i neuron-i | particle. all the particles are
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placed in a N-dimensional hypercube in viscous medium. Each particle is under the influence of
the other particles matched against the medium viscosity. With unitary mass | we have:

[ is the field acting on from the other particles independent of distance;  is the i, particle
charge: G is proportional to the reciprocal of medium viscosity. There's a dependence of neurons
on the global activity magnitude. Every time a neuron fires the corresponding particle it shows a
Agq increases of its charge with T exponential decay. Without acceleration, at constant speed. if two
particles have accordant higher or lower charge than the mean they attract, they repulse on the con-
trary

The equation for dynamics: (1 + Ar) = X(1) + NO’[KI(!) - fﬂf[’)[ﬂi =0.001s (temporal resolu-
tion)|, where the decay constant T defines the degree of synchrony needed for attraction; o is a flu-
idity lactor ruling on particle coalescence speed (6).

This study adhered to the Ethical Guidelines of the IASP (18).

RESULTS
In the graphics below we plotted the matrices of the sizes of the LCS between
couples of neurons in the Thalamus and in the Cortex. considering the two areas as

independent systems, and as a unique Thalamo-Cortical-Thalamic system (Fig. 1).
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Fig. |. - Marrices of the dimensions of the LCS between several coupley of neurons in the thalamus and
in the cortex.

The left and right items at the bottom row allow us o observe the smoother variation of the LCS dimen-
sions between pair ol neurons from chronic pain models compared to the higher variability that can be
observed in normal subjects.
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As for the Thalamo-Cortical unit and population dynamics, the LCS shows a
reduction of the similarity sequences in the various dynamic profiles of the record-
ed neurons. Experimentally it was tested the capability of the LCS measure in dis-
criminating among the neural (Thalamo-Cortical) population activity of our neu-
ropathy models and of normal subjects. Strong and significant (p < 0,001) reductions
of the similarity degree in Thalamic, Cortical and particularly in the Thalamo-
Cortical circuits of neuropathic animals is observable.
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Fig. 2. - Newral dvnamics af the Thalamo-Cortical system in normal rats exhibits a ‘fan’ of correlations
distributed on the newvonal whole population set.

Sudden dynamic changes are evident (for instance at t = 420x).

The analyses with Gravity Method (Figs. 2 and 3) show two examples of collec-
tive neuronal behavior in the different experimental conditions in normal and neu-
ropathic animals. Figure 2 shows the description of the system activity by the col-
lection of Thalamic and Cortical neurons of a normal animal (treated as they were
taken from a definite single population). A diffusely distributed fan of dynamic pro-
files is shown, indicating that no special correlative behavior (no segregative selec-
tion of neuronal groups) is present. Correlations are variable and endow the whole
network in richly variable forms. Figure 3 shows a recording {rom a neuropathic ani-
mal where segregated clusters iteratively isolate functionally and groups in stable
strong correlations.
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Fig. 3. - The behavior of the Thalamo-Cortical system in newropathic rats shaws families of highly cor-
related neurons.

DISCUSSION

In this paper we show a results obtained from normal and neuropathic rat models
by multiple simultaneous recordings of neuronal activity in the Ventrobasal
Thalamus and in the Somatosensory Cortex. The results showed that well identifi-
able differences are recognizable both in the single cell behavior and in the connec-
tivity properties of neuronal population in the networks recorded. We observed a
reduction in the “variability” of the discharge patterns of the Thalamic and Cortical
neurons and a strong dynamic segregation into monotonic, functionally co-varying
neuronal subsets.

These results imply that gross rearrangements in the overall connectivity and
dynamic properties of the Thalamo-Cortico-Thalamic loop are observable in mod-
els of chronic pain. The anatomical and functional disarray that we recorded could
represent the outcome of a disordered input inscribed on a developing local struc-
tural damage. More than a few parallel cooperating systems make up the Thalamo-
Cortical connecting system. Neurons acting in concert into lask-generated popula-
tions or ensembles work together in potentially definite hierarchies. They, yet. can
work in likely or different ways into the execution of other tasks, changing hier-
archical position or preferred connection on the basis of neurochemical and activ-
ity dependent cues (9). By the way, neurochemical observations put into light the
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exclusive or preferential abnormal involvement of specific neurotransmitters or
neuro-modulators in the build-up and in the maintenance of chronic pain condi-
tions (10.11.12). However, neither clear relationship between the perceptual issue
and the transmitter change is factual. nor the causal-effect relation is straightly
obvious in chronic pain. Back to the issue. the freedom of rearrangement of the
central circuits can obviously not be unlimited. It is basically assumed that neu-
ronal interactions are still preferentially established among subsets of intercon-
nected neurons (16). Still, it is known that a matrix of neurons, immunoreactive
for calbindin, extend throughout the Thalamus projecting over wide cortical areas
well beyond the limits of classical somatotopical anatomical areas (7). In the mean
time, the exact Thalamo-Cortical map projection is signed by co-extant Thalamic
core neurons (7). As additional anatomic issue, a principle of reciprocity is a most
stable feature of the brain circuits (5). Reciprocity entails neurons in the Thalamus
and the Cortex to act, functionally, as potential ensembles in sensory processes (3).
Wide stages of neuronal synchronies are, on the other hand, hypothesized to act as
a signature for binding areas and perceptual state definition (15). Additionally,
several membrane electrodynamic features of the Thalamo-Cortical circuit exhib-
it non-linear properties. an important feature at the cellular level can involve dif-
fuse effects like those quoted, at higher scales (14). In fact. it has been shown, on
other systems, that the process of transformation of input activations into sparse
coding, a plausible functional background for exploiting sensory processing,
based on connectivity properties discussed before, is guaranteed by the membrane
non-linearity (14). Taking into account the amount of data. we could show that the
disrupted relationship between Thalamus and Cortex, potentially instantiated
thanks to non-linear properties of cellular membranes. could stably change the
spatio-temporal features of the system itself reconfiguring the dynamic profiles
both of single neurons and of the loop per se. These facts, matched to our prelim-
inary data, induce to think that potentially specific neural signs could endorse a
perceptual condition like chronic pain, and that the collective properties of neu-
ronal population behavior can show sign. The shift from sparse coding to local
coding in chronic pain models, perhaps evident in the dynamic profile segregation
of gravity method analyses. shows reduced variability and richness of the sensory
message to few items. It is interesting that the precise mapping from the Thalamus
to the Cortex and back tends to fade in chronic pain. It is difficult to understand
the logical connection between reduced plasticity and precision of mapping
beyond the known synaptic plasticity events (3) or the potential relation to the cal-
binidin population matrix functions in pathologic conditions.

Also, modeling of single cell dynamics in the Thalamus and in the Cortex shows
that a disruption of finely timed input arrival times can severely reduce the input
estimate ability of a circuit (8, 13). The reduced capability of the input estimates by
the circuits is strongly associated to the single neuron integrating properties as leaky
integrator or coincidence detector (8). Extending our previous observation in the
neuropathic model of a disordered inhibitory control and a reduced degree of coor-
dination of the local networks (2) potentially influencing the supraspinal centers, we
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present here parallel coordinated data. The frequency means (not reported here)
show no significant differences between the two experimental conditions. Still,
strong differences are reported in the overall dynamic profile of the two networks
and in their interrelationship. The LCS shows a reduction in message variability
associated to the segregation of few functionally uniform neuronal subsets. The low
frequency dependence degree of the results implies a deeper code for neural pain
estimates.

The understanding of these conditions seems a most promising issue to be able to
intervene on pain mechanism for a proper and efficacious therapeutic intervention.

SUMMARY

The Thalamo-Cortical somatosensory loop shows important synaptic re-organiza-
tion in cases of chronic pain. Animal models exhibit severe functional distortions,
potentially related to the anatomic rearrangements. Connectivity and information
theoretic measurement represent important tools to quantify the functional disarrays.
We performed electrophysiological experiments with multisite, multielectrode
simultaneous recordings in the Thalamus and in the Somatosensory Cortex. The
recurrent anomalies in the analytic estimates induce to hypothesize a potential neu-
rodynamical explanation of the sensory context.

Acknowledgemenis. - The authors are grateful to Mr. Pasquale Petta for technical assistance

REFERENCES

I. BENNETT. G.J. AnD Xk, YK, A peripheral mononeuropathy in rat that produces disorders

of pain sensation like those seen in man. Pain, 33: 87-107, 1988,

Bierra, G.. Riva, L. anp Soraiu, ML, Interaction between neurons in different laminae

ol the dorsal horn of the spinal cord. A correlation study in normal and neuropathic rats.

Eur: J. Newrosci., 9: 1017-25, 1997,

3. ErdaenzinGeEr. E.R.. Grasier. MM, Hanm, J.O. axp Pons, T.P. Cortically induced thal-
amic plasticity in the primate somatosensory system. Nature Newrosci., 13 226-229,
1998,

4. GersTEIN, G.L., PERKEL, D.H. axp Dayvniorr. JLE. Cooperative firing activity in simulta-
neously recorded populations of neurons: detection and measurement, J, Newrosci., 5:
881-889, 1985.

5. GusFIELD. D. Algorithms on Strings, Trees and Sequences. Cambridge University Press.
New York, 1997,

6. GUSNARD, DAL, OvLiNnGEr, LML, SHULMAN, G.L.. CroNinGERr, C.R.. PRICE. J.L., VAN
Essen, D.C. anp RaicnLi, MLE. Persistence and brain circuitry. Pror. Nat. Acad. Sci.
USA, 100: 3479-3484, 2003.

7. Jongs. E.G. Thalamic circuitry and thalamocortical synchrony. Philos Trans. R. Soc.
Lond. B Biol. Sci., 3587: 1659-1673, 2002.

8. Ka@ENiG, P. Excer. A K. ANp SINGER. W. Integrator or coincidence detector? The role of
the Cortical neuron revisited. Trends Neurosci. 197 130-137, 1996,

I



CHRONIC PAIN AS EXPRESSION OF NEURAL SUBSTRATES 283

MARDER, E. AND THiRUMALAL V. Cellular, synaptic and network effects of neuromodu-
lation Newral Networks, 15: 479493, 2002.

. PETRENKO, A.B., YAMAKURA, T.. BABA, H. AND Sumvon. K. The role of N-methyl-D-

aspartate (NMDA) receptors in pain: a review. Anesth. Analg., 97: 108-16, 2003,

- RiEpEL, W. aND NEECK, G. Nociception, pain, and antinociception: current concepts. Z.

Rheumarol., 60: 404-15, 2001.

- SAwynNoK, 1. anD Liu, X 1. Adenosine in the spinal cord and periphery: release and reg-

ulation of pain. Prog. Newrobiol., 69: 313-40, 2003.

- SoFTky, W. Swob-millisecond coincidence detection in active dendritic trees,

Neuroscience, 58: 13-41 1994,

- STERIADE, M. Impact of network activities on neuronal properties in corticothalamic SYys-

tems J. Newrophysiol.. 86: 1-39. 2001.

. TueunisseN. F. From synchrony 1o sparseness. T.LN.S.. 26, 61-64, 2003,
- VARELA, F.. LACHAUX, ).P.. RODRIGUEZ, E. AND MARTINERIE, J. The brainweb phase syn-

chronization and large-scale integration. Nar. Rev. Neurosci., 2: 229-39, 2001.

- VICTOR, L.D. AnD PUurPURA, K. Metric-space analysis of spike trains: theory, algorithms,

and application. Nenwork, 8: 127-164 1997,

- ZIMMERMANN, M. Ethical guidelines for investigations of experimental pain in conscious

animals. Pain, 16: 109-10, 1983.



