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Neuronal nociceptive responses in thalamocortical pathways

Fei LUO, Jin-Yan WANG

Key Laboratory of Mental Health, Institute of Psychology, Chinese Academy of Sciences, Beijing 100101, China

Abstract: The sensation of pain is critical for the survival of animals and humans. However, the brain mechanisms underlying

pain perception remain largely unknown. How does the brain decode the pain-evoked activity into a particular sensory

experience? Over the past decade, attempts have been made to answer these questions by employing electrophysiological,

functional brain imaging, and behavioral approaches, and some basic properties of pain formation have been revealed.

Researchers have gradually recognized that there exists a distributed neural network that participates in the transmission and

processing of pain information. These studies will further guide the development of more effective treatment for many

disorders such as chronic pain.
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1 Introduction

How is pain sensation formed? It is generally thought
that any nociceptive stimulation can be perceived whenever
it exists. Thus, it will be surprising that the perception could
be modified, deformed, or even illusioned. There have al-
ways been two contradictory ideas about how senses are
coded. The “specificity” theory maintains that different sen-
sory functions are mediated by activations of distinctly dif-
ferent neurons with highly specific stimulus sensitivitiest!l.
The “pattern” theory claims that different functions are rep-
resented by unique patterns of activity in populations of
neurons with relatively broad stimulus sensitivities!'!.

However, since the activity of one neuron is not equiva-
lent to the sense per se, how is it perceived after being trans-
mitted into the brain by either specific “labeled line” or neu-

ronal population? Is it necessary to have a decoder, in the
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form of either “grandma cell” or “homunculus”, which re-
sides in the cortex and observes all that goes on below? If
a sensory signal is considered to be conveyed in the esthetic
pathway, it seems natural that it should finally reach some
kinds of the end. However, evidence suggests that the con-
cept of a read-out decoder may be not necessary, and that
sensory signals may be transformed between populations of
neurons until behavioral output is generated®*. Meanwhile,
a form of vivid perception does exist in our psychological
experience. Therefore, what is the neural mechanism under-
lying this cognitive perception of the environment?

With the help of some novel technologies, such as popu-
lation neural recording, functional brain imaging, and
electroencephalographic brain mapping, more knowledge has
been gained concerning how pain information is processed.
Here we explore some recent ideas on these questions, mainly
to clarify how pain processing works in the thalamocortical

circuits composing somatosensory pathway.
2 Population coding

2.1 Dynamic receptive fields The “specific” theory holds
that each stimulus submodality or quality within a sense

modality is encoded by excitations of different specific nerve
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fibers or neurons!'!. Electrophysiological studies have pro-
vided evidence for this theory with descriptions of place-
and modality-specific neurons, namely, the concept of re-
ceptive fields. If different classes of cells signal the nature
and the position of stimulation, and if each cell responds to a
specific range of stimuli, it seems natural to adopt the “spe-
cific” theory.

However, it has gradually become a consensus that the
idea of static receptive fields is derived from the simple stimuli
employed by the researchers®. Once complex stimulation
is applied, changes or modulations of receptive fields be-
come very common. For example, receptive fields of both
peripheral nociceptors and central nociceptive neurons will
be significantly enlarged under peripheral hyperalgesia, a
phenomenon observed under tissue inflammation or nerve
injury condition®®.. Central motor areas will also send com-
mands to modulate the sensory receptive fields while deliv-
ering motor commands®®!®. Hurley et al. have even suggested
that neuromodulators like NE and 5-HT in sensory networks
can modulate specific receptive field properties of individual
sensory neuron and alter population representations of sen-
sory stimulit'!),

The idea of submodality specificity, on the other hand,
is due to the average of the experimental results. Many neu-
rons are sensitive to various stimulations, with different
sensitivities. However, researchers have classified the re-
ceptors according to the stimuli that they “best” respond
tot'>13 If only limited number of simple stimuli were tested, it
will be quite easy to conclude that a neuron is “submodality
specific’. Therefore, the receptive fields of sensory neurons
are not strictly static, instead, they are under dynamic
modulations.

2.2 Primary afferent fibers Primary afferent fibers are the
only pathway that conveys all the peripheral sensory infor-
mation into the central nervous system. However, how is the
information conveyed? In the chemical sensation study,
Pffafmann has demonstrated that taste quality is encoded in
some distinctly different amounts of responses produced by
a stimulus across one, several, or all of the 4 classes of broadly
tuned neurons. This gives birth to his “cross-groups” idea

of taste quality coding, which was later called “across-fiber

patterns” (AFP)!'Y, These AFPs, or across-neuron response
patterns (ANRPs), may be the main route for primary afferent
fibers to convey the environmental information, for example,
the sizes and the organizations of receptive fields, “on” and
“off” responses, and even the rate of adaptation of mechan-
osensitive nerve fibers of the raccoon vary considerably
with stimulus location and intensity!).

2.3 Thalamocortical neuronal responses Neuronal popu-
lation within thalamocortical pathways obviously adopt, if
not expand, the ensemble coding strategy in primary afferent
fibers. For example, Ghazanfar and Nicolelis have demon-
strated that in the rodent somatosensory pathway, stimula-
tion of individual whiskers results in responses that extend
beyond a single barrel cortical column or ventroposteromedial
thalamic (VPM) nucleus barreloid!®. Via the pain studies,
Wang and her colleagues have found that a large population
of neurons distributed across many brain areas are dynami-
cally activated by a variety of noxious stimulations including
radiant heat!'”), mechanical’®!, electrical' or chemical stimu-
lations®®” on rat hindpaw (Fig. 1). Functional imaging study
has also revealed a distributed activation in human brain
with the application of noxious stimuli®?!'??, Based on the
evidence that the brain possesses a neural network that inte-
grates multiple input to produce the output pattern which
evokes pain, Melzack has proposed the “neuromatrix” hy-
pothesis to challenge the classical “pain center” theory. The
“neuromatrix” theory holds that the development of pain
perception involves a widely distributed neural network that
is responsible for generating a characteristic coding pattern
for the representation of painf?3-2¢),

3 Information flowing

3.1 Correlated neuronal response The central nervous
system presents the sensory information as a pattern of spike
emitted by populations of neurons. The populations that are
active during the presentation of even the simplest stimuli
can be rather large, and the firing of these neurons is often
highly correlated™). This correlation of neural spikes seems
to have behavioral significances. For example, Wang et al.
have reported that nociceptive stimulation could significantly

increase the cross-correlation between neurons in thalamo-
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Fig. 1 Temporal and spatial coding patterns produced by noxious stimulations of (A) electric pulse, (B) laser pulse, (C) radient heat (adopted from Wang

JY et al.)!'"'%, (D) subcutaneous injection of formalin (adopted from Huang J et al., 2006)™°.,

cortical pathways, and more cortical neurons are found to
precede their thalamic partners?**1. After receiving periph-
eral electric stimulation that can induce analgesia, this cross-
correlation is greatly reduced. Erchova and Diamond have
revealed that the strength of co-activity between columns in
the barrel cortex can be modified by sensory input patterns
during discrete and intermittent intervals time-locked to
bursts, indicating that cross-correlation may help convey
sensory information®”. Swadlow has demonstrated that the
thalamocortical feed-forward inhibitory network, revealed by
cross-correlation and related analysis, is well suited to pro-
vide a fast, potent, sensitive, and broadly tuned inhibition
that will suppress spike generation following all but the most
optimal feed-forward excitatory inputs®?”!. Thus, neuronal
correlation, or connectivity, seems to be functionally very
important for sensory coding.

3.2 Descending modulation of sensory transmission Ifthe
sensory information is encoded by neural network activity
rather than individual cells or nuclei, the functional connec-
tions within the network will be strengthened during the de-
livery of somatic stimulation, and a large amount of informa-
tion flow should be found along sensory transmission
pathways. Undoubtedly, the sensory transmission is en-
hanced in the ascending pathway in response to environ-
mental stimulation. Thus, the intensified communication be-
tween neurons would be better evidenced by an increase in
the descending information flow in the sensory pathway.
Recently, Wang et al. have reported that somatosen-
sory (SI) cortex has descending influence on thalamic neu-
rons during pain processing®??.. In their study, the amount of
information flow was significantly increased from SI cortex

to ventral posterior (VP) thalamus following noxious heat
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stimulation, while it remained unchanged or even decreased
from VP to SI (Fig. 2). This result is consistent with that of
Huang et al., who observed that the information flow was
changed between cortical and thalamic areas in formalin-in-
duced pain model”. Taken together, these results provide
strong evidence that the sensory processing depends on
mutual connectivity between network neurons but not on
simple signal transmission in the ascending pathway.
Cross-correlation analysis has revealed similar findings
on the increase in correlated neuronal activity during nocice-
ptive transmission within thalamocortical neural network, with
cortical neuron firing ahead of thalamic units®. This further

supports the hypothesis that the somatosensory cortex ex-
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erts more influence on thalamic neurons than thalamus on
cortex during the central processing of nociceptive input.

3.3 Cross talk between parallel sensory pathways Generally,
sensory inputs reach the central nervous system through
parallel pathways. For example, the nociceptive signals are
transmitted by dual systems. One is the lateral (sensory) path-
way in which the SI cortex receives projections from lateral
thalamus, and both of them are engaged in the sensory dis-
criminative dimension of pain. The other is the medial
(affective) pathway in which anterior cingulate cortex (ACC)
and medial thalamus are involved in mediating the emotional
component of pain®®'¢, Then, is the sensory information

processed within independent ascending pathway or trans-
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Fig. 2 Information flow between SI and VP following noxious stimulation. A: SI and VP neurons exhibited significant responses to noxious stimulation;

B: principal component analysis revealed the similarity in nociceptive response between SI and VP neurons; C: the amount of information flow was

significantly increased from SI to VP, while it was decreased from VP to SI (adopted from Wang et al., 2007)!,
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mitted across pathways in a network pattern? Our recent
finding supports the latter by demonstrating that the infor-
mation flow is not limited to a single pathway when rat has
received subcutaneous injection of formalin®”. In the first 60
min (phases 1 and 2) of formalin test, the amount of informa-
tion flow significantly increased from medial to lateral
pathway, whereas it decreased from lateral to medial pathway.
Interestingly, this direction predominance was dramatically
reversed in the following 60 min (phase 3). The change in the
direction of information flow may help explain the reduction
of nociceptive behavior in the third phase while the formalin-
induced inflammation remained unchanged. This finding sug-
gests that the cross-talk between different pathways is nec-
essary for the nociceptive signal processing, and the sen-
sory coding involves distributed, instead of single, brain struc-
tures that constitute an organized coding network.
Subsequent findings by independent component analy-
sis (ICA) of multichannel field potentials in rats®*”! and func-
tional connectivity analysis of human fMRI data®’ confirm
the hypothesis that a network of brain regions participates in
the nociceptive or tactile processing in a functional connec-

tive mode.
4 Conclusion

It is generally thought that peripheral inputs are trans-
mitted along specific pathways and converge on neurons at
a higher level of the brain. As a result, the sensory process-
ing should be more integrated at a higher level in the neuraxis
and finally accomplished at the highest center—the cerebral
cortex. In other words, there are a few “head neurons” that
essentially “perceive” the sensory signals and thereby form
sensation. Up to date, however, the assumed “head neu-
rons” have not yet been identified. Thus, researchers begin
to realize that sensations are actually processed in a neural
network, and it is the particular activation pattern that pre-
sents a particular sensation. This conforms to the well-known
“cell assemblies” theory that was first proposed by Hebb”!
and later elucidated by Palm™,

From this perspective, the concept of sensory “coding”
exists in the absence of a decoder. Halpern has even sug-

gested that the problematic construct of sensory coding and

its concomitant decoding, should be replaced with more neu-
tral and physical concept of transformation. He also pro-
posed the elimination of the notion of representation or re-
construction of the world in some special nervous system
locus. Since distributed, parallel processing is a natural cor-
ollary of transformations, no “command and control center”
or fully-informed executive is needed in a parallel, distributed
system!l,

From the perspective of psychology, one can perceive
sensory image at any time. The environmental change is in-
deed presented in a particular manner in our consciousness,
although it may be greatly modified and therefore not “true”!.
Given the fact that we can not find a decoder in the brain that
is responsible for sensory perception, how does our con-
sciousness recognize the specific activation pattern repre-
senting some sensation and correctly realize what we are
experiencing?

The human brain works in a way that is similar to a
computer. The operation mode of the computer is analogous
to the physical process of consciousness. The computers
are controlled by programs that consist of a series of proce-
dures for data processing. However, there does not exist a
physical program and we can not “locate” the program in-
side a computer. The fact is that the procedures are carried
out by many electrical and mechanical substrates. Informa-
tion processing in a computer depends on both intact elec-
tric circuit and power supply. Similarly, human conscious-
ness may not have physical presence as well. The substrates
underlying consciousness are the neural circuitry. As part of
human consciousness, the sensory perception is virtually
the dynamic activity of the neural network. Just like the com-
puter program process information without specific electronic
line, the brain does not have specific structures for con-
sciousness or perception generation. This suggests that the
sensory perception is never objective. The consciousness
“knows” environmental information indirectly from the ac-
tivity of neural network that is influenced by internal or exter-
nal factors, which means that we do not perceive things as
they are in themselves but only the modified or distorted
versions of them.

Taken together, the sensory processing is an opening
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closed-loop system. Bottom-up information originates from
the environment, starts as low-level sensory signals, and
arrives at higher levels of the neural hierarchy in a parallel
tempo-spatial pattern. The sensory perception gives rise to
motor process and in turn generate top-down influence on
the environment. The central sensory coding may involve
many anatomically independent but functionally interacted
structures within a neural network. The content of sensory
perception is determined by the firing pattern and reciprocal

communication of the network neurons.
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