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STANDARD DISCLAIMER

In this session, the physiology of nociception will be reviewed in
detail, including pathophysiological alterations that set the stage
for chronic pain

LECTURE OBJECTIVES

Review the basics of neural communication and synaptic
function
Provide an overview of the functional anatomy of the
nociceptive system
Detail physiological alterations that occur in the development
of acute and chronic pain

(Blumenfeld, 2010)

NEUROLOGICAL
COMMUNICATION
MICROSCOPIC VIEW

(Blumenfeld, 2010)

REVIEW – NEURONAL
COMMUNICATION

(Blumenfeld, 2010)

REVIEW – NEUROLOGICAL COMMUNICATION

•

Neurons (approximately 100 billion per human)
• Information processing and signaling cells
• Transduction: Transmission: Modulation: Perception
• Electrical and chemical messaging (intra- and interneuronal)
• Functional polarization
• Great variability in size and shape
• Function: Motor, Sensory, Interneurons, Projection,
Association (brain, SC and eye)

Glial Cells (approximately 100 billion per human)
• Multiple functions, some only beginning to be understood
• Structural support, neuronal insulation
• Nutrient and O2 delivery to neurons
• Immune responses
• Regulation of the neuronal environment
(neurotransmitter levels, clearance of dead neurons,
embryologic functions)
• Neurotransmission, especially nociception (?)
• Apoptosis & synaptogenesis
• Neuronal plasticity

NEURONAL COMMUNICATION

https://giphy.com/gifs/

ELECTROCHEMICAL REVIEW

Neurological transmission of information is electro-chemical in nature
Both the intra- and extra-cellular medium for this electrical conduction is aqueous

Current is carried by the movement of ions instead of electrons, along physiological circuits (neuronal tissue)
Ions have a motive force along electrical gradients
Ions have a motive along concentration gradients

Potential energy is stored in ionic electrochemical gradients across the cell membrane
“Switches” and “resistors” in the circuits are molecular in nature (transmembrane proteins)

NEURONAL MEMBRANE PHYSIOLOGY

Neuronal membrane is a semi-permeable phospholipid
bilayer
Composed of polar groups at one end (hydrophilic)
Fatty acid chains on the other end (hydrophobic)
Proteins embedded in the bilayer
Polar ends are oriented ! intra- & extracellularly:
lipophilic ends ! interior of bilayer
Makes the maintenance of concentration gradients possible
Functions as a capacitor, storing opposing charges along
the membrane ! cellular excitability

TRANSMEMBRANE PROTEINS

Ion pumps (one type is the Na+/K+ ATPase, also Cl- and Ca2+)
NRG ! 3 Na out, 2 K in per ATP hydrolysis)
Inhibition of this pump decreases the cell’s excitability

Selectively allows for passage of ions into or out of the cell (neuron)
Selectivity is highly variable
Allows for functional specialization of neurons

Ion channels (subunits with a central aqueous pore)
Allows ions of the correct size/charge to flow down concentration or electrical gradient
Permeability = conductance (G)
Function as variable resistors, allowing predictable current flow

Ion Channel States
Open (high conductance)
Closed (low conductance)
Resting (Inactive but ready)

RESTING POTENTIAL

The equilibrium across the cell
membrane, due to the main ions, their
charges, differences in [ICF] and [ECF],
and their relative permeability in the
membrane.

Vanderah & Gould, 2016

ION CHANNEL GATING

Open and closed states are tied to
specific factors
Voltage-gated channels
VGSC = Sodium channel ! action
potential
Ligand-gated channels
Neurotransmitters or exogenous
chemicals
Thermally-gated channels
Thermal injury discrimination
Mechanically-gated channels
Inner ear receptor cells

Vanderah & Gould, 2016

BUT WHAT IF YOU REALLY NEED TO TALK…?

NEURONAL COMMUNICATION

Neurons that are very small can rely on electrical synapses (gap junctions) alone, due to the fact that
length constants are not sufficiently exceeded to lose all current
Most neurons must also use action potentials and saltatory
conduction to overcome distances involved
Voltage gated Na+ and K+ channels are key in action potential generation
Membrane depolarizations increase the number of both these ion channels in the open state
Membranes with sufficient numbers (density) of these 2 ion channels are “excitable”

ACTION POTENTIAL STEPS: VOLTAGE-GATED ION CHANNELS

Any level of depolarization ! some Na+ channels begin opening
Outward K+ current balances inward Na+ current if depolarization is small
With enough depolarization inward Na+ current > outward K+ current
This leads to further depolarization
Threshold reached for other Na+ channels to open ! rapid increase in Na+ G ! most available Na+ channels now open (Na+ G > 50X that of K+ G)
K+ channels are also triggered to open by depolarization, but more slowly
Membrane potential !almost reaches VNa
Na+ channels are unstable in open state and inactivate
K+ channels now fully open and hyperpolarizes the membrane to near VK
Repolarization allows for Na+ channels to return to ready, resting state

AXONAL TRANSMISSION

http://www.dynamicscience.com.au/tester/solutions1/biology/nervoussystem/
impulse.htm

ACTION POTENTIAL

All-or-none events
Threshold must be reached
Always depolarizing events
Same size and duration for specific neuronal
types and neurotransmitters (stereotypical)
Action potentials are generated within low
threshold zones which contains lots of voltagegated Na+ channels (axonal hillock)
Signal summation within a low threshold zone can
! action potential

https://faculty.washington.edu/chudler/ap.html

EVENTS AFTER THE ACTION POTENTIAL

Absolute refractory period: so many Na+ channels are in the fixed inactive state that no response is possible
Relative refractory period ! some, but not all voltage-gated Na+ channels are returned to resting state
Depolarization is possible but requires supra-normal stimulus
Voltage-gated K channels remain open at this point, shortening the time constant and the length constant

Refractory periods serve to:
Set limits on the repetition of neuronal firing
Set limits on the direction of impulse propagation

ELECTROCHEMICAL SYNAPTICAL
COMMUNICATION
1- Depolarization of the presynaptic active
zone
2 - Opening of VG Ca2+ channels
Ca2+ influx ! vesicle exocytosis of small
nearby vesicles

3 - Action potential characteristics select for
neurotransmitter release
Sustained, repetitive AXN potentials are required
for large vesicle exocytosis

4 - Vesicle membrane endocytosis
(recycling)

Vanderah & Gould, 2016

SYNAPTICAL COMMUNICATION TARGETS FOR INTERVENTION
ElectroChemical Synaptical Transmission
Far and away the most common method of information transmission
First insights into synaptical transmission actually came from study of the neuromuscular junction

Neurotransmitter synthesis
Presynaptic [ ] and vesicle packaging of n-transmitters
Release of n-transmitters into the synaptic cleft
Binding of n-transmitters to postsynaptic membrane receptor molecules
Termination of n-transmitter action

NEUROTRANSMITTER ACTIONS

All neurotransmitters are packaged and [ ]’d into specific
vesicles, protected from catabolism
Small vesicle n-transmitters bind very near postsynaptic
Rs very rapidly and exert effects quickly (can be less
than 200µsec)
Large vesicle n-transmitters take longer for release &
diffusion, with R sites often further away, and slower
effects

Neurotransmitter Actions
Excitatory postsynaptic potentials (EPSPs) - depolarizing
Inhibitory postsynaptic potentials (IPSPs) - hyperpolarizing
Autoreceptor that down-regulate the release of the ntransmitter
Presynaptic inhibition or facilitation
Neuromodulation – a slower process, usually
involving 2nd messengers, plasticity and even
genetic transcription that alters pathway
physiology

TERMINATION OF ACTION

Binding with postsynaptic Rs is reversible
Some termination of axn simply d/t diffusion
(slow)
Reabsorption
Presynaptic ending reuptake
5-HT, Da, NE

Nearby glial cells
Postsynaptic process

Enzymatic degradation within the cleft
Acetylcholine, e.g.
Neuropeptides

Recycling within neurons

Vanderah & Gould, 2016

SO… WHAT DOES
ALL THIS LEAD TO, IN
CARING FOR
PATIENTS?

PAIN

▪ Unpleasant sensory and emotional

experience associated w/ actual or
potential tissue damage or described
in terms of such damage (WHO &
IASP)

▪ Pain is always subjective and

complex, and is very powerful
process
▪ Inability to verbally communicate
does not negate the possibility of pain
or need of Rx

NECESSARY ADAPTATION
Perception of tissue damage
Reflexes to end exposure to damage
Memory formation to avoid future damage
Emotive association to make memory permanent and
adaptive
Cognitive association to plan response
Future aversive action encoded…

How does this occur…?

THE PROCESS OF NOCICEPTION

Transduction: the process whereby a transducer accepts energy in one form and gives back related energy in a different form
Noxious stimuli are changed into electrical impulses conveyable to the CNS

Transmission: Messages transmitted neuron to neuron by electro-chemical propagation via chemical or electrical synapses
Modulation: Variation of a property in an electro-magnetic wave or signal; a functional fluctuation of cells in response to a changing environment
Modulation can induce long lasting changes in the electrical potential of a nerve (plasticity)
Nociceptive transmission is subject to modulation at several points along the transmission path (peripheral, SC, central)
May be facilitory or inhibitory, ascending or descending

Perception: Perception is felt to occur in supraspinal regions
Nearly all sensory information is processed through the thalamus
Then projects into the somatosensory cortex (Somatosensory cortex)
Collateral projection into other brain areas (cognitive and emotive aspects)
Top-down modulation as signals reach specific areas… from the cortical and brainstem areas

PRIMARY PERIPHERAL AFFERENTS (FIRST
ORDER NEURONS)

Site of Transduction
A-δ fibers (thinly myelinated)
C fibers (un-myelinated)

These 2 comprise > 70% of the peripheral nervous
system
Activation and cross-activation
Send axons into the SC via the spinal nerves, with
the cell body in the dorsal root ganglia
Some C fibers may also enter by the motor nerve
root

SECOND ORDER (SPINAL CORD) NEURONS

Impulses enter the SC via the DRG… into the dorsal horn laminae I, II and V
Pain fibers from the head are carried on cranial nerves V, VII and X

Primary afferents synapse in the SC with second order neurons
Nociceptive-specific neurons (NSNs) receive noxious input(C fibers)
Wide dynamic range neurons (WDRs) receive input from A-β and A-δ fibers as well as C fibers
WDR neurons are the most prevalent in the dorsal horn
Have very large receptive fields, and a great facility for “windup”…allodynia

First order neurons may also synapse here with interneurons, descending neurons, SNS neurons and/or ventral
motor neurons
Second order neurons decussate/ ascend contralaterally (lateral STT)

ASCENDING PATHWAYS

Impulses pass through the medulla
Next through the pontine/midbrain areas
Synapse occurs in the thalamus
Collaterals project to the hypothalamus and
the RAS
Directed to appropriate cortical areas (SS1/
SS2/limbic components)

Blumenfeld, 2010

A CRITICAL RELAY STATION
Thalamus routes all sensory information
(except olfactory) to and from cerebral
cortex
Discriminative vs. affective/emotional pain
signals
Some mediation of autonomic responses
Is a viable target for analgesic interventions
Is literally connected to almost every
portion of the brain

Blumenfeld, 2010

SOMATOSENSORY CORTICAL AREAS

The post central gyrus
Lies at the front of the parietal lobes
Perception and discrete localization of pain
occurs here
Discriminative vs. affective aspects of pain
D/t interconnections with other centers and
association cortices

AREAS OF INTERRELATED
NOCICEPTIVE
PATHWAYS

http://neurology.pote.hu/neuro/modules/szakorv/data/
szakorv_007m.pdf

ISN’T THERE ANY GOOD
NEWS??

Except, of course, where we are sitting
currently!!!

SUPRASPINAL DESCENDING INHIBITION OF NOCICEPTION

During ascending transmission, AND once pain is perceived, the brain and other structures work to ramp down nociceptive
processing in the SC

Command/control from cingulofrontal structures/hypothalamus, among others
Occurs via the descending inhibitory system (old name = monaminergic)
Utilizes monaminergic catecholamines and endogenous opioids in the following structures
Periaqueductal gray: reticular formation: raphe nuclei (serotonin): locus ceruleus (norepinephrine): frontal lobes:
amygdala

The entire inhibitory system utilizes a combination of α-adrenergic, serotonergic and opioid receptors
Act pre-synaptically on first order neurons and post-synaptically on second order neurons

Bingel & Tracey,
2008

•

The PAG receives input from higher brain
centers ! effect = analgesia via opiate
receptors
• Endorphins, enkephalins, serotonin are
utilized via the dorsolateral funiculus
pathway

•

The raphe nuclei in the RVM can both facilitate
or inhibit nociception: acts as a final relay
control in descending nociceptive control

•

These, and other structures have influence
• Notably in the cortex, the ACC & the
insular cortex
• Allows cortical and subcortical structures
to influence nociception

http://www.rnceus.com/ages/nociceptive.htm

CHRONIC PAIN

Pain without apparent biological value that has
persisted beyond the normal tissue healing
time.” (IASP)
Chronic pain (CP) “persists beyond the usual course
of disease, or after the usual time in which healing
occurs.” (WHO)
American Pain Foundation: Chronic non-cancerous pain
is pain that has lasted for three months or longer,
whether continuous, or intermittent and recurring in
nature

Literature review shows a wide margin of
estimation for normal tissue healing time of 1-12
months
CP is “…among the most disabling and costly
afflictions in North America, Europe, and Australia.”
(Eisenberg DM, 2005)

Estimates put chronic pain sufferers numbering 1.5
billion persons globally (2013)

CHRONIC PAIN
CLASSIFICATION
SCHEME

http://www.practicalpainmanagement.com/resources/diagnostic-tests/guide-chronic-painassessment-tools

CHRONIC PAIN MECHANISMS: PERIPHERAL MODULATION
When exposed to the adequate noxious stimulus, these afferents release a number of stimulatory chemical messengers
Prostaglandins, bradykinin, 5HT, histamine, substance P, et al.
First example of facilitory modulation as these messengers all facilitate movement of nociceptive information
towards the SC
Stimulates the release of glutamate at the SC synapse
PKC and PKA pathways are activated: if sustained increased genetic transcription of VGSC
Peripheral Inhibition: via opioid, cannabinoid and GABAergic receptors at the presynaptic zone
Peripheral sensitization: An inflammatory response in the periphery ! zone of primary hyperalgesia
Triple response of Lewis: flare, wheal, hyperalgesia
D/T release of intracellular contents from damaged cells
Nociceptor stimulation can lead to a neurogenic inflammatory response from…
Release of substance P, neurokinin A, and calcitonin gene-related peptide (CGRP) and neurotrophins
Can lead to the recruitment of nociceptors that, under normal conditions, are silent, as well as synaptogenesis

Brodin, Ernberg & Olgart, 2016

CHRONIC PAIN MECHANISMS: SPINAL CORD MODULATION

C fiber release of excitatory neuro- transmitters
sP, glutamate, aspartate, CGRP, NO synthetase, NK-A
Temporal and spatial summation
Wind-up, long-term potentiation (central sensitization)

Recruitment of WDR neurons
Sensitization of SC neurons via PKC/PKA pathways
Flexion reflex: hyper excitability (guarding)
Reduction in SC inhibition via glycine and GABA
Receptor field expansion and overlap
Activation of microglia and astrocytes ! increase in cytokines
BDNF, ATP and nitric oxide
Overall increase in NMDA activity
Animal research shows a gender difference in microglial activation

Retrograde increase in peripheral sP

NMDA RECEPTORS

SEQUENCE OF NMDA RECEPTOR ACTIVATION

Sustained nociceptor activity induces prolonged glutamate release
Activates NMDA and non-NMDA glutamatergic receptors
These include AMPA, MgluR and kainate receptors
In the NMDA receptor: activation ! removal of magnesium plug
Stimulates Na+ and Ca+ influx into second order neurons
Activation or production of intracellular messengers
Direct enhancement of nociceptor activation and sensitivity
Perpetuates excitatory chemical cascade
Induction of gene transcription within the cell nucleus
Leads to long-term changes in the responsiveness of the cell
Up-regulation of more voltage-gated Na+ channels in nociceptive neurons
Down-regulation of inhibitory interneurons
Production of AA metabolites

CHRONIC PAIN: CONCEPTUAL SUMMATION
⬧

⬧

⬧

CP generally exists d/t a sensitization (plasticity) process
⬧
⬧
⬧
⬧

Induction of central plasticity permits CP even after correction of initial pathology
⬧

It results in hyperalgesia, allodynia, and the spread of pain to areas other than those involved with the initial pathology

Central sensitization has been shown in animal research to induce neuronal remodeling in as little as 24 hours
⬧
⬧
⬧

⬧

Can occur through peripheral and central processes, and the summation of these individually and cumulatively
Pain processing persists even in the face of peripheral healing
Centrally it involves the dorsal horn of SC, brainstem, and the brain
It is primarily glutamatergic excitatory processes

Inhibitory interneuron destruction
Shift in receptor subtypes leading to analgesic neurochemicals ! proalgesic properties
Induces c-fos expression as a result of genetic transcription facilitation
⬧

(a proto-oncogene, considered a marker of central sensitization)

Psychological mechanisms may predispose to, or reinforce state

CHRONIC PAIN AFTER SURGERY OR INJURY

Overall estimates approximate CP after major surgery to have a prevalence of 20-50%
Wide range due to broadly differing definitions and levels of surveillance

Higher prevalence after traumatic injuries
CP is cited as a complication from ‘minor’ surgery as well

Poor analgesia, especially in the first 24 hours
Overall (median) severity of pain over the first 7 days more predictive than
single max pain score
Rad Rx to affected area/ Neurotoxic chemo Rx
Psychological vulnerability: depression/anxiety
Genetic vulnerability (SNP)

NEW IDEAS ABOUT CHRONIC PAIN

Research into possible dysfunction of the bidirectional
descending inhibitory system
Diminished descending inhibition
DI = Serotonergic and noradrenergic systems
that aim to inhibit spinal cord mediation of
nociceptive signals
Imbalance exist in the DI and the descending facilitory
(DF) nociceptive systems
Imbalance b/w the two can favor the facilitation of
nociception: therefore, drugs that enhance DI
are often effective against CP

Multiple regions of the brain are linked to, or
process, nociceptor activity
• The descending inhibitory system is intricately
linked to emotional, cognitive and motivational
cortical & subcortical centers
• Limbic, PFC, insular, basal nuclei
New research ! these higher centers can
influence the activity of the pontomedullary DI
centers
• More intense research into the exact
mechanisms of the DI system
RVM ON cells
RVM OFF cells

IN SUMMATION…

Burke-Doe, 2009
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QUESTIONS??

