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Opiate history

How did we get here?

1205: Friedreich Sertuerner isolates morphine from tarry
poppy seed juice

— Physicians believe opium has been tamed

—  Morphine dubbed “God’'s own medicine”™ for long-lasting effects
and safety

1827: Merck starts commercial manufacture of morphine

1843: Dr. Alexander Wood discovers intravenous injection is
more powerful and quick

1895: Bayer company purifies heroin and used to wean
morphine addicts

1905: US Congress bans opium

1914: US reguires doctors prescribing narcotics to register
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Treating pain
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. Balancing act of treating pain

100 million American adults have pain
— 40 million have severe pain
— 25 million report daily pain

— 8 miillion have pain that interferes with
lifestyle
O picid prescriptions increased through
the 1990-2010s

Trends in Anmuial Opiosd Prescribing Rates by Owerall
ard High-Dosage Prescriptions
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Opioid epidemic

. Pain is at the root of the op10|d epldemlc
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Pain and pleasure

“Nature has placed mankind under the governance of two

sovereign masters, Pain and Pleasure” - Jeremy Bentham

Brain regions implicated in pain and reward processing show striking overlap in
neuroimaging and electrophysiology studies
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Pain versus reward

. Pain versus reward

Shared pathway Opioid receptor mediates reward and
analgesia and other critical functions
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Neural circuitry changes

. Neural Circuitry Changes with Chronic Pain
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New targets for pain

New Targets for
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- Transient receptor potential channels
(TRPA1/4) .
= TRPA1 gain of function mutation causes *
familial episodic pain syndrome

. Voltage activated Ca++ channel blockers .
- K+ channels blockers
. Chemokine receptor antagonists
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cGRP for migrane

. Advances in Pain Research: cGRP for Migraine

* Calcitonin gene-related
peptide (cGRP) levels:
— rise during
spontaneous migraine
attacks

— Increased levels in P
s

serum in chronic P
migraine patients R ;
— decrease in response fA =
to triptans in parallel " e
with symptomatic relief T
« Kappa Opioid Receptor R
(KOR) antagonists block =
increased cGRP /
* Anti-cGRP Monoclonal
antibodies are in phase . I
3 clinical trials for
migraine prevention

Metonra irattcte ot Curr Treat Options Neyrel, 2017 Aug: 198k 27.
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Vagus nerve stimulation

Advances in Pain Research: FDA Approval for

Vagus Nerve Stimulation in Headache

. ' gammaCore® Receives FDA

Clearance for the Acute

Treatment of Pain Associated A )
with Migraine Headache in Adult EME clecirotors
Patients
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Brain initiative

Translating the BRAIN Initiative to address

pain and the opioid crisis

FIRST FINVE YEARS SECOMND FIVE YEARS

Emphasize technology Emphasize discovery
development driven science

Maolecular fStructural . Circuit Neuro/Me nt:
Pathol ogy Dysfunction L Functional DISSE
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An amyvgdalar neural ensembbe that

D) The BRAIN Initiative

= One example of BRAIN-funded scientists contributing

to understanding of pain as a circuit disorder . ) ' .
envodes the unpleasaminess of pain
= Silencing Basal Lateral Amygdalar [ BLA) neurons e e g e e, e B P

alleviates pain affective-motivational behaviors
without affecting detection of pain stimuli

Sl oo - CH

= Would silencing these BLA newrons in people
with chronic pain limit their suffering without
affecting their nociceptive sensitivity?

Corder et al., Scisncs, 2019



Neural circuit activity

Tools from the NIH BRAIN Initiative enable precise
monitoring and modulation of neural circuit activity

Live cell imaging of GCaMP responses
in Navl1l.8+ trigeminal ganglion neurons




NIH pain consortium

The NIH Pain Consortium Membership

Mission
To enhance pain research and promote collaboration among researchers across the NIH Institutes
and Centers that have programs and activities addressing pain

http://painconsortium.nih.gov/

National Cancer Institute National iInstit ute of Minority Health and Disparities
National Eye Institute National institute of Neurologi cal Disorders and Stroke

National institute on Aging Na tional iInstitute of Nursing Research
National institute on Alcohol Abuse and Alcoholism A ,'.-i;.. sant Lung and Blood Institute

National Institute of Arthritis and Mnncm«alandﬁ wer for Aldvandng Trans ational Scence
National Institute of Biomeaedical lm:@ng and Bicengineor - Complamentary & Integrative Health

y Intemational Center
National Institute on Deafness d’ﬂ Other Comumunicat Magnuson Clinical Center

National Institute of Dental aru{(:rariolacnal Research FONISR BF Sdence Policy and Analysis
National institute of Diabetes and Digestive and Kikdney Disordle Oﬂceo' Behavioral and Social Sdences Research

National Insti tute on Drug Abuse O flice of Technology Transfer
National Insti tute of General Medical Sclences O ffi ce of Researdh on Women’s Health

National Institute of Mental Health O ffice of Rare Disecases




Helping end addiction

NIH Helping End Addiction Long-term
(HEAL) Initiative

- Mission: scientific solutions to the opioid crisis

- $500M/year Trans-NIH effort
- Owver $945M obligated in FY2019

= 12 NIH Institute and Centers currently leading 26
HEAL research projects

- Owver 20 collaborating Institutes, Centers and Offices

-~ From prevention, basic and translational research,
clinical trials, to implementation science

- Released 40+ funding announcements in FY2019,
iIssued over 400 awards

HEAL

INITIATIVE




HEAL initiative

HEAL Initiative Research Overview

Improving Treatments
for Opioid Misuse and
- Addiction |




Projects

Pipeline of HEAL Pain Projects

MNIH

HEAL

INITIATIVE




DP Mohapatra

To The Neurobiology of Pain

DP Mohapatra, PhD
Program Director, NINDS
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Human pain




What is pain?
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Why do | have pain?

A protective mechanism / alarm system in our body to warn
about infection/injury and pathological conditions
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Nociception versus pain

Nociception vs Pain

NMociception - The activation of nhociceptors

by hoxious stimull. Mocrception may or may
not be accompanied by the percepfion of pain.

Nociceptor: Sensory nerve/neuron that responds to
damaging or potentially damaging stimuli by sending
electrochemical signals to the spinal cord and brain.

Pain - The perception of actual or impending
tissue damage. |In certain pathological
conditions, Pain may not be associated
with nociception.




Classes of Pain

Classes of Pain

NMociceptive Pain
Pain originating as a results of activation of nociceptors in
response to tissue Injury

Neuropathic Pain
Pain originating due to a lesion or disease of the
somatosensory, sympathetic or central nervous system

Nociplastic Pain (nhew class — 2017)
Pain originating from altered nociception despite no clear

evidence of
— actual or threatened tissue damage causing activation of

peripheral nociceptors aln
— disease or lesion of the somatosensory swstem causing the pain



Cancer cases

Incidences of Major Cancers in the US
Facts & Figures — New Cases Predicted for 2019
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Males Females

»
| Frostate 174,650 2204 | | Bre=ct ZES,E00 00 |
| Lung & bronchu=s 118 440 '1£l".-"i:|] | Lung & bronchu= 111,710 ‘12".-1:]
Colo-rectum F=R=10 9%0 Colo-restum E7, 100 =L
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Oral Cawity & pharyne 28,140 4 84 Fancress ZE E40 =%0
Leukemi=a CiaR= b %50 Leuksami= 25 8280 %0
Liwer & hepatic bile duct 29,420 Z-4%0 Kidney & rena pelwis Z3,700 %0
Pancre== 23,240 Z-4%0 Che= oy =2 520 =-2F%0
Bon=e & joint= 21030 0.21%% Bon= & joirnt= = Pl 0.11%0
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Metastatic hone cancers accountfor =97% of all hone cancers

Sourse - Amercan Cancer Society, Cancer Facks & Sgoes 207 9. Alanta: Amercan Cancer Society; 20149



Chronic pain

The Problem(s) of Chronic Pain

+ Over 100 million Americans suffer from chronic pain

® @ ® g6

of patients who G- out of 10 patients with advanced
have advanced Ccancers express major fear of dying
iia—— due to excraciatino/unbearable P

e ® @® 55y

of patients
un.:lc:rgn:lir.gl
Ereatrmenk
fFor cancer
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EXpEriEnce pain

« A c=zociated with multiple chemoRFx
+ Flatinum drugs (oxaliplating, cisplating
+ Taxanes [(paclitaxel, docetaxel)
+ Froteasome inhihitors (bortezomib)
+ Flant alkalaids (vincristine); IMDs (thalidomide )

EXPErPernce Bain

+ Mainlky lead to peripheral neuropathy and associated chronic pain

= Annual financial impact of chronic pain in the US

= $5E 0-635 billion Sowme ; lstitete of Mfedicime Sepont E0) PUSO g edoledme s o
e sramrage st end of oa o g4t by adu' s amd' adole soends (01 9)



Types of cancer pain

Types of Cancer Pain
(Y ==1
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Nociceptive pain
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mMociceptive pain
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Inflammatory pain

Inflammatory Pain
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Neuropathic pain

Neuropathic Pain

P Spinal cord
I:; F '| | - _ sinjury
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Trhngeminal neuralgia

Central post-strolke pain

Distal polvneuropathy

(eg. Diabetic, HIY, CIFM)

«  Spinal tumor-induced nerve compression
+  Spinal cord injury-induced pain

+ Postherpetic neuralgia £ Shingles

+ Meurmopathic low bacl pain
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Pain treatment options:
Tricyclic antidepressants
Arnticonulsants

Mat channal blockers
MNMDA recapior anfagonists
Opioids




Nociplastic pain

Nociplastic Pain

Complex Regional i

Pain Syndrome

—_

- Fibromvalgia

- Complex regional pain syndrome
(CRPS)

+ Pain in irntable bowl syndrome

« Chronic low back pain

» Bladder pain syndrome

« Spinal tumor-induced nerve
COompression




Sensory subtypes

Functionally distinct sensory subtypes in DRG

8 Spiead cord andd dorsal root gangihon (ORG) b Skin

Falapoutian et al., Neture fev. Mkum i, (2003)



Musculoskeletal sensory nerves

Musculoskeletal Sensory Nerves and Circuit

To oramn
o Stretching stimulotes
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Visceral sensory nerves

Visceral Sensory Nerves and Circuit

() 2000 UTHSCH
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Classification of sensory fibers

19 Accon

to skin i Ap o =
12 Accon Group-1 Group-l Group-1ll Group-1v
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= Afibers — myelinated (multiple extent) = High conduction velocity.

= Cfibhers —unmyelinated — low conduction velocity

Classification of Peripheral Afferent Sensory Fibers
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Nociceptor fiber types

Nociceptor Fiber Types

Ao AR fibers
25 fiber nh fi
s C fiber

A5 First C Second
pain = 1!

YVoltage




Classes of nociceptors

Classes of Nociceptors

Thermal Nociceptors

— Respond to extreme
temperatures (=43°C or <5°)

— Thin, sparsely myelinated A&
fibers that conduct at 5-30m/s

Mechanical Nociceptors
— Respond to intense pressure
— Also AS fibers

Polymodal Nociceptors
— These fibers respond to

Modality Sub Sensory
Modality Fiber

Temp. WWarrn/H ot C
CoalfCzald A002
=harp A0
cLUtting pain

Pain Dull buming | ©, A5(77)
[pain
Dieep C, AG0PT
aching pain
Chemical _
pain facid)

extreme temperatures, pressure, and noxious chemicals
— A& and C fibers that conduct at ~1m/sec




Receptors

Contribution of Specific Receptors in Nociceptor Excitation

Genarstor potential

{

Action potestisl

¢

Sensory nerve terminal

Nood@ed foas Mamckhand et al., Mat Rev Niewoso? (2005)

Mechu’,l{cal

Physicological Initiators

Activate receptors or ion
channels (sensory
transducers) that are

Primary Transducers

¥

Depolarize the membrane
potential, which generates
action potential by
activating voltage-gated
ion channels that are
Secondary Transducers

(or signal propagators)




Sensory TRP channels

Sensory TRP Channels: Major Nociceptive Receptors
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Noxious stimuli

Detection of Noxious Stimuli = Action Potential Generation

a. Primary Transducers |ms
b. Sodium channels| |IEB

b-c. Calcium channels -

C. Potassium channel:

v
|

__|10mV

<«————¢. Repolanzation begins 1 ms

b. Threshoeld, action potentia

begins \ /A

a lons due to simulus | /
activabon of channels




Nociceptors

Distribution of Receptors/lon Channels in the Peripheral and
Central Axons of Nociceptors
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Nociceptive inputs

Nociceptor Inputs to the Spinal Cord Dorsal Horn

Adap¥ed fosm Kande!, Schwarz, and Jessel (2012)



Nociceptive signal transmission

Nociceptive Signal Transmission in the
Spinal Cord Dorsal Horn
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Nociceptive information

Multiple areas in the brainstem, mid- and
fore-brain process nociceptive information

Caortical process of pain
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Pain measurement

How Pain i1s Measured or Assessed?
0-10 SCALE OF PAIN SEVERITY

Severity nascrlmlon of !xnorhnco

n bed and ¢
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Sensory testing

Quantitative Sensory Testing for Pain

? e = s. }‘ \‘

D siPww o giabe comswatch ?v= Samc WP YIS &



Mechanical nociception

Mechanical Nociception
, __._:-=/--~,ﬂ_ - H

Adoa ped fo s &amdeld, Sohwarz, and dessel 2012



Pain testing

Quantitative Sensory Testing for Pain
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Quantitative testing

Quantitative Sensory Testing for Pain
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Animal pain

Assessing Pain in Animals
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Stimulus-response

Nociceptor Sensitization Shift Pain Stimulus-Response

Worse Possible Pain)vers Possible

Fy SeEvere

G

Seve

-

=

M oderate

Pain Response

Patheological

Hyperalgesia

F

d

Moxious
Stimulus

Physiological

Stimulus Intensity

High



Peripheral nociceptor

Peripheral Nociceptor Sensitization

Anterclateral
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Purvesetal., (2013)



Nociceptor sensitization

Peripheral Nociceptor Sensitization

r/—-'\‘ oI M vy
° inflarreematian o ® p— — - - - -
o P 0% %%0® - ‘ :-—-] . Constitutive activation
"o" .l..-l-.. s [ o Tissue injury or infection 5 ["‘,i b~ Of TRPV 1 2 ASI C S a nd
>-°<1 ~9 v AR <' o ol v TRPA1 channels
! 8 _ gL = (R !
i | ~ - S. awrwus FPy e AN
< - 4 &= |
\e 3 /6. | o : — Inflammatcry meediators -.'. ™ —
o . — £ ) s NS ————
@5 @ ---.....° s
ks W roes »S Soer e ICS __.g \Gress w
'.»;:\ /:‘-':\‘ - CCLs. CxCL J ‘ |
(P . — S

FA"
|

o
e —-— T e L L —— L Cytobine v AR
\\g_' o - @ § ®a g > o [T recepross T *
° e . PR
“e o NAAL HVOLHT —— : 3. - CatK

) Mast cels
- > | - - ISk
\ 7 R - . MAPES {
o % ———————— A
- o A NrA) ERK, s “i
-

.\.,-
o

o)
o)

. . 258 MAaF,

:.—"\.: - ow @ "\K'- = THewunel e tatslity
° . O °\', ' oo SSHEELHETE H* ——e

' ] »-) ‘ _ B oA, ® e~V
N s C -, . ‘N # Vecipheral
o P - AN — o &' 3 senctizasion

° ° ! Macraphages or— LR — e
_— S

- e’ s a.lw\)
Py o . .2
‘ ° o ° ] . " a MNevia .

e o .- MNavin 4
e of 2 }..-' - o o - O 4 J ) Pesripghered nerswe tecmmined
(-;;.. '?*f = _>,;‘,‘ - ,‘.‘.—\_ o o ® a Figzo ..-" of DCCKeEROr TWUTON
] | om s )
— J . )
.T"i-?\ - Newrosph Ly TP phaCeNORITTry fe—— -
e o CCRF L M
\ - w _‘ Dmt= e

« etal, ature v, Dy . Discov. (2014)



Central sensitization

Primary afferents innervating the site of secondary hyperalgesia
are not sensitized in response to inflammation. Thus, there
must be some change in the spinal cord or brain that mediates
secondary hyperalgesiafallodynia. These changes are known
as Central Sensitization

Bef ore Adter Injury
[ l I l Stirnulus
[ ] L1 l Prirmary
LI I I | | AfFerant

L Spinal Dorsal
i Horn MHeuron

-—/
\::: —HHHH——  Bimans

l L1 HHHHHHL Spinal Corsal
' L Horn MHeuron

Form work by LaMott e and others



Central sensitization

Inflammation-Induced Central Sensitization

Nomal inflamed

Dorsal root

ganglion }"_—i"’

. / SGCO“(R\
Primary / order

afferent/ neurons

N To brain-
' stem and
thalamus

neuron

Y,

Central sensitization serves as an amplifier of nociceptive input to the
CNS = pain out of proportion to input intensity

ModiFied From Indooua ond Cauce, 1997 Science



Spinal cord

Central Sensitization in the Spinal Cord:
Anatomical Mechanisms

Changes in synaptic conractivity Lics=ms of inkhdlbiicm
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Central and peripheral sensitization

Peripheral & Central Sensitization
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Pain modulation

Descending
Pain Modulation
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Sevaaveady Mocoiogy (2002}



Monoamine pathways

Monoamine Pathways in

Descending Pain Modulation

Monoaminergic pathways Nociceptor afferent
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Senacocy Mowology (2002)



Cancer Pain

Pharmacological Management of Cancer Pain

MEDICIMNE MEDICIME CLASS EXAMPLE MEDICIHES
GRCOUP

FParacetama] oral tablets and hguid. Rectal

Paracetamaol .
suppositories, injectable

||‘Jl.||.l|-u-f1=r' oral tablets and Fawid

Mon-opicids o
MEAlDs Ketorolac oral tablets and injectable
Bcetylsalicylic acid oral tablets and rectal
SUppostories
Weak apiaids Codeine oral tablets and liquid and |njoctﬂHn
Mnrphlnp oral tablat and ||c||.|||.'| and |n_||_=-|;1'r||:||-..'_l
Hydrarmarphone oral tablets and Bquid and
Opioids II'IJ-Fi.‘.I.':IhIF-
Streng opioids Ohyeadone aral tablers and liquid
Fentanyd injectable, transdermal patch,
transrmucesal lozenge
Methadone oral tablet, liquid, injectakle
Dexarmethasone oral tablet and injectable
Sodjuvants Sterocids Methylprednsclone oral tablets and njectable
Pradnsalone oral tablats
Amitriptyline oral tablets
Amtdepressants _Fl -:Ir
“Wenlatamne cral cablets
Srtconvulsants Carbamazepine aral tablets and injectable
Bisphaosphonates foledronate mjectable

Boaae ! M0 gt Mes O e s ssErnT e Y cETer BT AT O S o ey S i d]



Cancer pain management

Non-Pharmacological Management of Cancer Pain

Therapy Type Examples

+ Hywpnosis
Fswchological + Relaxation
«  Cognitive BEehavioral Therapy (CBET )

«  Acupuncture

« Transcutaneous Electrical NMerve
Stimulation (T EMS)

« Healing touch and massage

+  Yooa

«  Occupational therapy

Fihrysical

+ Specific FPain Assessment
_linical Frocess « FPhysical Advice and Communication
« Education {including family)




Other roles

Other Roles of Nociceptive Sensory System in Cancers

s i

« Penneural Invasion (FMIT High i P Vil
prevalence in prostate and pancreatic . 0L e
= .
Cancers ey B

+  Cancer cells penetrate inside
cenneuricm and migrate to T

sympathetic, nodose and dorsal root ,'P":ﬁ,_ﬁ_: s
gandlia, and spinal cord | g

«  ILHilize nociceptive sensory neUurans "y I W S " —
for tumor growth, aggression and e e
metastasis e

| SPWE

« Ablation of nociceptive afferents in
mice —= significantly reduced e Ve b bl 3 SraI
pancreatic tumoaor aroweth, and may _
prolonged survival (saloman et al 2016, PRHAS) SIS
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Cancer pain

Cancer Pain: Controversies and Gaps in Knowledge

Zhronic opioid use correlated with
CAnCcer agdgressivenass (N certain
cancers) — only few studies

In cellular and preclinical studies e 3 e,
apioids shown to enbhance cancer cell b
proliferation, tumor growth & metastasis

Ao o AT Lo o e M DR

Mechanisms (clinically-relevant) underlving penpheral & central
pain sensitization and central modulation in primary and
metastatic cancers

— Alack in relevant animal models

— Difficulty N assessing angoing cancer-related pain in animals

Meuropathies associated with cancer chemotherapy
— A lack of relevant animal models of CIFM
— Difficulties in studywing heteroagenseous nature of CIFR



