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Learning Objectives

1. Animal models of addiction

2. Brain Reward Circuits

3. Neurotransmitters: Where and what type are relevant in
addictive disorders?

4. Action of psychoactive substances on brain circuits and
neurotransmitters

5. Neuroimaging of addiction and related phenomena, i.e.
craving, relapse and recovery

6. Implication of neurobiological principles on treatment and
recovery

7. Cellular and molecular mechanisms in addiction, including
neuroadaptation, epigenetic phenomena, etc.

8. Genetic basis for neurobiological addictive disease
vulnerability and treatment response

Question 1:

Executive function deficits most important for relapse are
most likely to be mediated by what part of brain circuitry?
A. prefrontal cortex

B. Hypothalamus

C. dorsal striatum

D. nucleus accumbens

Question 2:
The rewarding or pleasurable effects of drugs involve
predominantly which two endogenous neurotransmitters?

A. norepinephrine and endocannabinoids

B. dopamine and opioid peptides

C. histamine and hypocretin (orexin)

D. corticotropin releasing factor and dynorphin
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Question 3:

Which of the following neurotransmitters is activated during
drug withdrawal and mediates behavioral, pituitary and
sympathetic responses to stress?

A.
B.
C.
D.

dopamine

vasopressin

neuropeptide Y

corticotropin releasing factor

Question 4:
Which circuitry in the brain is key for the incentive salience
and habit components of the addiction cycle?

A

B.
C.
D.

amygdala and bed nucleus of the stria terminalis
prefrontal cortex and cerebellum

nucleus accumbens and striatum

hypothalamus and periaqueductal gray

Question 5:

Which of the following is a key part of the brain fight or
flight, anxiety/stress circuitry that is activated during
withdrawal from all drugs of abuse?

A.
B.
C.
D. amygdala

dorsal striatum
periaqueductal gray
habenula
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Impulsivity,

2. Binge/lIntoxication Stage: Brain Reward Circuits,

Flow of Talk

1. Conceptual Framework for Addiction: Animal Models,

Compulsivity

Neurotransmitters, Incentive Salience. Early
neuroadaptations in nucleus accumbens and basal ganglia

involve activation of incentive salience and habit circuitry

3. Withdrawal/Negative Affect stage: Within-system deficits in
reward function. Between-system recruitment in brain stress

systems.

4. Preoccupation/Anticipation Stage: Executive function deficits.
Neuroadaptations in brain stress neurotransmitters may
contribute to impulsivity and compulsivity.

5. Allostatic view of addiction: Implications for etiology,
treatment, and prevention

Cost and Scope of Addiction

Prevalence wMillions in the US Cost to society Billions of dollars
0 20 40 0 200 400
Alcohol 1’6.7 Alcohol I 223
Drug & Tobacco 30.5 | Drug & Tobacco | 316
Cancer 13 Cancer | 202
HIV/AIDS | 1.1 HIV/AIDS | 36
NIH Budget Millions of dollars
(.) 1 ,OIOO 2,900 3’0.00 4,(2:00 5’0.00 6,OIOO
Alcohol 460 ‘
Drug & Tobacco 1072
Cancer | 5671
HIV/AIDS | | | 3122 ‘ ‘

Addiction Medicine: Review Course / September 3-6, 2014 / Anaheim, CA




Neurobiology of Addiction: Reward, Stress Surfeit, and Executive Function
George F. Koob, PhD

Addiction- Alcoholism

Addiction — Defined as a chronically relapsing disorder that is
characterized by a compulsion to seek and take drug or
stimulus, loss of control in limiting intake, and emergence of a
negative emotional state (e.g. dysphoria, anxiety, irritability)
when access to the drug or stimulus is prevented (here,
defined as the “dark side” of addiction)

Bottom Line

1. Addiction is an incentive salience disorder

2. Addiction is a reward deficit disorder

3. Addiction is a stress surfeit disorder

4. Addiction is an executive function disorder
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Conceptual Framework for Neurobiological Bases
of the Transition to Excessive Drinking
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Positive and Negative Reinforcement - Definitions

Positive Reinforcement — defined as the process by which
presentation of a stimulus (drug) increases the probability of
a response (nondependent drug taking paradigms).

Negative Reinforcement — defined as a process by which
removal of an aversive stimulus (negative emotional state of
drug withdrawal) increases the probability of a response
(dependence-induced drug taking)
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Neural Circuits of the Binge/lntoxication Stage

] E Amygaa

Bingafmesdeation / . BJ:I Nucleus of the StriaTerminalis

WithdrawalNegative Affect | |

Preoccupation/Anticipation | .~ Future targets

. . ’ * partial agonists (intoxication blockers)

Incentlvg SEIULCD » drug vaccines (intoxication blockers)
* euphoria
« intoxication
* cue learning From: Koob GF, Volkow ND.
« habits Neuropsychopharmacol Rey, 2010,

35:217-238.

Converging Acute Actions of Drugs of Abuse on the
Ventral Tegmental Area and Nucleus Accumbens
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From: Nestler EJ, Nat Neurosci, 2005, 8:1445-1449.
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The Ventral-to-Dorsal Striatal Shift:
Ascending Spirals from Shell to Core to Dorsal Striatum
via Striato-VTA/Nigrostriatal Pathways

goal-directed .
drug seeking & taking rug seeklng &

pavlovian conditioning taking habits

v bility

abstinence/ compulsive drug

relapse seeking
Haber SN, Fudge JL, McFarland NR.

J Neurosci, 2000, 20:2369-2382

Everitt BJ, Robbins TW.

Nat Neurosci, 2005, 8:1481-1489 Similar organization in rat brain:

Ilkemoto S. Brain Res Rev, 2007, 56:27-78.

“Absinthe Drinker”
Pablo Picasso (1910)
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Neural Circuits of the Withdrawal/Negative Affect
Stage
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Negative Affect Neurobiological targets

« dysphoria * GABA modulators (homeostatic resetters)
* anxiety » CRF, antagonists (stress reducers)

« irritability * k opioid antagonists (dysphoria reducer)
* malaise

Standard Pattern of Affective Dynamics Produced

by Novel and Repeated Unconditioned Stimulus
(Opponent Process or “What Goes Up Must Come Down”)

From: Solomon RL. American Psychologist, 1980,
35:691-712.
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Hamilton Depression Scores in Male Primary
Alcoholics During 4 Weeks of Abstinence

T Cenress
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From: Brown SA, Schuckit MA. J Stud Alcohol, 1988, 49:412-417.

Extended Access to Drugs Produces Compulsive-like
Responding and Parallel Increases in Brain Reward
Thresholds

FErsim Ravend Trrsdhie s

Cocaine:
% o Ahmed et al., Nat Neurosci, 2002

Heroin:
Kenny et al., J Neurosci, 2006

Methamphetamine:

Jang et al.,_Psychopharmacology, 2013
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Within-System vs. Between-System Neurocircuitry
Neuroadaptations - Definitions

+ Within-System Neuroadaptation— defined as the process
by which the primary cellular response element to the drug
would itself adapt to neutralize the drug's effects; persistence
of the opposing effects after the drug disappears would
produce the adaptation.

* Between-System Neuroadaptation— defined as a process
by which a different cellular system and separable molecular
apparatus would be triggered by the changes in the primary
drug response neurons and would produce the adaptation.

From: Koob GF, Bloom FE. Science, 1988, 242:715-723.

Nucleus Accumbens Dialysate Dopamine Levels
During Ethanol Withdrawal and Subsequent
Self-Administration

@2

s

Coneen
[

Weal

(mal)
[

QIR liatalke

&

. — — = = 10 2] ) 23 O\ O\

From: Weiss F, Parsons LH, Schulteis G, Hyytia P, TIms {AIF)
Lorang MT, Bloom FE and Koob GF, J Neurosci, 1996,
16:3474-3485.
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Decreased Methylphenidate-induced Dopamine
Release in Striatum of Alcoholics

Control Subjects

7N rN

Alcoholic Subjects

rN N

Placebo

From: Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Jayne M, Ma Y,
Pradhan K, Wong C. J Neurosci, 2007, 27:12700-12706.

Brain Actions of
Corticotropin-Releasing Factor (CRF)

CRF

i Behavioral response
Pituitary Gland P e stre.ssors e
ACTH V! f Behavioral activation
Corticasteroids = B-Endorphin —————==-=_2

Medulla
Qblongata

e &

2
h

* Cardiac output %
f Stroke volume Adrenal 4
+ Peripheral vascular Medulla
resistance '

f Blood glucose Epinephrine

4 Heart rate Prof. Wylie Vale
Jul 3, 1941 Jan 3, 2012

+ Gastric acid secretion

A Blood pressure
+ Gastric emptying
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Major CRF-Immunoreactive Cell Groups and
Fiber Systems in the Rat Brain

From: Swanson LW, Sawchenko PE, Rivier
J and Vale W, Neuroendocrinology, 1983,
36:165-186.

Withdrawal-induced Increases in
Extracellular Levels of CRF

2

Addiction Medicine: Review Course / September 3-6, 2014 / Anaheim, CA



Neurobiology of Addiction: Reward, Stress Surfeit, and Executive Function
George F. Koob, PhD

Summary of Drugs of Abuse Interactions with
Corticotropin-Releasing Factor Systems

CRF Antagonist Effects
Withdrawal-induced Withdrawal-induced Baseline self- Dependence-induced
changes in extracellular anxiety-like or administration or increases in self- Stress-induced
CRF in CeA aversive responses place preference administration reinstatement

t | - | v

Modified from: Swanson LW, Sawchenko PE, Rivier J and Vale W, Neuroendocrinology, 1983, 36:165-186.
Koob GF, Neuron, 59:11-34

Chronic Glucocorticoids Inhibit HPA, but
Sensitize Amygdala CRF Stress System

'\\\\\\

From: Koob GF and Le Moal M,
Neuropsychopharmacology, 2001, 24:97-129.
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HPA Axis, Extrahypothalamic Glucocorticoid
Receptors, and Brain Stress/Reward Function
Recruited at Different Stages of Addiction Cycle

Positive reinforcement Negative reinforcement

[Prefr 05

Paraventricular nucleus «--------~ + | Paraventricular nucleus <=======- .
1 CORT CORT
o : Q@ o : B o ;,:
Anterior pituitary =~ €====~ = '3,._,-:'1' Anterior pituitary =~ =====~, 51 Anterior pituitary ~ =-==-g-2-4
o “! 1 I
i i i
Adrenal - Adrenal ——J—— -~ Adrenal ——H——» ---’
Reward circuit  Extrahypothalamic Reward circuit Extrahypothalamic Reward circuit Extrahypothalamic
stress neurorircuit stress neurocircuit stress neurocircuit
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From: Vendruscolo LF, Barbier E, Schlosburg JE, Misra KK, Whitfield TW Jr, Logrip ML,
Rivier C, Repunte-Canonigo V, Zorrilla EP, Sanna PP, Heilig M, Koob GF. J Neurosci,
2012, 32:7563-7571.

Dynorphin Control of Mesocorticolimbic
Dopamine- Within System?
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From: Carlezon WA Jr, Nestler EJ, Neve RL. Crit
Rev Neurobiol, 2000, 14:47-67.
Nestler EJ. Nat Rev Neurosci, 2001,
2:119-128.
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Nor-Binaltorphimine Blocks
Dependence induced Increases in
Ethanol Self-administration in Rats

Dr. Brendan Walker
W Vapor-exposed
O Air-exposed

for Ethanol
Py [*2] [+
(=] (=] (=]

Mean (+SEM) Lever-Presses
S

5 10 15
Cumulative Dose (mg/kg)

From: Walker BM, Zorrilla EP, Koob GF, Addict Biol, 2010, 16:116-119.

Systemic Injection of the Kappa Antagonist NorBNI
Blocks Development of Methamphetamine
Escalation and Compulsive Drug Taking

Wiz e phefemizie Inis

From: Whitfield T, Schlosburg J, Wee S, Koob GF. unpublished results. g
Dr. Timothy Whitfield ~ Dr. Joel Schlosburg
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Summary of Drugs of Abuse Interactions with
k-Opioid/Dynorphin Systems

k-Opioid Antagonist Effects

Withdrawal-induced changes Withdrawal-induced Baseline self- Dependence-induced
in dynorphin peptide and anxiety-like or administration or increases in self- Stress-induced
prodynorphin mRNAin NAc  aversive responses  place preference administration reinstatement

! ! t | |

Modified from: Khachaturian H, Lewis ME, Schafer MKH and Watson SJ, Trends Neurosci, 1985,
8:111-119.
Koob GF. Neuron, 2008, 59:11-34.

Brain Arousal-Stress System Modulation
in the Extended Amygdala

Corticotropin-releasing factor | Neuropeptide Y @ o D
of the Amygdala

Norepinephrine I Nociceptin (orphanin FQ) o, ... o ner

A : Lateral Bed Nucleus
Vasopressin {  Endocannabinoids of the Stria Terminalis

Nucleus
Orexin (hypocretin)

Substance P

Dynorphin

Bed Nucleus
of the Stria
Terminalis

Central Nucleus
of the Amygdala

From: Koob, G.F. 2008 Neuron 59:11-34
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Neural Circuits of the Preoccupation/Anticipation
“Craving” Stage

Stimulus value
Action value/cost

Anticipitation/Availability
Context

Action inhibition _
Emotion control

Outcome valuation
Drug subjective value §

Executive Dysfunction
« impulsivity
 compulsivity i et (homeostatic resetters)

- sleep disturbances » CRF, antagonists (stress

« impaired decision making reducers)

* Glutamate modulators (habit
reducers)

From: George O, Koob GF. Proc Natl Acad Sci USA, 2013, 110:4165-4166.

Gray Matter Volume Deficits Predict Time to
Relapse in Alcohol-Dependent Patients

From: Rando K, Hong K-I, Bhagwagar Z, Li C-S R, Bergquist K, Guarnaccia J, Sinha R.
Am J Psychiatry 168:2, February 2011
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Loss of Control Over Intake:
Role of PFC and Executive Control

Escalation of
drug intake
Dr. Olivier George Neuron/oligodendrocyte
e death
S . Prefrontal
?E:Irm?n Cortex
0 Coe:rlglwe Abnormalities/
VTA CRE PFC DA/NE? PFC CRF/GABA
o interneurons
N ? Initial .
eurons Withdrawal

intake

Heritability (Proportion of Variance in Risk
Explained by Genes) for 10 Addictive Disorders

From: Goldman , Nat Rev Neurosci 2005
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Addiction and the Dark Matter of the Genome

* The bad news:
» small effect sizes of identified susceptibility variants
* low yield, many non-replications in GWAS
- difficult to reconcile with high heritability

» hundreds or thousands of rare variants may contribute; these
will only be found by sequencing

* The good news:
» growing nnumber of replicated susceptibility variants
¢ alcoholism: ALDH, ADH, GABRA2
* nicotine: CHRNA5

Mechanisms of Transcriptional and Epigenetic
Regulation by Drugs of Abuse

Drugs
lon channels }. 8
'Q % YReuptake
L

O O y

/ /. )'NT receptors

\ | Second messengers
d protein kinases

| v &
‘ Transcription factors:

CREB, NF-xB, MEF2 and AFOSB
Chromatin and DNA modifiers:
HATSs, HDACs, HMTs, HDMs Silent gene

RNA
TF

Active gene

Nucleus

Current Opinion in Neurobiology

From: Feng J, Nestler EJ. Curr Opinion in Neurobiology 2013, 23:521-528

Addiction Medicine: Review Course / September 3-6, 2014 / Anaheim, CA




Neurobiology of Addiction: Reward, Stress Surfeit, and Executive Function
George F. Koob, PhD

Neuroplasticity in Brain Circuits associated with
the Development of Addiction
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Neuroplasticity with Increasing Use

From: Koob GF, Volkow ND
Neuropsychopharmacol Rev, 2010, 35:217-238.

Allostatic Change in Emotional State associated with
Transition to Drug Addiction

a
@
0
b

Allostatic Points

Homeostatic
Point

Allostatic State

From: Koob GF and Le Moal M,
Neuropsychopharmacology, 2001, 24:97-129. m)
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Homeostasis

physiologic
equilibrium

normal set point
stable

wide dynamic
range

no pathology

Homeostasis vs. Allostasis

“Near Beach, Golden Valley County, North Dakota,
1996,” by Maxwell MacKenzie.

Allostasis

compensated
equilibrium

abnormal set
point

inherently
unstable

restricted range

leads to
pathology

From: Sterling P and Eyer J, Allostasis: a new paradigm to explain arousal pathology. In Fisher S and Reason J (eds),

Handbook of Life Stress, Cognition and Health, John Wiley, New York, 1988, pp. 629-647.

Bottom Line

1. Addiction is an incentive salience disorder

2. Addiction is a reward deficit disorder

3. Addiction is a stress surfeit disorder

4. Addiction is an executive function disorder
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Key Findings and Conclusions

Extended access to alcohol and drugs of abuse — produces resistance to
punishment, increase habit-like behavior, escalation in drug intake, compulsive-like
drug seeking, and motivational withdrawal upon abstinence.

Extended access to alcohol and drugs of abuse — produces increases in stress-like
responses and increases in CRF in the amygdala that are of motivational
significance

Extended access to alcohol and drugs of abuse — produces a sensitized HPA axis
that may drive CNS CRF systems

Extended access to alcohol and drugs of abuse — produces an activation of
dynorphin in the nucleus accumbens that may be of motivational significance

Compulsive drug use associated with dependence — is mediated by recruitment of
brain stress systems such as corticotropin releasing factor and dynorphin in the
extended amygdala

Brain stress systems in the extended amygdala — may be key target for medications
development for the negative emotional states that drive compulsive drug seeking
and relapse in addiction

Question 1:
Executive function deficits most important for relapse are
most likely to be mediated by what part of brain circuitry?

A. prefrontal cortex
B. Hypothalamus

C. dorsal striatum

D. nucleus accumbens

Question 2:
The rewarding or pleasurable effects of drugs involve
predominantly which two endogenous neurotransmitters?

A. norepinephrine and endocannabinoids
<B-_dopamine and opioid peptides—>

C. histamine and hypocretin (orexin)

D. corticotropin releasing factor and dynorphin
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Question 3:

Which of the following neurotransmitters is activated during
drug withdrawal and mediates behavioral, pituitary and
sympathetic responses to stress?

A. dopamine

B. vasopressin

C. neuropeptide Y

<D._corticotropin releasing factor >

Question 4:

Which circuitry in the brain is key for the incentive salience
and habit components of the addiction cycle?

A. amygdala and bed nucleus of the stria terminalis

B. prefrontal cortex and cerebellum

<C._nucleus accumbens and striatu

D. hypothalamus and periaqueductal gray

Question 5:

Which of the following is a key part of the brain fight or
flight, anxiety/stress circuitry that is activated during
withdrawal from all drugs of abuse?

A. dorsal striatum
B. periaqueductal gray
C. habenula

D. amygdala
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Neurobiology of Drug Addiction
Koob Laboratory — 2003-2013

Post-Doctoral Fellows Ph.D. Students Visiting Professors
Cindy Funk Paula Park Choon-Gon Jang
Brendan Walker Cara Buck Charles Heyser
Tom Greenwell Special Mention Administrative
Sandy Ghozland Glucocorticoids Assistants
Chitra Mandyam Leandro Vendruscolo Lisa Maturin
Dong Ji Pietro Sanna Mellany Santos
Candice Contet PFC, VTA and CRF Marisa Gallego
Laura Orio Olivier George Staff Scientists
Kaushik Misra Dynorphin-Kappa Heather Richardson
Nick Gilpin Brendan Walker LG AL
Sunmee Wee Sunmee Wee Senior Research Assistants
Scott Edwards Choon-Gon Jang Mike Arends
Leandro Vendruscolo Tim Whitfield Elena Crawford
Tim Whitfield Joel Schlosburg Robert Lintz
Joel Schossberg Support from:
Ami Cohen National Institute on Alcohol Abuse and Alcoholism
Carrie Wade National Institute on Drug Abuse
Michel Verheij National Institute of Diabetes and Digestive and Kidney Diseases
Brooke Schmeichel Pearson Center for Alcoholism and Addiction Research
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