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From:Heilig M and Koob GF, Trends Neurosci, 2007, 30:399-406.

Neurocircuitry of Addiction

\ ”
thatamus & brainstem

effectors (sutonomic,
somatic. neuroendocrine)

Withdrawal/Negative
Affect
Derived from: Koob G, Everitt, B and Robbins T, Reward, motivation, and addictior : Squire LR, Berg D, Bloom
FE, du Lac S, Ghosh A, Spitzer NC (Eds.), Fundamental Neuroscience, 3rd edition, Academic Press,
Amsterdam, 2008, pp. 987-1016.

ge/Intoxication

Binge/lntoxication Stage

Koob, G. F. and Volkow. N. D. Neurocircuitry of Addiction,
Neuropsychopharmacology reviews 35 (2010) 217-238
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Withdrawal/Negative Affect Stage

Withdrawal/Negative
Affect
Koob, G. F. and Volkow. N. D. Neurocircuitry of Addiction,
Neuropsychopharmacology reviews 35 (2010) 217-238

Reward Transmitters Implicated in the
Motivational Effects of Drugs of Abuse

Positive Hedonic Effects Negative Hedonic Effects
of Withdrawal

T Dopamine l Dopamine ... “dysphoria”

t Opioid peptides | Opioid peptides ... pain

t serotonin | Sserotonin ... “dysphoria”

T [c7.1:7. l GABA ... anxiety, panic attacks

Preoccupation/Anticipation “Craving” Stage

Koob, G. F. and Volkow. N. D. Neurocircuitry of Addiction,
Neuropsychopharmacology reviews 35 (2010) 217-238




Brain Arousal-Stress System Modulation
in the Extended Amygdala
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Central Nucleus
of the Amygdala

Pain, Emotions, and the Amygdala

From: Neugebauer V, Li W, Gird GC and Han JS, The Neuroscientist, 2004, 10:221-234.

Binge/lntoxication Stage

Koob, G. F. and Volkow. N. D. Neurocircuitry of Addiction,
Neuropsychopharmacology reviews 35 (2010) 217-238

10/27/15




Withdrawal/Negative Affect Stage

Koob, G. F. and Volkow. N. D. Neurocircuitry of Addiction,
Neuropsychopharmacology reviews 35 (2010) 217-238
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Koob, G. F. and Volkow. N. D. Neuro

try of Addiction,
Neuropsychopharmacology reviews 35 (2010) 217-238
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The Anti-Reward Brain

* 1. Akey element of addiction is the

5. Other neurotransmitter systems

of a negative
state during drug abstinence.

*  2.The neurobiological basis of the
negative emotional state derives from
two sources: decreased reward circuitry
function and increased anti-reward
circuitry function.

*  3.The anti-reward circuitry function
recruited during the addiction process
can be localized to connections of the
extended amygdala in the basal
forebrain.

* 4. Neurochemical elements in the
antireward system of the extended
amygdala have as a focal point the
extrahypothalamic corticotropin-
releasing factor system.

Vierrill Norton Pharm

in the anti d response
include norepinephrine, dynorphin,
neuropeptide Y, and nociceptin.

6. Vulnerability to addiction involves
multiple targets in both the reward and
anti-reward system, but a common
element is sensitization of brain stress
systems.

7. Dysregulation of the brain reward
system and recruitment of the brain anti-
reward system are hypothesized to
produce an allostatic emotional change
that can lead to pathology.

8. Nondrug addictions may be
hypothesized to activate similar allostatic
mechanisms.




ANTI-REWARD

The concept of an anti-reward system was developed to explain one
of ti dependent neur i in to

utilization of the brain reward system.

The brain reward system is defined as activation of circuits involved in

positive reinforcement with an overlay of positive hedonic valence.
The neuroadaptation simply could involve state-shifts on a single axis of the
reward system (within- system change; dopamine function decreases).
However, there is compelling evidence that brain stress/emotional systems
are recruited as a result of excessive activation of the reward system and
provide an additional source of negative hedonic valence that are defined
here as the anti-reward system (k yst h ; cortice pi
releasing factor function increases). The combination of both a deficit in the
reward system (negative hedonic valence) and recruitment of the brain stress
(negative hedonic val ) provides a powerful motivational state
mediated in part by the anti-reward system.
(Koob & Le Moal 2005).

Merrill Norton Pharm.D.,D.Ph. ICCDP-D 16
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Definitions

* cAMP- Cyclic adenosine monophosphate
used for intracellular signal transduction

* BDNF- Brain-derived neurotrophic factor-
encourage the growth and differentiation of
new neurons and synapses.

* CREB-(cAMP Response Element Binding)-
neuronal plasticity and long-term memory
formation in the brain.

A Major Reason People Take
a Drug is They Like What
it Does to Their Brains
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Factors Contributing to

Vulnerability to Develop a Specific

use of the drug of abuse essential (100%)

Genetic Environmental
(25-50%) (very high)

DNA « prenatal

* SNPs * postnatal
« other « contemporary

polymorphisms - cues
- comorbidity

- mRNA levels * neurochemistry
- peptides - behaviors
- proteomics Drug-Induced Effects

(very high)
Kreek et al., 2000

Molecular Biology of Addiction
Beyond Initial Cellular Targets:

Transcription Factor CREB (cAMP response element-binding protein) and
its target BNDF

Brain-derived neurotrophic factor is a member of the
nerve growth factor family, which also includes the
prototype nerve growth factor as well as neurotrophin-3
and neurotrophin-4.

These growth factors are involved in the differentiation
and growth of many types of neurons in the developing
brain as well as the maintenance and survival of neurons
in the mature brain.

Ref: Lo DC. Neurotrophic factors and synaptic plasticity. Neuron. 1995;15:979-981.
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This is your \&:&
brain

This is your brain z
Thanks to BDNF .

Think of it like fertilizing and pruning your rose bushes

Molecular Biology of Addiction:

Addiction is a form of drug-induced neural plasticity

» Upregulation of cAMP pathway

— Occurs in se to chronic administration of drugs

esulting activation of transcr factor
CREB(cAMP response element-binding)

— Both medi of tolerance and dependency
* Induction of another transcription factor, d FosB
— Exerts opposite effects

— May contribute to sensitized responses to drug
exposure

Ref: Nestler, Eric - Molecular Biology of Addiction. Am J of Addictions 10:201-217, 2001

Basis for Plasticity: Summary

* Drugs enter the brain and bind to an
initial protein target

* Binding perturbs synaptic transmission
which in turn cause the acute behavioral
effects of the drug

» Acute effects of the drug do not explain
addiction by themselves

Ref: Nestler, - Molecular Biology of Addiction.
Am J of Addictions 10:201-217, 2001




: How do we get there from here ?

neuroticism,
response to SSRIs,
substance abuse,
) hallucinations
SLC6A4: Cells:
5S’HTTLPR OO
polymor-
phism

Serotonin
signaling
ctions and
emergent phenomena
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The BDNF Gene

CHROMOSOME 11 Hpl3 ——\ / lpl4
297 468 681 1040 1353 BP
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4

66

MAY BE EXTRACELLULARLY kDa)

ACTIVE AT TrkB RECEPTORS <= [ o
CLEAVED IN TRANS-GOLGI
~ . . NETWORK L %
CLEAVED IN ENDOPLASMIC RETICULUM ARt e y
al66 — Met66 OR Valés — Met6® ‘vl

SIGNAL  TRUNCATED proBDNF (28 kDa) SIGNAL  MATURE BDNF (14 kDa)
PEPTIDE PEPTIDE

ACTIVITY UNKNOWN ESSENTIAL ROLE IN
DEVELOPMENT, SURVIVAL
AND FUNCTION OF NEURONS

Addiction produces a change in brain
structure and function (adaptation to the drug)

molecular and cellular changes in particular
neurons alter functional neural circuits

This leads to changes in behavior consistent

with addicted states

Addiction is therefore a form of drug induced
neural plasticity

Ref: Nestler, Eric - Molecular Biology of Addiction.
Am J of Addictions 10:201-217, 2001




Prefrontal
cortex:

Judgment Brain

Ventral
tegmental
area

Nucleus o
hccumbens

Miller Lite”
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Frontal

X : / : Striatum
cortex \ y :
e . - 3 Substantia
i nigra

Nucleus
accumbens

Hippocampus

Raphe nucleus

GABA and Glutamate Role in Motivation

Basolateral Prefr | Mediodorsal
Amygdala Cortex Thalamus

Nucleus Ventral
Accumbens Pallidum
Motor
/ . Nuclei
Dopamine

Ventral Tegmental
Area

Adapted from Kalivas and Nakamura, Curr. Opin. Neurobiol., 1999.
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Circuits Involved In Drug Abuse and Addiction

INHIBITORY REWARD/
CONTROL SALIENCE

MOTIVATION/ |,
DRIVE

MEMORY/
LEARNING

in deelping stategies o
effectively treat addiction
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Natural Rewards Elevate Dopamine Levels
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Effects of Drugs on Dopamine Release
Accumbens AMPHETAMINE 0 COCAINE

Accumbens

DA
“=-DOPAC
(17

% of Basal Release
% of Basal Release

1 2 G

1 2 3 4 shr
Time After Amphetamine Time After Cocaine

NICOTINE Accumbens MORPHINE

= Accumbens
" Caudate

1 2 3 il 2 3 4
Time After Nicotine Time After Morphine

Di Chiara and Imperato, PNAS, 1988

Science has generated much
evidence showing that...

prolonged drug use changes
the brain in fundamental
and long-lasting ways
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This is your :
brain

This is your brain -
After drugs ‘Lfé

Think about it as what happens when you fail to fertilize, water, and prune your garden.

12



10/27/15

The Normal Brain

How are human behaviors and
neurobiology related?

Problem Solving
EXPECTATIONS
INPUT DISTINCTIVENESS » OUTPUT
"1 INTERNAL YARIABILITY y
INTERNAL GENERATIVITY

Appropriateness

~~ N\

Neurobiology and Behavior

The Central Nervous System

Peripheral Nervous System

13
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Mood Chart of the Human Brain

Mania A //H()mcusmsis
Euphoria / \ /

~
= \\//
Depression \.V

40

movement—_ /sensation

vision

Primary Purpose of Brain- Neurochemical
Balance

SEPTUM BASAL GANGUIA

PREFRONTAL
CORTEX

HYPOTHALAMUS

PITUITARY

14



Thinking Brain
“Rational Animals

ONCTE

Planning idbra
idbrain

Inhibitions
[Sensorium

Personality & Perception

HICC Hypothalamic Instinctual
Control Centers

F’'S
Food Intake \Feelings

luid Intake Fight
Flight
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Basal Ganglia- “The Secretary”

» The Basal Ganglia

Caudate
fucleus

Matamus
vontral antorior nuclous
vontsotatoral nucious.

- sl
‘; //;/// S
K Subthalamus

Forabrain

Substantia
nigra

Migbrain
o motor nu
L inthe brain stem
ntromod:
om)

Dendrites
o Myelin sheath

Nucleus -\ 1/ :
> Schwan| @3

Axon  cells

Axon
"\ Terminals

i — Cell body .
Nodes

of Ranvier
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LA el o “STOP PRODUCTION"
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Anatomy of a Neuron

* Cell body — main part

* Dendrite — receives action potential (stimulation) from other
neurons

* Axon — branches from cell body, where the action potential
occurs

* Axon terminal — end of an axon

* Myelin sheath — lipid layer for protection over neurons that
allows for increase in speed of signal transmission; made by
Schwann cells

* Nodes of Ranvier — gaps in myelin sheath along the axon,

where most Na+ pumps are located

Synaptic Cleft — gap between neurons; between the axon

terminal of 1 neuron and the dendrite of a 2nd neuron

How Long Does the Brain Remember?

Amygdala

not lit up Amygdala

activated
Front of Brain

Cocaine Video
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The Brain’s Regulatory Systems

Control Loo
Feed-Back Differential Descending Nwml thmuon_.
Ascending Neural »_to the Hippoc

Radliatons © Cortsst & Thalarmusty, rohalamus
L R

Cerebral Corten e Corpus Callesum

Anterior Thalamus

Thalamic -

Nucleus -~

Cerebral =
HsmlBDharB
Olfactory Bulb’
Visual Impulses

Pinsal Gland

= Hippocampus
Ay

\ Gerebellum
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Pituitary Gland N Audibry

Manmillary Body Irpulses
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Amygdaloid Nucleus Ascending SPinal Cord
Sensory Tracts
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Regulation of hormone secretion

» Sensing and signaling: a biological need is sensed,
the endocrine system sends out a signal to a target
cell whose action addresses the biological need.
Key features of this stimulus response system are:

receipt of stimulus

synthesis and secretion of hormone
delivery of hormone to target cell
evoking target cell response
degradation of hormone

ENDOCRINE GLANDS

Endocrine vs. exocrine

Hormone

Endocrine gland

hypothalamus

pineal gland

pituitary gland

thymus gland ﬁ !

adrenal glands 8 a
) nreas (islets)
ovaries
(female) \

| o teses(malo)
" 1A

thyroid gland

17



ADRENAL CORTEX (ZONA GLOMERULOSA)
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Natural Rewards

Food

Sex
Excitement
Comfort

Nurturing

Dopamine Spells REWARD

b b

Release

18



Behavior Pathways

Rewarding behaviors can become routine

“Subconscious” control of the behavior

Resistant to change

10/27/15

neurotransmitter
of the raphe
nuclei

Implicated in
control of sleep,
and related
arousal and
attention

To spinal cord

Norepinephrine is
transmitter from
the locus
coeruleus

Implicated in
control of
attention, arousal,
mood, etc.

To spinal cord

19



Dopamine projection systems

Frontal

lobe Striatum
Im por“!’an‘f for‘ \ ) :;t:aslanua
control of ¢ A
reward and
. <
reinforcement =

\ 5
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The Mood Brain

Mamillary body Ant thalamic nuclei
Cingulate

Amygdala  Hippocampus

The hardware of emotions: The limbic system.

20



The frontal lobes

Home of Rational Brain

61
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“The Scents of Love”

The Addicted Brain

How Drugs Work

Interact with neurochemistry

22
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Activation of the reward
pathvxay‘eby}a'ddiiti\;e drugs

(

Ketamine
Nicotine

\
Dopamine Pathway$s

Norepinephrine Cannabinoid-
Serotonin Anandamide
Benzodiazepines Psilocibin
Valium DMT
REER Ibogaine
Ativan
Non )
benzodiazepine \ NMDA Opiate
) " A—
Ambien Wlne Ecstasy PCP— Opioids
Sonata — Mescaline Opiates
Barbiturates Bicoine Ketamine

DOM

Heroin
Fiorinal
Buprenex
Soma
\ Oxycontin

Alcohol and the Adolescent Brain

15-year-old male 15-year-old male
non-drinker heavy drinker

69
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SPECT SCANS

Alcohol 25 yrs

Normal
Marijuana 12 yrs
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Serotonin Present in Cerebral Cortex Neurons

Normal 2 weeks after Ecstasy 7 years after Ecstasy

The Hijacking of the Brain and the HPA Axis

The HPA Axis

Corticotropin Releasing
Factor

Adrenocorticotrophic

Harmone
Cortisol E

— hoactive Chemicals

Exercise,Food,Psyc

Endorphins

24



Cortisol Research in Families

“The illusration below is from Vol. 19, No. 3, 1995 of the Journal Alcohol Health & Research World.
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“The Necessary Nine”

Norepinephrine/Epinephrine-
stimulant,anger,fear,anxiety,fight,flight
Serotonin-depressant,sleep,calm,pleasure
GABA-relaxant,stress reduction,seizure threshold
Endorphins-pain relief,pleasure

Acetylcholine-involutary actions,memory,motivatio

Anandamide-memory,new learning,calmness
Glutamate-organization of brain signaling,memory,pain
Dopamine-perception,movement,pleasure

PIP- loving of one’s self,others,GOD

“Human Doing” “Human Being”

Neurotransmitters of Dependence

Dependence Recovery
PIP

Dopamine
Glutamate

Acetylcholine

Anandamide

Endorphins / Enkelphins
GABA
Serotonin
Epinephrine / Norepinephrine

Depletion may take Replenishment may take 5
less than 12 months to 7 years

75
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Normal

89

a - -
.’ S
Cocaine Abuser (10 da)

Cocaine Abuser (100 da)

Have you changed your mind?

Movement

Touch/Feel

26
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Brain Reward Cascade

‘i‘i \ Serotonin

Enkephalins

The Pain Brain

80

Pain and Addiction

Pain medications
vary considerably
and each pain
medication has
its advantages
and risks

1

81
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More than 10 Million Americans Reported Current Use
of Prescription Drugs for Nonmedical Purposes in 2013

When used in ways other than they are prescribed, prescription drugs have
the potential for abuse and addiction

30 47

12
os| | "I l
e
Stirslonts Sedatives and Puin Rellevers
Tronquilizers

Souxce: Office of Applied Studbes, Substonce Abuse and Meatol Health Seevices Administrafion.
‘Notional Survey on Drug Use ond Health, 2004.

Millions of Amerlcons

SAMHSA 2009
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Opiates/Opioids Potency

» Opiates(Opium Poppy Extracts/
Modifed Extracts)

* Morphine(Various) = 1.0

» Codeine(Tylenol #3) = 0.4

* Opium(Paregoric) = 0.8

» Diacetylmorphine(Heroin) = 1.5

» Hydrocodone(Vicodin) = 3.0

» Oxycodone(Oxycontin, Percodan) =

* Hydromorphone(Dilaudid) = 5.0

Opioids Potency

¢ Meperidine(Demerol) = 1.0

* Propoxyphene(Darvon) = 0.7

» Pentazocine(Talwin) = 0.5

¢ L acetyl alpha methadol(LAAM)= 2.0

* Methadone (Dolophine) = 3.0

¢ Levomethadyl acetate HCI (Orlaam) = 3.0
» Fentanyl(Sublimase) = 50.0

» Sufentanyl(Various) = 100.0

* Alpha Sufentanyl (Various) = 200.0

28
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Reward System
The Normal Reward System The Drug/Alcohol "Reward" System

Satisfying survival and pleasure needs causes the brain's Drugs / Alcohol provide artificial feelings of pleasure, and the
monitor cells to send chemical signals to the reward center, true survival / pleasure signals can be completely ignored.
and this pleasure/reward s recorded in the memory. The subconscious memory records this as a “reward".

4ttt

LR

thb4 4

eward
Center Center

Schick Shadel Hospital, 2009

. .
The Anti-Reward Brain
* 1. Akey element of addiction is the * 5. Other neurotransmitter systems
of a negative i impli in the anti d response
state during drug abstinence. include norepinephrine, dynorphin,
* 2. The neurobiological basis of the neuropeptide Y, and nociceptin.
negative emotional state derives from * 6. Vulnerability to addiction involves
two sources: decreased reward circuitry multiple targets in both the reward and
function and increased anti-reward anti-reward system, but a common
circuitry function. element is sensitization of brain stress
*  3.The anti-reward circuitry function systems.
recruited during the addiction process * 7. Dysregulation of the brain reward
can be localized to connections of the system and recruitment of the brain anti-
extended amygdala in the basal reward system are hypothesized to
forebrain. produce an allostatic emotional change
+  4.Neurochemical elements in the that can lead to pathology.
antireward system of the extended + 8. Nondrug addictions may be
amygdala have as a focal point the hypothesized to activate similar allostatic
extrahypothalamic corticotropin- mechanisms.
releasing factor system.
Merrill Norton Pharm.D.,D.Ph. ICCDP- 86

ANTI-REWARD
The concept of an anti-reward system was developed to explain one
p of ti depend neuroad i inresp to
utilization of the brain reward system.
The brain reward system is defined as activation of circuits involved in

positive reinforcement with an overlay of positive hedonic valence.
The neuroadaptation simply could involve state-shifts on a single axis of the
reward system (within- system change; dopamine function decreases).
However, there is compelling evidence that brain stress/emotional systems
are recruited as a result of excessive activation of the reward system and
provide an additional source of negative hedonic valence that are defined
here as the anti-reward system (between-system change; corticotropin-
releasing factor function increases). The combination of both a deficit in the
reward system (negative hedonic valence) and recruitment of the brain stress
y (negative hedonic val ) provides a powerful motivational state
mediated in part by the anti-reward system.
(Koob & Le Moal 2005).

Merrill Norton Pharm.D.,D.P!
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