
Motivation

Not all responses can be explained by
a simple sensory stimulus-> motor response circuit.

Why do animals spontaneously get up and do something 
(and then keep doing it)?

Motivational/Reward Pathways provide a mechanism to 
intiate and maintain behaviors.

Dopamine, Serotonin, and Endogenous Opioid Peptides 
are the major transmitters of the Reward Pathways.

Motivational Pathologies: 
decreased  = depression, increased = addiction.

DSM IV Criteria for substance abuse



Reward pathways

Dopamine and opioid peptides from ventral 
tegmental area (VTA) to nucleus accumbens 
(N.Acc.).

–> Exogenous opiates activate opioid receptors 
(e.g. morphine,heroin) 

–> dopamine re-uptake inhibitors 
(e.g. cocaine, amphetamine)

–> increase effective concentration of 
dopamine at the NAcc synapse.
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Electrical self-stimulation

Animal models
Rats will self-administer drugs of abuse and titrate 
the dose they get to maintain a steady plasma level 
(and hence dopamine in the N.Acc.).
This looks like pattern of bar-pressing for brain self-
stimulation.



http://www.youtube.com/watch?v=de_b7k9kQp0

http://www.youtube.com/watch?v=de_b7k9kQp0

Cocaine -> Increase DA & 5HT in n. accumbens

http://www.labautopedia.com/mw/index.php/Microdialysis:_An_introduction



Cocaine -> Increase DA & 5HT in n. 
accumbens

Bar pressing for cocaine

(Control is Yoked animal)

Yoked Control
One rat self-administers the drug

Yoked rat gets same injection of drug at same time as 
self-administering rat (but can’t control injections)

Yoked control
(finds drug aversive)

Self-administering
(finds drug rewarding) 



Fig. 1. Cumulative records for a representative rat self-administering cocaine 
(1.5 mg/kg/inj) on a PR schedule of reinforcement. The record on the left 
represents the acute reinforcing effects of cocaine. Presumably if the breakpoint 
were to escalate over time this would reflect an addiction process, as represented 
in the record on the right. Tick marks on the records indicate a drug infusion in 
this and subsequent figures. 

Issues in the Study of Drug Addiction

Rats will usually not spontaneously administer drugs 
of abuse, and have to be trained up.

Rats are very good at maintaining steady rate of 
drug intake (“recreational use”).

Very hard to get a rat to “binge” on drugs 
uncontrollably.

Big effects of context and learned cues.
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Drug Addiction 
= short-circuit of Food Reward
Cocaine 
–> increases DA and 5HT levels in Accumbens
–> rebound decrease of dopamine and serotonin 

release
–> withdrawal and depression
–> relapse.

Tolerance: 
decreased number of receptors, decreased postsynaptic 
second messengers, or increase in target transporters.
So takes more drug to boost the system

Withdrawal:
Response to endogenous neurotransmitter is also 
reduced.
so when drug is not onboard neurotransmitter levels are 
too low in the synapse

Nasty side-effects, because receptors for drugs are not just in reward pathways

Drugs of Abuse
1. Rats and Monkeys will self-administer the drug  

2. The drug increases electrical self stimulation of the 
reward pathways

3. The drug increases dopamine release in the reward 
pathways



Verified drugs of abuse:
Cocaine, amphetamine (dopamine receptors/transporters)
Morphine, heroin, other opiates (opiod peptide receptors)
Nicotine (nicotinic acetylcholine receptors)
MDMA (ecstasy; serotonin transporters)
Ethanol, barbituates, benzodiazepines (GABA Cl- channel receptors)

Not so easy to get self administration:
THC (marijuana) (cannabinoid receptors)

Drug Addiction 
= short-circuit of Food Reward
Cocaine 
–> increases DA and 5HT levels in Accumbens
–> rebound decrease of dopamine and serotonin 

release
–> withdrawal and depression
–> relapse.

Food or other natural pleasure
–> much smaller increase in DA in Accumbens

Eating increases Dopamine in N. Acc.



Dopamine increase requires taste

Jokes increase activity in Reward 
Pathways

Stimulus Presentation

Stimuli were presented in an event-related fMRI paradigm, with each cartoon being presented in random order 
for 6000 ms. A jittered interstimulus interval (ISI) was used, varying randomly between 2000, 4000, and 6000 
ms and counterbalanced, a priori, across funny and nonfunny events. Analysis was limited to the blood-
oxygenation level-dependent (BOLD) signal acquired during stimulus presentation (Figure 1C) . Data were 

collected in one 15 min and 4 s session consisting of 84 events using a TR of 2000 ms 



Funny - Non Funny Brain Activation

Speech centers

Time Series of Accumbens Activation

Molecular Mechanisms
Acquisition of addiction requires multiple trials/

chronic exposure.

Thought to be mediated by chronic changes in 
reward pathway (VTA to N.Acc.) in receptor 
number, second messengers, and transcription 
factors induced by repeated drug use.

Leads to:
Craving -- to reverse withdrawal
Tolerance -- requiring higher doses



Synaptic Changes in Addiction

Increased spines and synapses in N. Accumbens neurons that 
respond to cocaine and recieve dopamine input 

Synaptic changes mediated by increases in transcription factors 
like delta Fos B 

Transgenic increase in ΔFosB  leads to synaptic changes similar 
to cocaine, increases sensitivity to cocaine 

ΔFosB  knockdown reduces natural rewards (maternal behavior, 
wheel running) 

Gene expression after Cocaine 
(single injection causes transient expression of 
transcription factors)

Gene expression after repeated Cocaine 
(build up of transcription factors -> change in neural circuitry)



Although the molecular underpinnings of these structural changes remain incompletely understood, 
several factors that control gene transcription and chromatin regulation have been implicated (as 
depicted in the example dendrites on the right). 

A key goal is to now identify how these epigenetic factors control cytoskeletal and 
cytoskeleton-altering genes to regulate spine morphology and consequently changes in 
neuronal circuitry and addiction-related behaviors.

Nat Rev Neurosci. 2011 Oct 12; 12(11): 623–637.

nearly all drugs of abuse alter the structural connectivity of neurons in the reward circuitry, an effect 
most evident in changes in the number, shape, and size of dendritic spines on MSNs (medium spiny 
neurons, as depicted on the left) in the nucleus accumbens (NAc)

It is also likely that structural plasticity of the NAc plays a role in volition and decision-making, as self-
administered drugs generally cause larger changes in spine density than the same doses administered by 
experimenters Nat Rev Neurosci. 2011 Oct 12; 12(11): 623–637.



Model of addiction-related synaptic and structural plasticity in nucleus accumbens (NAc). Chronic exposure to 

cocaine results in a time-dependent and transient reorganization of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) and N-methyl-D-aspartic acid (NMDA) glutamate receptors at NAc medium 

spiny neuron (MSN) synapses, as well as structural changes in the spine head of NAc MSNs that correlate with 

distinct forms of synaptic plasticity. For example, chronic cocaine induces surface expression of NMDA 

receptors, silent synapse formation and long-term depression (LTD) at early withdrawal time points. During more 

prolonged withdrawal (wd), these synaptic changes reverse with the result being increased expression of surface 

AMPA receptors, a consolidation of the synapse into a mushroom-shaped spine and long-term potentiation (LTP). 

These effects rapidly revert back again upon exposure to a challenge dose of cocaine leading to restructuring of 

the spine into thin spines and a depression of synaptic strength. Reproduced from ref 82: Russo SJ, Dietz DM, 

Dumitriu D, Morrison JH, Malenka RC, Nestler EJ. The addicted synapse: mechanisms of synaptic and structural 

plasticity in nucleus accumbens. Trends Neurosci. 2010;33:267-276. Copyright © Elsevier 2010

ΔFosB expression increases immature spines in D1 but not D2 NAc MSNs. (A) Sample pictures of 
spines from control (GFP) and ∆FosB(+) D1 and D2 NAc MSNs. (B–E) Quantification of effects of 

ΔFosB expression on each dendritic spine subtype in both D1 ...

Brad A. Grueter et al. PNAS 2013;110:5:1923-1928

©2013 by National Academy of Sciences

Expression of ΔFosB in D1 but not D2 NAc MSNs promotes behavioral responses to cocaine. 

Brad A. Grueter et al. PNAS 2013;110:5:1923-1928

©2013 by National Academy of Sciences



Brown, Cell 86 (1996) 297 

A Defect in Nurturing in Mice Lacking the Immediate Early Gene fosB

Various animals use the running wheels, though mice are by far the most common. 

Johanna H. Meijer, and Yuri Robbers Proc. R. Soc. B 
2014;281:20140210

https://www.youtube.com/watch?v=TbB1FJB6Y0s



ΔFosB overexpression decreases wheel running behavior

Martin Werme et al. J. Neurosci. 2002;22:8133-8138

©2002 by Society for Neuroscience

control mice

overexpress FosB 

Addictions and Comorbidity
Cocaine, Amphetamine

Heroin, Opiates
Alcohol, Nicotine, other drugs…

Localize receptors in limbic system
behavioral and neural homologies with 
“standard” addictive drugs.

Comorbidity of depression, addiction, and other 
psychiatric disorders.


