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The endocannabinoid system: an overview   N Battista, M Di Tommaso, M Bari, 
M Maccarrone,  2012 Frontiers in Behavioral Neuroscience 6: 9:1–7
1. Endocannabinoids (eCbs) are fats
a. Lipid neuromodulators and hormones
i. Made from membrane phospholipids
b. Synthesized on demand
i. Stimulated by neural activity 
ii. From  postsynaptic cells
1) Retrograde messengers

Tim Hanna– 5 February 2016


 HYPERLINK "http://usdbiology.com/cliff/Courses/Advanced%20Seminars%20in%20Neuroendocrinology/Optogenetics%20in%20the%20Nucleus%20Accumbens%2016/Melchior%2015%20JNeurochem%20Optical%20vs%20Electrical%20DA%20release%20NAc.pdf" 
Optogenetic versus electrical stimulation of dopamine terminals in the nucleus accumbens reveals local modulation of presynaptic release
 JR Melchior, MJ Ferris, GD Stuber, DR Riddle, SR Jones 2015 Journal of Neurochemistry 134: 833–844
1. Nucleus Accumbens (NAc) medium spiny neurons (MSNs) have DA receptors
a. D1 – mostly on Direct Pathway cells (GABAergic) 
i. D1-MSN→ vPallidum, globus pallidum internal, VTA, & SN

ii. Results in increased movement
iii. Associated with Positive reward
b. D2 – mostly on Direct Pathway cells (GABAergic) 
i. D2-MSN→ vPallidum
ii. Results in decreased movement

iii. Associated with Aversion
c. Heteroreceptor localization at DA terminals

i. mGlu, GABAB, nAChR, κ-OR influence DA signaling
2. Optogenetic Stimulation versus Electrical Stimulation
a. in the NAc core
i. CamK2 dependent-AAV5-ChR2-eYFP and TH:Cre mice

1) Therefore optical stimulation is restricted to DA terminals

a) Dependent on Na+ channels and vesicular release

b) Ca++ is not sufficient to stimulate DA release
b. Single pulse optical stimulation = single pulse electrical stimulation

c. 20 pulses stimulation: optical– DA release > Electrical-DA

i. Greater reduction in DA release from electrical release with increased pulses 5, 10, 20
d. Electrical stimulation causes greater DA release early

i. 41% DA release in the 1st 100 ms

ii. 35% in last 300 ms

e. Optical stimulation results in more continuous DA release

i. 28% DA release in the 1st 100 ms

ii. 49% in last 300 ms

f. 1 pulse Optical & electrical stimulations of DA release are increased by GABAB antagonist

i. GABAB antagonist = CGP 55845

ii. No effect in DA cells only

iii. 20 pulses of electrical stimulation increased DA by GABAB antagonist
iv. Electrical stimulation of DA release is inhibited by GABA

g. 1 pulse electrical stimulations of DA release are increased by nACh antagonist

i. nACh α4β2 antagonist = DHβE

ii. No effect with optogenetic stimulation or multiple pulses

3. Optogenetic stimulation can be less modified by other systems (ACh or GABA)
4. After chronic defeat, stress-susceptible animals have reduced MSN activity in NAc shell
a. ↓ mEPSC D1-MSN frequency

b. ↑ mEPSC D2-MSN frequency

i. No ∆ in amplitude in D1 or D2 MSNs

c. ↑ rheobase in D1-MSN frequency
i. Rheobase = the minimum amount of current needed to elicit an action potential

d. ↑ current evoked spikes in D1-MSN frequency

e. D1 optogenetic stimulation reverses susceptible behavior
i. Both social interaction and hedonia

ii. D1:Cre mice transfected with AAV-DIO-ChETAA-EYFP
5. Resilient mice become susceptible when D1 MSN cells are inhibited
a. ↓ hedonic response to sucrose in the H2O as well 

b. D1:Cre mice transfected with AAV-DIO-hM4D (Gi) DREADD construct 

i. Activated by CNO  (clozapine N-oxide)
6. Subthreshold defeat produces susceptible phenotype with optogenetic of D2 MSNs
a. D2:Cre mice transfected with AAV-DIO-ChETAA-EYFP
b. No ∆ in hedonic response 

c. D2 optogenetic stimulation of defeated mice does not effect susceptible behavior

7. Optogenetic stimulation of NAc core MSNs can reduce cocaine conditioned place preference
a. VGAT-ChR2-eYFP transgenic
i. All GABAergic cells will be stimulated

1) VGAT= Vesicular GABA Transporter
b. Laser off -  CPP is evident 

c. stimulation reversible with 2nd trial

d. Optogenetic stimulation of NAc GABA MSNs → ↓ cocaine behavioral stimulation
e. Optogenetic stimulation of NAc GABAergic reduced CPP → ↓  c-Fos+ cells in VP
i. Overlap D1 & D2 MSN NAc→ ↓ VP → ↓ drug seeking
8. If stimulation of all MSNs reduce reward conditioned place preference, is the normative condition of the NAc to limit reward?
Clarissa Staton – 12 February 2016


 HYPERLINK "http://usdbiology.com/cliff/Courses/Advanced%20Seminars%20in%20Neuroendocrinology/Optogenetics%20in%20the%20Nucleus%20Accumbens%2016/Danjo%2014%20PNAS%20Opto%20VTA%20D2%20NAc%20aversive%20behavior.pdf" 
Aversive behavior induced by optogenetic inactivation of ventral tegmental area dopamine neurons is mediated by dopamine D2 receptors in the nucleus accumbens
   T T Danjo, K Yoshimi, K Funabiki, S Yawata, S Nakanishi  2014 PNAS 111: 6455–6460
1. Ventral Tegmental Area (VTA) like the NAc drives reward related behavior
a. VTA projects to the NAc
i. Most VTA→NAc projections are dopaminergic (DA)
b. VTA is composed of
i. 65% DA neurons 

ii. 30% GABA neurons
iii. 5% Glu neurons

1) VTA projection neurons include all 3
2. VTA→NAc neurons fire with  reward anticipation mismatch (error) 
a. VTA→NAc fire in anticipation of reward

b. VTA neurons are inhibited by absence of reward
c. VTA→NAc neurons also react to  aversive stimuli 

3. VTA→DA→NAc neurons can be inhibited
a. VTA GABA neurons → ↓ VTA DA neurons

4. VTA GABA neurons can be optogenetically stimulated

a. Injection of ChR2-eYFP into GADcre neurons in the VTA
b. VTA ChR2-eYFP:GADcre+ → blue laser → ↑ VTA GABA

5. VTA ChR2-eYFP:GADcre+ → blue laser → ↑ conditioned place aversion (CPA)

a. ↑ VTA GABA → ↓ VTA DA neurons → ↓ NAc DA neurons and ↑ CPA

6. VTA DA neurons can be optogenetically inhibited
a. Injection of Arch-eGFP into THcre neurons in the VTA
b. VTA Arch-eGFP:THcre+ → yellow laser → ↓ VTA DA

i. But  VTA Arch-eGFP:THcre+ → yellow laser → ↑ VTA c-fos
1) Likely due to ↑ GABA or Glu activity in VTA
ii. And increased fos in amygdala, hypothalamus and septum

7. ↓ VTA DA → ↑ CPA

a. VTA Arch-eGFP:THcre+ → yellow laser → immediate aversion to preferred dark space

b. ↓ VTA DA → immediate and conditioned aversion

8. ↓ VTA DA  + D2 inhibition→ ↓ CPA
9. VTA DA → project to MSNs in NAc
a. NAc TN:tTA:SP promoter TRE:: → DOX → ↓ VTA 

i. tTA = Tetracycline-repressive transcription factor

ii. TN = tetanus toxin

iii. TRE = tetracycline response element

Shaydie Engel – 18 March 2016

Stress and CRF gate neural activation of BDNF in the mesolimbic reward pathway JJ Walsh, AK Friedman, H Sun, EA Heller, SM Ku, B Juarez, VL Burnham, MS Mazei-Robison, D Ferguson, SA Golden, JW Koo, D Chaudhury, DJ Christoffel, L Pomeranz, JM Friedman, SJ Russo, EJ Nestler, M-H Han  2014 Nature Neuroscience 17: 27–29
1. After subthreshold social defeat, phasic optogenetic stimulation of the VTA reduces social interaction behavior
a. Suggests that the mice are more stress susceptible
b. VTA projects to the NAc
c. NAc BDNF levels increase
d. Tonic optogenetic stimulation does not limit social interaction

e. Social stress is required for optogenetic stimulation of aversive behavior and ↑ NAc BDNF

i. However subthreshold defeat alone is not enough 

2. After subthreshold social defeat, phasic optogenetic stimulation of the VTA DA cells reduces social interaction behavior

a. TH positive VTA cells produce DA
b. NAc BDNF levels increase
3. Reduced social interaction behavior after subthreshold social defeat and phasic optogenetic stimulation of the VTA DA cells is blocked by TrKB antagonist or reducing BDNF
a. NAc BDNF levels increase
b. BDNF and/or TrKB action is antagonized by ANA12 and AAV-floxed BDNF
4. Reduced social interaction behavior after subthreshold social defeat and phasic optogenetic stimulation of the VTA DA cells is blocked by CRF1,2 antagonist 

a. NAc BDNF levels do not increase
b. Subthreshold defeat cannot be replaced by NAc CRF infusion
5. CRF injected into the NAc stimulates DA release 
a. NAc DA release in response to CRF requires CRF1 and CRF2 receptor activation

i. CRF1 and CRF2 receptor activation together 

6. CRF injected into the NAc produces conditioned place preference 

a. NAc CRF induced conditioned place preference requires DA release

i. Blocked by 6OH-DA lesion of DA cells 

b. NAc CRF induced conditioned place preference requires DA release

7. NAc CRF induced conditioned place preference is blocked by severe stress 

a. Stress-inhibited NAc CRF induced conditioned place preference requires GR activation

i. Putatively stimulated by corticosterone

ii. Reversed by RU486 blockade of GR 

b. Blocking NAc CRF reduces novel object exploration 

8. Therefore CRF produces positive and negative contextual affect depending on previous stressful experience

Deb Perkins-Hicks – 1 April 2016

Positive reinforcement mediated by midbrain dopamine neurons requires D1 and D2 receptor activation in the nucleus accumbens EE Steinberg, JR Boivin, BT Saunders, IB Witten, K Deisseroth, PH Janak 2014 PlosOne 9:e94771: 1-9
1. Optogenetic stimulation of the VTA → NAc DA circuitry promotes self-stimulation
a. AAV5 Eflα-DIO-ChR2-eYFP-TH rats

b. Optical stimulation of the NAc
c. Nose poke produces optical stimulation of the NAc
i. Inactive nose poke hole does not stimulate the NAc
d. optical stimulation of the NAc results in increased nose pokes
i. nose poke → ↑ NAc → ↑ nose poke: self-reinforcing

ii. intracranial self-stimulation = ICSS

2. the VTA → NAc DA circuitry is directly responsible for reinforcement
a. D1 receptor antagonism in NAc blocked optogenetic stimulation of nose pokes
i. Non-specific antagonist (D1 and D2) flupenthixol has similar effects
b. D2 receptor antagonism in NAc also blocked optogenetic stimulation of nose pokes

3. D1 and D2 receptors both stimulate c-fos activation
4. NAc D1 and D2 receptors are both responsible for reinforcement

5. Optogenetic inhibition of the human DA grafts in 6-OH-DA lesioned striatum reinstates Parkinsonian symptoms

a. Human embryonic stem cells (hESCs) 
i. Raised with halorhodopsin: eNpHR3.0EYFP
ii. Or EYFP alone 

iii. Used for hESC DA grafts

1) In right striatum lesioned by 6-OH-DA

b. Optogenetic  eNpHR3.0 inhibition of DA grafts reduces Glu stimulated DA release

i. Optogenetic  eNpHR3.0 inhibition of DA grafts reduces Glu stimulated Ca++ influx

c. hESC DA grafts reverse symptoms like Parkinson’s Disease  

i. corridor test: left and right turning test for food

ii. right 6-OH-DA lesion produces right turning to collect food

iii. food on the left is lost/ignored

iv. Parkinson’s motor deficit

v. hESC DA grafts result in collecting food from both left and right

vi. reversal of Parkinson’s deficit 
d. hESC DA grafts + Optogenetic  eNpHR3.0 inhibition → right turning only  

6. Optogenetic inhibition of the human DA grafts demonstrate that DA transplants can restore normal motor behavior

7. Optogenetic  eNpHR3.0 inhibition diminishes PFC Glu EPSPs on striatal MSNs

a. MSNs = medium spiny neurons – GABA neurons 
b. Striatal cortical Glu and SN DA are necessary for normal MSN function   

8. Human Parkinson’s patients may show apathy and depression

a. Apathy in Parkinson’s patients may follow deep brain stimulation (DBS)

b. During DA adjustment, when DA levels are low

c. Some Parkinson’s Apathy is independent of DA

9. Apathy (DA independent) in Parkinson’s is highly correlated with reduced NAc shape and volume (atrophy)
a. Magnitude of Apathy is negatively correlated with left NAc size and shape
10. NAc health and function plays important rolls in positive affect (Reinforcement) and negative affect (Apathy) 

11. NAc health and function may play a critical role in Parkinson’s behavioral outcomes

Matt Weber – 8 April 2016

Bi-directional modulation of incubation of cocaine craving by silent synapse-based remodeling of prefrontal cortex to accumbens projections  Y-Y Ma, BR Lee, X Wang, C Guo, L Liu, R Cui, Yan Lan, JJ Balcita-Pedicino, ME Wolf, SR Sesack, Y Shaham, OM Schlüter, YH Huang,Y Dong 2014 Neuron 83: 1453–1467
1. Repeated cocaine administration activates neurons in the NAc 
a. Specific small % of neurons

b. Repeated cocaine → ↓ Glu synaptic strength of activated NAc neurons
i. ↓ AMPA/NMDA ratio
1) Indicative of ↑ silent synapses

a) immature glutamatergic synapses containing stable NMDA receptors
i) minimal stimulation at +40-50 mV should not fail to stimulate action potential (AP)
b) while AMPA receptors are either absent or highly labile
i) minimal stimulation at -70/80 mV will fail to stimulate AP

ii. ↓ AMPA inward current 

c. Repeated cocaine → ↑ frequency of sEPSCs

i. Not amplitude

2. Repeated cocaine → ↑ silent synapses in active NAc neurons
a. ↑ failure of minimal stimulation at -80 mV to stimulate EPSC 

i. ↓ AMPA receptor expression

b. ↓ failure of minimal stimulation at +40 mV to stimulate EPSC

i. ↓ NMDA receptor expression

3. Repeated cocaine administration activates neurons in the BLA and NAc 
a. Repeated cocaine + 1 day withdrawal → ↑ silent synapses in active NAc neurons 

i. ↑ GluA2 – not Ca++ permeable  - AMPA receptor expression
b. Repeated cocaine + 45 day withdrawal → ↓ silent synapses in active NAc neurons 

i. With ↑ time of withdrawal ↓ GluA2 → ↑ Ca++ permeable AMPA receptor expression

4. Optogenetic LTD stimulation of BLA → NAc projections reverses cocaine craving 
a. LTD = long-term depression → ↓ Ca++ permeable AMPA receptor expression 

i. ↑ Ca++ permeable AMPA → ↑ silent synapses → ↓ craving
ii. ↑ Ca++ permeable AMPA NAc EPSCs → ↓ by Naspm
b. Repeated cocaine + 45 day withdrawal → ↑ cocaine craving → ↑ Ca++ permeable AMPA receptor expression
i. ↑ Ca++ permeable AMPA → ↓ silent synapses

5. Two prefrontal cortex pathways to NAc – separated by prelimbic (PrL) and infralimbic (IL) 
a. PrL → Glu → ↑ NAc core → ↑ drug-related activity

b. IL → Glu → ↑ NAc shell → ↓ drug-related activity
6. Cocaine withdrawal day 1: Optogenetic stimulation of IL → NAc shell → ↑ silent synapses 
a. Cocaine withdrawal day 45: NAc shell → ↓ silent synapses
b. Cocaine withdrawal day 45: ↓ Ca++ permeable AMPA receptor  by antagonist = Naspm

i. ↓ Ca++ permeable AMPA in IL → NAc shell → ↑ silent synapses

7. Un-silencing is mediated through ↑ Ca++ permeable AMPA receptors in synapses
8. withdrawal day 45: Optogenetic LTD stimulation of IL→NAc shell → re-silencing synapses

9. Cocaine self-administration + day 1 withdrawal → PrL→NAc core → ↑ silent synapses

a. withdrawal day 45: NAc core → ↓ silent synapses

b. withdrawal day 45: Optogenetic LTD stimulation of PrL→NAc core → re-silencing synapse

i. Naspm-↓ Ca++ permeable AMPA independent 
10. withdrawal day 45: Optogenetic LTD stimulation of IL →NAc shell → re-silencing synapses → ↑ cocaine craving

a. silencing IL→NAc shell synapses → ↑ cocaine craving
11. withdrawal day 45: Optogenetic LTD stimulation of PrL →NAc core → re-silencing synapses → ↓ cocaine craving

a. silencing PrL →NAc core synapses → ↓ cocaine craving

12. Silent synapses in NAc core → ↓ cocaine craving - Silent synapses in NAc shell → ↑ cocaine craving

13. NAc core and NAc shell have opposite function for craving
Bikash KC – 15 April 2016
Activation of corticostriatal circuitry relieves chronic neuropathic pain M Lee, TR Manders, SE Eberle, Chen Su, J D’amour, R Yang, HY Lin, K Deisseroth, RC Froemke, J Wang 2015 Joural of Neuroscience 39: 21–29

1. NAc is involved in nociception
a. Local anesthesia into NAc shell reduces pain-related behavioral responses

i. Nociceptive behavior = paw elevated

1) Intra-NAc injection of bupivacaine  (V-gated Na+ blocker)
2) Contralateral formalin injection into paw creates pain
b. No effect in  the NAc core
2. NAc shell modulates late phase nociception
a. Early phase = first 10 minutes

i. Stems from direct initial nociceptor reactivity

ii. NAc plays no role in early phase nociception

1) No NAc core effect

2) No NAc shell effect

b. Late phase = later – 15-70 minutes

i. Due to inflammation

ii. Only influenced NAc shell
3. In humans NAc activity predicts persistence of pain
a. fMRI study of back pain 

i. Regions of interest (ROI) 

1) NAc 
2) Prefrontal cortex (PFC)
3) insula
b. 3 groups: 1) healthy, 2) recovering from back pain, 3) persistent back pain

i. Persistent back pain → ↑ pain intensity over time – stays high

ii. Persistent back pain → ↓ whole brain gray matter

c. NAc is significantly smaller in patients with persistent back pain

i. Persistent back pain → ↓ right insula

1) Learning pain 

ii. Persistent back pain → ↓ somatosensory cortex

4. Functional connectivity between PFC and NAc predicts persistent back pain
a. PFC → NAc positive correlation → ↑ sensitivity to pain over time

b. PFC → NAc positive correlation with pain-induced affective responses
i. Persistent back pain → ↑ right PFC → NAc positive correlation → ↑ depression

1) ↑ anhedonia, ↑ despair, ↓ mood

2) ↓ affect is also persistent
c. fMRI functional connectivity is a correlation between scan activity in two regions 

d. suggests that there are 2 populations relative to pain and mood sensitization

5. Optogenetic stimulation of  NAc through stimulation of the PFC relieves pain

a. Optogenetic AAV1.hSyn.ChR2-eYFP.WPRE.hGH stimulation  of  PFC → NAc 
i. Optogenetic ChR2-eYFP → ↑ PFC-PrL (prelimbic cortex) firing

b. Chronic neuropathic pain developed by spared-nerve injury (SNI)
i. SNI produces → ↑ mechanical allodynia

1) ↑ allodynia = ↑ pain sensitivity

ii. SNI → ↑ cold allodynia

iii. Pain → ↑ anhedonia (reduced hedonic (sucrose) preference)

iv. Pain → ↑ despair (reduced mood (forced swim immobility))

c. Optogenetic ChR2-eYFP → ↑ PrL→NAc → ↓ induced-pain sensitivity
i. both mechanical and cold allodynia

ii. blocked by the glutamate receptor AMPA antagonist NBQX in NAc
1) but not by NBQX in PrL – not caused by local circuits
6. Optogenetic ChR2-eYFP → ↑ PrL→NAc → ↓  chronic pain sensitivity
a. Optogenetic ChR2-eYFP → ↑ PrL→NAc → ↓ thermally induced acute pain sensitivity

i. both injured and injured paws

7. Optogenetic ChR2-eYFP → ↑ PrL→NAc → ↓  negative affective responses 

a. Optogenetic ChR2→↑ PrL/NAc →↑ conditioned place preference for laser light chamber

b. Optogenetic ChR2→↑ PrL/NAc →↑ hedonic responses (sucrose preference)

c. Optogenetic ChR2→↑ PrL/NAc →↓ despair  (forced swim immobility)

8. ChR2-eYFP → PrL→ with Optogenetic stimulation of NAc core → ↓ pain sensitivity 

a. both mechanical and cold allodynia

9. ChR2-eYFP → PrL→ + laser stimulation of NAc core → ↓ negative affective responses

a. ↑ conditioned place preference for laser light chamber, ↑ hedonic responses, ↓ despair

10. ChR2-eYFP → PrL→ + NBQX + stimulation of NAc core → blocks ↓ pain sensitivity  and ↓ negative affective responses

11. NAc core is causally related to reduced pain and affective sensitivity
12. fMRI functional connectivity and optogenetic stimulation could give opposite results
Spring 2016 Optogenetics in the Nucleus Accumbens

Fall 2016 Sleep

Spring 2017 Decision Making during Depression
∆ → ↑ ↓ ↔   ° é ∑ α β γ δ κ λ θ μ π ± ≤ ≈ ≠ ≥ ♀ ♂ ∞ 
Possible topics Fall 2015


1st  vote

2nd Vote

3rd Vote

4th Vote

Sleep





I’ll put in the votes later

Decision Making during Depression



Mirror Neurons





Endocannabinoids
 +




IGF1







Epilepsy






Happiness






Plasticity

Possible topics Fall 2014


1st  vote

2nd Vote

3rd Vote

4th Vote
Sleep




IIIII

1

-
Optogenetics in nucleus accumbens
IIIII

6

7
Mirror Neurons



IIII

3

-
Endocannabinoids


IIIII

6

11
IGF1




IIII

6

6
8

