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Center for Addiction Research (CAR)

« The CAR was launched in October of 2020

« Mission: to support cross-disciplinary collaborations
across UC as well as with community partners,
governmental institutions, and other academic
institutions in order to accelerate scientific progress in
addiction prevention and treatment

« Thirty-two faculty from six UC Colleges

e CAR Website: https://med.uc.edu/institutes/ CAR/home
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Publications:
https://med.uc.edu/institutes/ CAR/publications

Projects:
https://med.uc.edu/institutes/CAR/projects

Communications:
https://med.uc.edu/institutes/ CAR/communications

To become an affiliate member:
https://med.uc.edu/institutes/ CAR/car-member-reqistration
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Endocannabinoid regulation of
repeated stress-cocaine interactions
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Learning Objectives

. Understand how we can use preclinical models to study aspects
of substance use disorders.

. Discuss the importance of integrating environmental factors
such as stress into preclinical models.

. Appreciate the potential involvement of stress in unique
neurobiological mechanisms underlying substance use
disorders.

. Review the potential of the endocannabinoid system as a
therapeutic target in treating cocaine use disorder.
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The problem of addiction

Substance Use Disorders in the Past Year ® 48.5 million Americans have a substance

NSDUH asked respondents aged 12 or older about the effects of their drug or use disorder for illicit substances or
alcohol use on their lives in the 12 months before the interview. alcohol (N SDU H, 20 23)

Substance Use Disorder (SUD) 2023

In 2023, 17.1% of people
(48.5 million) had a past

year SUD. Drug Use Alcohol Use

Disorder (DUD) Disorder (AUD)

28.9 million
10.2%

Opioid Use
Disorder (OUD)
5.7 million

2.0%

Differences across Years: Differences across Years: 2023 () 2022

There wers o significant diffarences across Drug Use Disorder 2023 2021
for estimates of Substanca Usa Disorder,

ananliw:r.mmmmm Disorr. 2022 5 2021

AUD

29.7 million 29.5 million
10.6% 10.5%

ouD
5.6 million
2.0% 2.2%

6.1 million

2023 Companion Infographic Report, NSDUH 2023



The problem of addiction

® 48.5 million Americans have a substance

9.7 million Cocaine Use

about 1 in 30 5.0 million (1.8%) use disorder for illicit substances or

(3.4%) misused a
CNS stimulant in the
past year in 2023

alcohol (NSDUH, 2023).

Prescription Stimulant Misuse

N/ mimla ® 5.0 million Americans have misused
... ‘ cocaine in the past year (NSDUH, 2023)
2.6 million {0.9%)'

® 1.3 million Americans had a past year

‘Thera were no significant differances across years for
estimates of Any CNS Stimulant Misuse, Cocaina Usa,

I e cocaine use disorder (NSDUH, 2023)

® Qver half of those were classified as having a
. Prescription Methamphetamine

moderate (22.4%) or severe (41.9%)
2021 2022 2023 201 2022 2023 2021 2022 2023 SUbStance use dlsorder

Percent

® This is associated with serious consequences
for their physical, social, and economic

ﬁ ﬁ ﬁ wellbeing

26M 27TM  26M

1.7 1.8
i i

48M 53M 5.0M 39M 43M  39M

2023 Companion Infographic Report, NSDUH 2023
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The problem of addiction

® The number of overdose deaths

involving cocaine has been on the rise

® 1.3 deaths per 100,000 people in 2010
® 8.6 deaths per 100,000 people in 2023

Psychostimulants with abuse potential’

2 Cocaine?

Deaths per 100,000 standard population
(o]
T

0 | 1 1 1 1 1 1 1 | 1 1 1 | 1 | 1 1 1 1 L 1

2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023

National Center for Health Statistics, 2024
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The problem of addiction

® The number of overdose deaths
involving cocaine has been on the rise

® 1.3 deaths per 100,000 people in 2010
® 8.6 deaths per 100,000 people in 2023

Geographic Patterns in Death Rates by
Stimulant Type

® |n 2020, Ohio had the highest cocaine overdose
death rate — 17.8 per 100,000

® There is no FDA-approved medication for the
Cocaine Deaths treatment of cocaine use disorder making this a
critical unmet need

® Need to better understand the neurobiological
processes that underlie relapse and drug use to

Deaths per 100,000 ! -
| develop better behavioral and pharmacological
10 12 14 16 therapies.
® For better translation of bench to bedside we
NIHCM Foundation, 2022 — Charting the stimulant overdose crisis & need to incorporate factors beyond the drug
the influence of fentanyl itself such as sex, genetics, polysubstance

use, stress
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Stress and Addiction

38.2 Million Adults Had AMI @ 7.8 Million Adults Had SMI

(with or without SMI) but Not SUD but Not SUD

N

20.4 Million Adults Had SUD O

- 6.8 Million Adults Had SUD
and AMI (with or without SMI)

and SMI

39.5 Million Adults Had SUD
but Not SMI

@ 14.6 Million Adults Had SMI
@ 46.3 Million Adults Had SUD

NSDUH, 2023

25.8 Million Adults Had SUD

but Not AMI v \

58.7 Million Adults Had AMI
(with or without SMI)
46.3 Million Adults Had SUD

84.5 Million Adults Had Either 54.1 Million Adults Had Either
AMI (with or without SMI) or SUD SMi or SUD

e High incidence of anxiety/mood disorders in people with cocaine use disorder
(Rounsaville et al, 2001; Chen et al, 2011).
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Stress and Addiction

e Stress in a lab setting induces drug craving, including craving for cocaine (Sinha et al,
2009).

e Link between cocaine use/CUD and post-traumatic stress disorder (PTSD; Back et al,
2006; Waldrop et al, 2007; Burns et al, 2010; Goodrum et al, 2022; Hull et al, 2025).

e Cocaine users have higher basal levels of stress hormones and there is a link between
stress or cortisol levels and cocaine use/future recurrent use (Sinha et al, 2000; Sinha et
al, 2006; Waldrop et al, 2007; Wemm & Sinha, 2019; Voegel et al, 2022).

e Early life stress/trauma serves as a strong predictor for later development of drug
dependence (Brown et al, 1995; Hyman et al, 2008; Enoch 2011; Khoury et al, 2010).

e Stress has the ability to influence the development, progression, and severity of CUD



How to study drug-related
behaviors using rodents
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Cocaine Self-Administration (SA)

Acquisition Maintenance

Lever Presses

Sessions — In Syringe: Cocaine
Sprague-Dawley rats

Cocaine was self-administered (0.5 mg/kg/.2 mL infusion) 14 x 2hrs/days on a FR4 schedule.
Figure by Dr. David Pena
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Extinction/Reinstatement model of drug-seeking behavior

|
A ——— .
Extinction 0 - O Reinstatement

Lever Presses

Reinstating stimuli:
Sessions — In Syringe: Saline Stress (Footshock, yohimbine)
Cocaine prime

Why use an extinction approach? Extinction training engages brain circuits that are known to be altered in human SUD



Can stress drive cocaine-taking
behavior?
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Stress-induced enhancement of cocaine SA: modified short-access
program

4 4 4 4

4 4 4 4
ERERER TR
| Drug Free period (No levers extended; 5 min)

B} self-Administration Block (Levers extended; 30 min)

Intermittent electric footshock stress

SA 2 hr/day x 14 days: Shock
in drug-free period
Stable baseline
responding (FR 4) \
SA 2 hr/day x 14 days: No

Shock in drug-free period

Food o

Intermittent electric footshock: 3 x 0.5 mA, 500 msec duration, 1 sec intershock interval, 30 sec average inter-triplet shock interval, range 15-60 sec
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Electric footshock stress induces an enhancement of cocaine SA

-O- No Shock -O- No Shock Active <% No Shock Inactive
45 T Shock 4 Shock Active ¥ Shock Inactive
2204 *
<
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a g
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Stress-induced enhancement of cocaine intake is glucocorticoid-dependent and both context- and time-
dependent (Mantsch & Katz, 2007)

*p<.05, compared to No Shock McReynolds et al, 2023 NPP



Is stress-enhanced cocaine SA
the result of persistent
neuroadaptations?
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Repeated daily stress results in persistent increases in cocaine SA
even in the absence of stress

4 Shock
457 -O- No Shock
'
SA 14 days: SA 5 days: No 404 * : * * * *
Shock or No Shock present 0 *
Shock (P1-P5) =
3 5] B
‘ i B8
9o '
@ '
shock :
component 25) [
20 '
0 i I ! I I I I I
QAR AT LR LR L
g

McReynolds et al, 2023 NPP



Are the stress-induced
neuroadaptations long-lasting?
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Rats with a history of combined repeated stress and cocaine SA

show increased cocaine-primed reinstatement

[ No stress SA

- * %
500 Il Stress SA oo
L o
~ 400-
» ! ! '
) ' | '
3’, 300- | | *x% .
o ' ' H o
Q. 200- ' ' =
A ! ! I o
) * %
> ! ! g |
@ 100- AN -
Vg o !
0 &Ry ! i ol .- L f%

EXT COC25 COC5 COC10

##p<.01, compared to EXT; **p<.01, compared to No Stress SA

Reinstatement — Cocaine
(2.5, 5, 10 mg/kg, i.p.)

Rats with a history of stress also
show increased stress-induced
reinstatement

McReynolds et al, 2023 NPP



What are the stress-induced
neuroadaptations?
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Endocannabinoid signaling

"Anandamide (AEA) and 2-AG are synthesized
post-synaptically in response to neuronal
depolarization

Presynaptic
Neuron

="AEA and 2-AG are retrograde messengers
that bind to G, - coupled CB, receptors.

= Activation of CB1Rs results in inhibition of
pre-synaptic neurotransmission.

"CB1Rs are located on glutamatergic and
GABAergic neurons.

Postsynaptic Neuron
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Endocannabinoid involvement in addiction

Presynaptic
Neuron

Postsynaptic Neuron

=Polymorphisms in the human gene for the
CB1R, CNR1, are associated with cocaine
dependence (Clarke et al. 2013; Lopez-Moreno et al. 2012; Zuo
et al. 2007; Zuo et al. 2009).

a)
2-AG plasma levels
d= 61" .
T 1 501
50- d=.52 O cuU group
1
o 404 o @ o0 000 <> controls
40- 0o ° Goo e °°°°
OO E < ogoogm >
= 3 30- :
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controls DCU

Kroll et al, 2023 Transl Psych
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Endocannabinoid involvement in addiction

"CB1R activation has been implicated in cocaine-
related behaviors in rodents, such as locomotor
sensitization and cocaine-related memory tasks.

Presynaptic
Neuron

=However, the effects of CB1R activation on
cocaine SA/RST under non-stress conditions is
inconsistent, but. ..

"Endocannabinoids are regulated by both acute
and chronic stress in reward- and stress-related
brain regions.

"Endocannabinoid signaling may be involved in
cocaine SA/RST under conditions involving stress
(McReynolds et al, 2016; McReynolds et al, 2018)

Postsynaptic Neuron
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CB1R antagonism attenuates cocaine SA only in rats with a history

of stress
[ Vehicle
2 h 50— HE AM251
' . ' o 401 g
= O
30 SA session: No N 30- 0_<|>_° o
T Shock present g o
y V ——
t 8207 18
i.p. s
AM251 10
or 0
vehicle No Shock

AM251 (1 mg/kg, i.p.) — CB1R antagonist

#p<.05, compared to No Shock; **p<.01, compared to Veh McReynolds et al, 2023 NPP



Where are the stress-induced
neuroadaptations?
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Regulation of endocannabinoids in regions critical for drug-taking

behavior

Regulation of cocaine
taking behavior

- Dopamine

Glutamate

— GABA

 Dopamine release in this

circuit is critical for SA
behavior

 Endocannabinoid signaling

in these regions is
regulated by cocaine or
stress
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Intra-NAc shell administration of a CB1R antagonist attenuates
cocaine SA

o Stable Baseline SA 2-h/day x 14 Remove stress
Acquisition .
responding days component & test

/ \ 50 1 Vehicle

.
e

/ | ., \) 10 AM251 (1 pg)
) ) B AM251 (3 pg)
\ - - i
2h Q‘ 40+ % O 4
0 H
| L 1 g (ID DTD
15 min SA session: No Shock :g 204 |® E
present =
Intra-NAc AM251 or vehicle 0
AM251 (0, 1, or 3 ug/0.3 ulL) — CB1R antagonist No Shock

*p<.05, compared to No Shock; #p<.05, compared to Veh McReynolds et al, 2023 NPP
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Intra-VTA administration of a CB1R antagonist attenuates cocaine

... Stable Baseline SA 2-h/day x 14 Remove stress
Acquisition .
responding days component & test

1 Vehicle

60-— AM251 (1 ng)
B AM251 (3 ug)
<
2h S 40- % P
c Aa
L . 9 I:ITD
o O dH
SA session: No ug o
Shock present = 20
Intra-VTA AM251 or vehicle 0
AM?251 (0,1, or 3 ug/0.3 pL) — CB1R antagonist No Shock

**p<.01, compared to No Shock; #p<.05, compared to Veh McReynolds et al, 2023 NPP
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Cocaine self-administration with or without stress increases CB1R
density in the VTA

Acquisition Stable Baseline SA 2-h/day x 14 Collect brains 24 hr
G responding days after SA14

O~ Saline/No Shock
- Saline/Shock

0.00251 -a&- Cocaine/No Shock
-¥- Cocaine/Shock

£ 0.0020- /j
)
o
£ 0.0015- N E:
o
£ 0.0010-
o l
E —
Q. 0.0005-

0.0000 I I I I

0.0 0.5 1.0 1.5 2.0

nM CP55940
**p<.01, compared to Saline SA McReynolds et al, 2023 NPP



What about females?
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Stress-enhanced cocaine SA is observed in both male and female

Male Female :I NO ShOCk
@ 60— " No Shock " No Shock Bl Shock
g oo Bale k- Female oy 2 ndrew
2 40— o A A Gaulden
= E 300-
-
(&)
m o 200- A
£ 5
o o
- o
) c
o —e S
= O—d ©
< o
o <
X217 T T T T T T T T T T T T

Gaulden et al, 2025 Physiol & Behav
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CB1R antagonism attenuates cocaine SA in rats with a history of
stress in male and female rats

Infusions/2-HR

60-

40-

20

1 Vehicle
[1 Rimonabant (1mg/kg)

Hl Rimonabant (3mg/kg)

O

No Shock SA

Shock SA

2h
30 SA session: No
min Shock present
i.p. Rimon or
vehicle

1 Vehicle

[1 Rimonabant (1mg/kg)
Bl Rimonabant (3mg/kg)

- % %k %k %k

60- — * % %
m o O % O
:.: o & 0 afa
(7)) & [s]
C N ol gt
O ol [
g 201 |o
"E O

0

No Shock SA Shock SA

Gaulden et al, 2025 Physiol & Behav



Are there inherent sex differences in
how endocannabinoid signaling
regulates cocaine-evoked dopamine?
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Measure /n vivochanges in dopamine using new dopamine biosensors

I inert DRDA
M cpGFP
linker 1

B linker 2
B TM5

dLight1.3b
Kd=1.6 uM

dLight1.2
Kd=765 nM

dLight1.1

Kd=330 nM
GI 1 1 I T
0.001 0.01 0.1 10 100

[DA] UM

Patriarchi et al, 2018 Science

470 nm
400 nm fiber optic cable
dichroic ~slll ' D
mirror
photo-
receiver

Siciliano & Tye, 2019 Alcohol

I
/ | v b A e bon L
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dLight expression in the nucleus accumbens shell

NAc shell N
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Females show increased sensitivity to CB1R regulation of cocaine-
evoked NAc shell dopamine S

30 min

i.p. injection i.v. infusion
Male (Veh or Rim) " (SalorCoc) Female
159 == vehice : mmm  Rimonabant (1mg/kg) 15- == Vehice :  mmm Rimonabant (1mg/kg) Andrew

Gaulden

] |= ] ] I I l= ] ] I
-5= -30 S 30 60 90 -5= -30 o 30 60 90
(7] ()
& Peri-Infusion Time (s) £ Peri-Infusion Time (s)
300+ i R
—= Vehicle —— Rimonabant (1mg/kg) —=— Vehicle —e— Rimonabant (1mg/kg)
S 300 Fekkk
E (]
3 2
© 200 3
£ < 2004
5 £
[}] —
g = i 5
S 100- S 100-
<L <
0 : ! ! ° 1] '30 30'60 60'90
0-30 30-60 60-90 Cocaine (3 mg/kg, iv) - ) -

Time (s) Time (s)
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Females show increased sensitivity to CB1R regulation of cocaine-
evoked NAc shell dopamine

30 min

i.p. injection i.v. infusion
M a Ie (Veh or Rim) > (Sal or Coc) Fe ma Ie
15 == Vehicle : mmm Rimonabant (3mg/kg) 15 === Vehicle : mmm  Rimonabant (3mg/kg) Andrew
: : Gaulden
z 10+ z
: o :
. L .
: 9 5 :
] (] :
: N g
0 :
T i T T T T i T T T
5- .30 s 30 60 20 -5- .30 s 30 60 20
£ Peri-Infusion Time (s) £ Peri-Infusion Time (s)
% *%
° 3009 - Vehicle —=— Rimonabant (3mg/kg) © 300+ —— Vehicle —e— Rimonabant (3mg/kg)
2 <
E [ 3
° 200 | o 200-
= | | £
5 ]
£ 1001 £ 1001 ] R
. L F ! !
< < — ]
’ 0-30 30-60 60-90 ’ 0-30 30-60 60-90
Time (s) Cocaine (3 mg/kg, IV) Time (s)
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Elevating 2-AG levels enhances cocaine-evoked NAc shell
dopamine

Female

Andrew
Gaulden

Male

= Vehicle = MIN (5mglkg) mm Vehicle mm MJN (5mg/kg)

Infusione=g. - -

1
5= -30 s 30 60 90 5= 30 30 60 90
2]
-:c-’ Peri-Infusion Time (s) Peri-Infusion Time (s)
250 B Vehice  WEE MIN (5mgkg) 250+ o Vehicle mmn MIN (5mgikg)
(] () Female Female
E 200 E 200+
o o
£ 150+ £ 150
g 5
£ 100+ S 100+
=) =]
S 50+ 3 50+
< <
0 T T T o ) ) !
0-30 30-60 60-90 0-30 30-60 60-90

Time (s) Time (s)

Cocaine (0.5 mg/kg, iv)



Is endocannabinoid signaling
involved in stress-enhanced
cocaine-seeking behavior?
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CB1R antagonism blocks augmented cocaine seeking only in rats
with a history of stress

2h [ Extinction
3004 = Vehicle
. ' B AM251
<
30 Reinstatement N
min Session £ 200-
t t 2
. o
i.p. i.p. Cocaine o Ko *F
AM251 (10 mg/kg) o 100- o %&°
or > O a
vehicle 3 &
H
AM251 (1 mg/kg, i.p.) — CB1R antagonist 0 s

No stress SA

##p<.01, compared to Veh; **p<.01, compared to EXT; @p<.05, compared to No Shock McReynolds et al, 2023 NPP
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Regulation of endocannabinoids in regions critical for drug-
seeking behavior

 mPFCis critical for drug-
seeking behavior across
reinstatement stimuli in
rodents

Regulation of cocaine
seeking behavior

e Altered PFC activity in
human SUD patients

o~

—— Dopamine — GABA

Glutamate
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PrL CB1Rs are necessary for enhanced cocaine-seeking behavior
following stress-induced enhancement of cocaine SA

Q.9
v} &

1 Extinction Q@@
< 400~ = PL Vehicle wokk
=) % Ml PL Rimonabant
3]
2h @ 300
o
o - *% * °
15 Reinstatement . 200 <
i Session S 0
— @ 100- Y 8o
1 i.p. Cocaine ﬂ 3
Intra-PrL (10 mg/kg) 0B 1 ¢ gl |
gi(r)r(m)ona)bant No Stress SA Stress SA
ng) or

vehicle
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Conclusions

* Chronic stress induces a glucocorticoid-dependent enhancement of cocaine self-
administration that is the result of persistent neuroadaptations.

* These neuroadaptations likely result in changes in the endocannabinoid system
as we see either selective or greater involvement of endocannabinoid signaling in
rats with a history of stress.

* The endocannabinoid system is recruited by repeated stress in regions that are
involved in drug-taking and drug-seeking behavior to drive drug self-
administration and increase susceptibility to later reinstatement.
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Conclusions

* Females appear to show increased sensitivity to endocannabinoid regulation of cocaine-related
behavior

* Females may show more benefit from endocannabinoid manipulation than males, even under non-stress conditions

* Taken together, these data suggest that endocannabinoid signaling may represent an interesting
therapeutic target for the treatment of CUD, particularly for those in whom stress is a
contributing factor

* Elevated circulating levels of the endocannabinoid 2-AG in dependent cocaine users

* Understanding the unigue mechanisms underlying the influence of stress on drug use, and its
long-lasting consequences, has implications for identifying SUD subpopulations in whom stress is
a predominant contributing factor and could allow for greater individualized treatment.
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Thank you for joining us!

* Please take a few
moments to complete the
survey form. Scan the QR
code below or use the
survey link provided in
the chat box, both will be
emailed.

 The form is required to
complete if requesting
Ohio CE credit for
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Psychedelics as Therapeutics for Substances Use
Disorder: A Perspective on Their Neurobiology and
Future Clinical Applications

 Wednesday, August 13, 2025: 12:00 — 1:00 PM
 Dr. Davide Amato and Mr. Jon Kostas

Registration website: med.uc.edu/institutes/ CAR/summer- U[@j
speaker-series/speaker-series-2025 CINCINNATI
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