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Women make up 50% of the world population, but only a small 

percentage of preclinical research in psychiatric disease

From 1997 to 2000, ten prescription drugs were withdrawn from the market by 

the US Food and Drug Administration.

-8/10 withdrawn drugs caused greater health risks in women

Only 15% of studies included both female and male animals during 1909–

2009. 

-Among these only 34% analyzed data separately by sex.

GAO-01-286R, Lee et al., 2018

We need data and models to assess female behavior and how their 

neurobiology makes them vulnerable to disease

Introduction. Including females in research models to better represent clinical populations 



Introduction. Understanding sex differences in disease vulnerability

How do sex differences in basic 

behavioral strategies make females 

particularly vulnerable to addiction?

Zachry et al., 2019 Alcohol and Alcoholism

For behavior, biological sex is not in itself a behavioral determinant, but rather 

interacts with environmental factors to control context-specific behaviors. 



Sex differences. Complexities and how they can emerge

Different behavioral strategies can influence why women take drug in the first place.

Even if there are not sex differences in behavior there can be different neural 

mechanisms controlling the same behavior.

Hormones can influence how circuits that are present in both males and females can 

work – and how drugs can act on them.
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Reward seeking. Females show higher rates of reinforcement (under some conditions)s

Conclusion you could make: females are more driven to seek food and drugs

Ruda-Kucerova et al., 2015 Swalve et al., 2015

Females self-administer more food Females self-administer more cocaine



A balancing act. Decision-making often requires balancing positive and negative outcomes

Kultu*, Zachry* et al., 

Neuropsychopharm 2020

Define how behavioral responses are 

prioritized when conflicting information 

is encountered

Define how positive and negative stimuli 

drive behavior in isolation

White

Noise

Munir Gunes Kutlu, PhD

Jennifer Zachry, PhD



Reinforcement. Females take more sucrose, shock avoidance is similar

Kultu*, Zachry* et al., 

Neuropsychopharm 2020



Conflict. Females choose to avoid shock over obtaining sucrose

Kultu*, Zachry* et al., 

Neuropsychopharm 2020
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Conclusions. We need better models that model factors that drive female behavior

Zachry et al., 2019 Alcohol and Alcoholism

Females are more sensitive to the behavioral effects of aversive stimuli and 

prioritize information about them when making decisions

Female subjects are more vulnerable to stress-related disorders such as anxiety 

and post-traumatic stress disorder (Maeng & Milad, 2015).

Female subjects are more likely to initiate drug use as a form of self-medication to 

reduce/alleviate feelings of stress, anxiety, are more vulnerable to stress-induced 

relapse (Becker et al., 2012, 2017)

Thus, preclinical models do not  always encompass the motivational drive to avoid 
aversive states that is present more often in females.

Female subjects also show higher rates of both depression and anxiety than men 

among those suffering from alcohol use disorder (Mogos et al., 2019).



Sex differences. Complexities and how they can emerge

Different behavioral strategies can influence why women take drug in the first place.

Even if there are not sex differences in behavior there can be different neural 

mechanisms controlling the same behavior.

Hormones can influence how circuits that are present in both males and females can 

work – and how drugs can act on them.



Approach. Defining how the striatal proteome differs between males and females

Lopez, et al., Communications Biology, 2021

Alberto Lopez, PhD

The mesolimbic system

Nucleus Accumbens (NAc)

NAc core 



Baseline. Sex differences in the nucleus accumbens proteome at baseline

Some of the sexually dimorphic proteins have been shown to be involved in cocaine-induced 
plasticity previously: GRM2, VPS51, SLC1A4, VGLUT3/SLC17A3, IPO4, VAMP1/SYNAPTOBREVIN-1, CYFIP2

Massart et al. 2015; McMichael, et al. 2019;  Herrero-
Turrión et al 2014; Sakae, et al. 2015; McBride et al., 2013; 
Oliveros et al., 2017; Kumar et al., 2013

Lopez, et al., Communications Biology, 2021



Approach. Defining how the proteome differs between males and females

Lopez, et al., Communications Biology, 2021



Approach. Mouse self-administration followed by proteomic analysis

Lopez, et al., Communications Biology, 2021



Proteomics. Non-overlapping protein regulation in males and females

Lopez, et al., Communications Biology, 2021



Approach. Defining how the proteome differs between males and females

Lopez, et al., Communications Biology, 2021



Interaction. Cocaine acts on baseline sex differences in the proteome

Lopez, et al., Communications Biology, 2021



Interaction. Cocaine eliminates sex differences in basal behavior

Lopez, et al., Communications Biology, 2021

Like before, there is increased sucrose self-administration in females



Interaction. Cocaine eliminates sex differences in basal behavior

Cocaine administration eliminates basal sex differences in behavior in response 

to natural reinforcers

Lopez, et al., Communications Biology, 2021



Conclusions. Sex differences at baseline dictate what proteins cocaine can regulate

Using proteomics we determined the sex-

specific changes induced by cocaine self-

administration in the NAc

Cocaine eliminates pre-existing differences in the 

NAc proteome and motivated behavior. 

This could eliminate basal behavioral 

strategies/motivation for non-drug rewards to bias 

behavior towards cocaine. 

While the proteins induced by cocaine experience 

were different, they regulate similar cellular 

functions - different molecular mechanisms for 

the same process?

Mews & Calipari, 2017, Progress in Brain Research



Sex differences. Complexities and how they can emerge

Different behavioral strategies can influence why women take drug in the first place.

Sex-differences can emerge under specific conditions to influence vulnerability in women.

Even if there are not sex differences in behavior there can be different neural 

mechanisms controlling the same behavior.

Hormones can influence how circuits that are present in both males and females can 

work – and how drugs can act on them.



Nearly all drugs of abuse increase 
dopamine levels in the nucleus 
accumbens.

Dopamine in the nucleus accumbens is 
critical for learned behavior.

Dopamine in the synapse is regulated by 
two key factors: action potential firing
and terminal regulation.

Terminal and microcircuit regulation 
overlooked.

Dopamine. The dopamine system is at the hub of female vulnerability to addiction

Calipari et al., 2017, Nature Communications

S Nolan et. al, 2020. Journal of Neurochemistry.



Dopamine. Dopamine release is regulated directly at the terminal

Nolan et al., 2020, J Neurochem



Dopamine. Acetylcholine is a major regulator of dopamine release

Nolan et al., 2020, J Neurochem

Acetylcholine (through nAChRs) alter dopamine 

release

Lillian J. Brady, PhD



Acetylcholine. Nicotinic receptors are key regulators of dopamine release

L Steller et. al., 2011, Analytical and 

Bioanalytical Chemistry.

Nicotinic Acetylcholine Receptor

Nicotinic receptor activation can regulate how incoming signals can elicit dopamine release 



Methods. How do we parse terminal regulation from other aspects of signaling?

Nicotinic receptors act as a 
“low pass filter”: activation 
increases release when 

dopamine neurons fire at low 
frequencies



Dopamine. Signaling through β2* containing nAchRs acts as a low pass filter in males

Receptor Antagonism: Removes the filter: Decreased low and increased high frequency release

Brady et al. 

DhβE 

No cholinergic regulation of dopamine neurotransmission at dopamine terminals in females?



Estrous Cycle. Do endogenous hormone fluctuations play a role in this process?

Women reported a greater ‘high’ from cocaine administration, when 

estrogen levels are rising
SM Evans and RW Foltin., 2010, Horm. Behav.

Responses to cocaine are reduced during the luteal phase, when 

estrogen levels are declining.
SM Evans et al., 2002, Psychopharmacology (Berl)

Menstrual cycle involvement in Substance Use Disorder

C.F. Draper et. al., 2018. Scientific Reports.

Human Menstrual cycle

17β-estradiol (or E2) has been linked to changes in 

dopamine release previously



Hormones. Ovariectomy (OVX) rescues the effect!

Hormonal factors are involved and nAChRs are functional in females under certain conditions

OVX Female

Brady et al. 



Addiction. Why does this matter?

Nicotine is less able to increase dopamine release through this mechanism

Nicotine
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Brady et al. 



Addiction. Nicotine effects on behavior differ between males and females
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Nicotine x Sex Interaction:**

Nicotine only enhances sensory reinforcement in females, not males

Saline or Nicotine: 0.1 mg/kg/inj

Brady et al. 



Dopamine regulation. Sex differences in nAchR regulation of dopamine release

1. Nicotinic receptor function is altered in females in a way that alters how they regulate 

dopamine release and their role in drug- and non-drug-associated behaviors.

2. These effects are mediated by hormones and change the way the same circuit is 

regulated between males and females. 

3. These differences change the way that drugs can even work – this has implications for not 

only addiction, but general drug development in women.

Males/OVX Females Intact Females



Sex differences. Complexities and how they can emerge

Different behavioral strategies can influence why women take drug in the first place.

Even if there are not sex differences in behavior there can be different neural 

mechanisms controlling the same behavior.

Hormones can influence how circuits that are present in both males and females can 

work – and how drugs can act on them.

Females are more sensitive to the behavioral effects of aversive stimuli and prioritize information about 

them when making decisions (Kutlu, Zachry et al., 2020)

Even when cocaine self-administration behavior is the same, the cocaine-induced plasticity within the NAc 

differs between males and females (Lopez et al., 2021)

Circulating ovarian hormones – estradiol - interact with nicotinic receptors to change the way that they 

function. This reduced nicotine’s ability to act on dopamine terminals in the NAc. (Brady et al. under review).



Women make up 50% of the world population, but only a small 

percentage of preclinical research in psychiatric disease

GAO-01-286R, Lee et al., 2018

Conclusions. Including females in research models to better represent clinical populations 

It is not just about including females in current work; it is important to identify and 

understand the factors that are important in disease expression and trajectory in women. 

The fact that hormones can interact with receptors in ways that can change how drugs 

can act on them is important for drug development (for males and females)

Solving this is a complex problem that requires team 

science and support from funding sources!
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