
  

Sex, Drugs, and Dopamine in This Day and Age: Photoperiod Differentially Impacts Nucleus 

Accumbens Dopamine Dynamics by Sex and Age 

 

By  

 

 

Alexis Nicole Jameson 

 

 

 

Dissertation  

 

Submitted to the Faculty of the  

 

Graduate School of Vanderbilt University  

 

In partial fulfillment of the requirements 

 

For the degree of  

 

DOCTOR OF PHILOSOPHY 

 

In  

 

Neuroscience 

 

May 12th, 2023 

 

 

 

Approved: 

 

Brad A. Grueter, PhD (co-mentor) 

 

Douglas G. McMahon, PhD (co-mentor) 

 

Erin Calipari, PhD (committee chair) 

 

Sachin Patel, MD, PhD  

 

Ron Emeson, PhD



 ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © Alexis Nicole Jameson 2023 

All rights reserved 



 iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedication 

For my Lily. Everything I do is for you. 

For my mother, and her mother. Everything I’ve done, I couldn’t have done without you. 

私の夢を追いかけることができるように支えてくれて,  

本当にいつもありがとう。 



 iv 

 

ACKNOWLEDGEMENTS 

 

First, I would like to acknowledge the funding sources that supported my training and 

this research: the Vanderbilt Neuroscience Training Grant through the National Institutes of 

Health (T32MH064913) as well as funding from the National Institute of Mental Health through 

Dr. Douglas McMahon’s R01 (NIMH R01MH108562).  

I would like to thank my advisors, Dr. Brad Grueter and Dr. Douglas McMahon, for their 

exceptional mentorship and support. Brad’s infamous ten-minute meetings last for at least an 

hour, if not several, every time. In all seriousness, I’ve never met someone so generous with their 

time and so dedicated to showing up for his trainees. Brad has always seen something in me that 

I hadn’t seen myself, and over the 5 years I’ve spent in his lab he has painstakingly helped me to 

realize that what he saw was real. While there were many times I doubted myself through the 

course of graduate school, Brad’s faith in my potential never wavered. I have grown to be a 

better scientist, a better parent, and a better person in my time under Brad’s mentorship, and 

cannot thank him enough for giving me the space to grow. 

 Doug has been an incredible source of support not only in his scientific training but as a 

true mentor in life. I have a file on my computer that is titled “For Crying.doc” that I had 

forgotten about until recently. Out of curiosity I opened the document to find a recommendation 

letter that Doug had written for me early on in graduate school. As the file was aptly named, it 

made me cry. I don’t think Doug intended to have such an effect, but much of the impact his 

mentorship had on me has been that way. When I established the Neuroscience Student DEI 

Committee, Doug’s response was to start a VBI Faculty DEI Committee. When I started 

planning and hosting DEI events, Doug was one of the few faculty that showed up. When I had 



 v 

 

my daughter and was unable to find childcare for months, Doug coordinated the lab so that I 

could continue my research uninterrupted. I think Doug says and does exceptional things that, to 

him, are obvious parts of being a mentor. In every encounter, Doug would say the most 

supportive things in such a matter-of-fact way that it was sometimes jarring to have someone so 

sincerely believe in you. I don’t think I’ll ever have the words to truly capture what Doug’s 

mentorship has meant to me, and I cannot ever thank him enough. 

 I would also like to thank members of my committee, Dr. Erin Calipari, Dr. Sachin Patel, 

and Dr. Ron Emeson. I deeply appreciate your guidance and support throughout my graduate 

career. I would like to especially thank my committee chair, Dr. Erin Calipari. Erin is a fierce 

supporter, and I have never felt more confident than when I leave from a meeting in her office. 

Not only does she challenge my science for the better, but she challenges me to see my own 

worth. I am deeply thankful for her lifting me up and teaching me how to take up space even if I 

feel small.  

Thank you to Dr. Carrie Grueter, who has truly helped shape who I am today. Thank you 

for your dedication to pushing us all to not only see how we can improve as scientists and as lab 

citizens, but for pushing us to see our full potential as human beings. I will always cherish our 

candid conversations about what it means to be a mother in STEM. Thank you for setting such 

high expectations and cheering me on every step of the way.  

Thank you to members of the Grueter and McMahon labs for tolerating me. To Grueter 

and McMahon lab members past and present: Dr. Nick Smith, Dr. Ben Coleman, Dr. Kevin 

Manz, Anne Taylor, Dr. Brandon Turner, Dr. Daniel Kashima, Jenn Becker, Veronika Kondev, 

Dr. Nathan Winters, Niharika Loomba, Jose Zepeda, Jordan Washecheck, Dr. Manuel Giannoni-

Guzman, Oliva Cox, Dr. Justin Siemann, Dr. Michael Tackenberg, Dr. Suil Kim, and last but not 



 vi 

 

least, Katherine Moore. Thank you, Nick, Ben and Kevin for making the rig room fun even when 

ephys was not, answering my endless questions, and not judging me for the amount of hospital 

cafeteria food I ate. Thank you to Manuel, Olivia, and Suil for the cumulative months of 

diligently taking care of my mouse colony when I couldn’t. Thank you Anne and Veronika for 

keeping me sane in lab.  

 I’d also like to thank Vanderbilt’s Interdisciplinary Graduate Program (IGP), the 

Biomedical Research Education and Training Office, the Neuroscience Graduate Program, the 

Vanderbilt Brain Institute, the Vanderbilt University Medical Center Anesthesiology 

Department, the ASPIRE Career Development Office, the Vanderbilt Center for Addiction 

Research, and the Vanderbilt Murine Neurobehavioral Core. I’d also like to thank the past and 

present staff of the IGP, Vanderbilt Brain Institute, and the Anesthesiology Department: Dr. Beth 

Bowman, Carolyn Berry, Roz Johnson, Pammy Doss, Darlene Pope, Beth Simms, Kirstie Lee, 

and Misty Ball. Thank you all for your guidance, support, and encouragement. And for fielding 

last minute requests with such grace. 

 Of course, I’d like to thank my friends and family for all the love and support that made 

any of this possible. Thank you, mom, truly for everything. Thank you, dad, for teaching me the 

power of writing and the value of pursuing knowledge. Thank you, Tristan, for being by my side 

all these years. Thank you, Nana and Papa, for your love and support and teaching me to be 

curious about the world. Thank you, Aachann and Ojichann, for putting my education above all 

else, for the best memories of my childhood, and inspiring me to be the best I can be. And thank 

you to the amazing women I’ve met at Vanderbilt who are now lifelong friends—Anne Taylor, 

Tiffany Richardson, Veronika Kondev, and Dr. Sarah Naguib. Your friendship has meant the 

world. 



 vii 

 

 Lastly, I’d like to thank my own little family. To my husband David, for being my partner, 

my best friend, and everything I’ve ever needed. Thank you for everything you’ve done to 

support my career and every dream I’ve had. For driving up to Nashville nearly every week for 

months to speak directly with Vanderbilt faculty so that we could go to graduate school together. 

Moving to Nashville with me. For being the best father to our daughter. For taking Lily on day-

long adventures across Nashville so I can write. For keeping me alive with snacks when I have 

deadlines. For showing me what it means to love unconditionally. And to Lily… being your 

mom is the best thing I’ll ever be. You’ve taught me more than I could ever say and I don’t know 

how we ever lived without you. Thank you for bringing a light to my life that only ever shines 

brighter.  

 



 viii 

 

TABLE OF CONTENTS  

DEDICATION……………………………………………………………………………………iii 

ACKNOWLEDGEMENTS………………………………………………………………………iv 

LIST OF FIGURES……………………………………………..…………………………..….…x 

Chapter 1 Introduction ...................................................................................................................... 1 

Seasons and Photoperiodism ........................................................................................................... 2 

The Astronomy of Seasons and Photoperiod ............................................................................. 2 

Neuropsychiatric Photoperiodism ............................................................................................... 4 

Circadian Rhythms ....................................................................................................................... 5 

Circadian Visual Pathway ............................................................................................................ 6 

Melatonin ...................................................................................................................................... 9 

The Dopaminergic System ............................................................................................................. 10 

The Nucleus Accumbens ........................................................................................................... 13 

Function and Structure ........................................................................................................... 13 

NAc Dopamine at the Synapse .............................................................................................. 15 

Release ................................................................................................................................ 15 

Dopamine Signaling at the Synapse ................................................................................. 17 

Clearance and Degradation................................................................................................ 18 

NAc Dopamine and Behavior ............................................................................................... 21 

Motivated Behaviors .......................................................................................................... 21 

Affective Behaviors ........................................................................................................... 26 

Age- and Sex-Differences in NAc Dopamine .......................................................................... 27 

NAc Dopamine in Adolescence ............................................................................................ 27 

Sex Differences in NAc Dopamine ....................................................................................... 28 

The Serotonergic System ................................................................................................................ 30 

Regulation of Serotonin Signaling in the NAc ......................................................................... 32 

NAc Serotonin and Behavior ..................................................................................................... 33 

Photoperiod Effects on the Serotonin and Dopamine Systems .................................................... 34 

Overarching Goals ......................................................................................................................... 37 

Chapter 2 Materials and Methods ................................................................................................. 37 

Animals and Housing ..................................................................................................................... 38 

Fast-Scan Cyclic Voltammetry ...................................................................................................... 38 

Monoamine Analysis ...................................................................................................................... 40 



 ix 

 

Behavioral Testing.......................................................................................................................... 41 

Statistical Analysis.......................................................................................................................... 41 

Chapter 3 Photoperiod Impacts Nucleus Accumbens Dopamine Dynamics .......................... 43 

Abstract ........................................................................................................................................... 43 

Introduction..................................................................................................................................... 44 

Results ............................................................................................................................................. 46 

Discussion ....................................................................................................................................... 53 

Chapter 4 Age-Dependent and Sex-Dependent Effects of Photoperiod on Nucleus 

Accumbens Dopamine Dynamics in Adolescent and Adult Mice ............................................. 60 

Abstract ........................................................................................................................................... 60 

Introduction..................................................................................................................................... 61 

Results ............................................................................................................................................. 62 

Discussion ....................................................................................................................................... 72 

Chapter 5 Sex-Specific Effects of Photoperiod on Nucleus Accumbens Dopamine 

Transporter Function and Psychostimulant Behavior ............................................................... 75 

Abstract ........................................................................................................................................... 75 

Introduction..................................................................................................................................... 76 

Results ............................................................................................................................................. 78 

Discussion ....................................................................................................................................... 89 

Chapter 6 Discussion ........................................................................................................................ 95 

Overview ......................................................................................................................................... 95 

Photoperiod Effects on NAc Synaptic Dopamine Dynamics ....................................................... 97 

Photoperiod Effects on Behavior ................................................................................................. 104 

Future Directions and Other Considerations ............................................................................. 108 

Insights and Implications for Sex-Linked Seasonality of Neuropsychiatric Disorders ........... 113 

Concluding Remarks .................................................................................................................... 114 

 

 



 x 

 

LIST OF FIGURES 

Figure 1. Astronomy of Photoperiod…………………………………………………………….3 

 

Figure 2. Circadian Visual Inputs to the Mesolimbic Dopamine System……………………….8 

 

Figure 3. Dopaminergic Pathways in the Brain…………………………………………………12 

 

Figure 4. Synaptic Regulation of NAc Dopamine………………………………………………20  

 

Figure 5. Sex Differences and Estrous Cycle Phase Regulation of the NAc Dopamine 

Synapse………………………………………………………………………………………….29 

 

Figure 6. Serotonin Pathways in the Brain………………………………………………………31 

 

Figure 7. Long Photoperiod Increases Evoked Dopamine Release in the NAc Core…………...46 

 

Figure 8. Effects of Long Photoperiod on NAc Core Dopamine Release and Uptake Rate are 

Female-Specific………………………………………………………………………………….49 

 

Figure 9. Dopamine Release and Uptake in the NAc Core of Long Photoperiod Female Mice Are 

More Sensitive to DAT Inhibition by GBR 12783…………………………………………...…51 

 

Figure 10. Serotonin and Dopamine Content in the NAc is Elevated by Short Winter-like 

Photoperiod in an Age-Dependent Manner……………………………………………………..63 

 

Figure 11. Synaptic Dopamine Release and Clearance in the NAc Are Increased by Long 

Summer-like Photoperiod in an Age-Dependent Manner………………………………………66 

 

Figure 12. Photoperiod Effects on NAc Dopamine Tissue Content and Release Are  

Sex-Dependent………………………………………………………………………………….68 

 

Figure 13. Photoperiod Impacts on Synaptic Dopamine Clearance Are Age-Dependent but Not 

Sex-Specific……………………………………………………………………………………..70 

 

Figure 14. Short, Winter-Like Photoperiod Blunts Locomotor Response to Cocaine in Female 

Mice……………………………………………………………………………………………..80 

 

Figure 15. Female Mice Raised In Long, Summer-Like Photoperiod Show Enhanced Sensitivity 

To Cocaine In The Nac Core……………………………………………………………………82 

 

Figure 16. Photoperiod Differentially Influences Locomotor Response To Amphetamine In 

Males And Females……………………………………………………………………………..85 

 

Figure 17. Female Mice Raised In Long, Summer-Like Photoperiod Show Enhanced Sensitivity 

To Amphetamine In The Nac Core……………………………………………………………..87 



 xi 

 

 

Figure 18. Photoperiod Impacts Baseline Thigmotaxis and Locomotor Activity in Female Mice 

…………………………………………………………………………………………………91 

 

Figure 19. Normalized Locomotor Response to Cocaine……………………………………..92 

 

Figure 20. Normalized Locomotor Reponse to Amphetamine………………………………..93 

 

Figure 21. Summary Figure…………………………………………………………………..113 

 

 

 



 1 

 

Chapter 1 Introduction 
 

Day length, or photoperiod, is defined by the same the astronomical properties that 

produce seasons on Earth. As such, photoperiod is the most pervasive, reliable, and accurate 

environmental signal that indicates the time of year and is the principal environmental signal that 

drives photoperiodism, the aptly named phenomenon of seasonal biological processes. 

Humans experience photoperiodism in neuropsychiatric disorders, typically where 

symptoms are more prevalent and severe during winter months (Schlager et al., 1993; 

Magnusson, 2003; Oyane et al., 2008; Geoffroy et al., 2014; Morales-Muñoz et al., 2017; 

Øverland et al., 2019; Vogel et al., 2019; Zhang et al., 2021). This phenomenon, which I have 

termed ‘neuropsychiatric photoperiodism,’ is a compelling example of the influence that 

photoperiod has on human physiology and behavior. We are still just beginning to understand the 

neural mechanisms of neuropsychiatric photoperiodism, with evidence suggesting that 

photoperiod may impact affective behaviors by way of the serotonin and dopamine systems 

(Neumeister et al., 2001; Praschak-Rieder and Willeit, 2012; McMahon et al., 2016). However, 

there is still much to be explored regarding how photoperiod impacts central serotonin and 

dopamine in a normal functioning system, as many studies have focused on the role of 

photoperiod in certain disease states. It also remains unclear whether there are interactions 

between photoperiod, sex, and age that may contribute to possible differential effects of 

photoperiod in males and females across the lifespan. Here I will establish a basis for assessing 

whether photoperiod, sex, and age interact to influence the serotonin and dopamine systems and 

behavior with the ultimate goal of better understanding the neural underpinnings of 

neuropsychiatric photoperiodism. 
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Seasons and Photoperiodism 
 

The Astronomy of Seasons and Photoperiod 

The tilt of the Earth’s axis is responsible for the changing seasons at temperate latitudes 

throughout the year (Wittmann, 1979; Khavrus and Shelevytsky, 2010, 2012; Thomas, 2022). 

Our modern understanding of seasons stems from several monumental discoveries in astronomy 

over thousands of years. The tilt of the Earth’s axis was measured as early as 1100 BC by Chou 

Li (Wittmann, 1979). Records show that over the next several centuries, other scholars around 

the world repeated Li’s observation that the Earth’s tilt measured roughly 23 degrees (Wittmann, 

1979). In the 3rd century BC, Aristarchus of Samos proposed that the Earth rotated around its 

axis and was the first to propose heliocentrism (Heath, 1913). At the time, Aristarchus’ idea did 

not take hold and the geocentric model described by Ptolemy (Ptolemy and Toomer, 1984) and 

Aristotle (Aristotle and Stocks, 1922) reigned. It would not be until the 16th century, when 

Nicolaus Copernicus published, “De revolutionibus orbium coelestium” that heliocentrism 

would replace the Ptolemaic view through the Copernican Revolution (Copernici, 1543).  

These combined astronomical discoveries (that the Earth revolves around the Sun once a 

year while rotating on a tilted axis) establishes the modern view of how seasons come about in 

temperate regions (Figure 1). Each season is marked by a variety of environmental changes, such 

as rates of precipitation, temperature, and photoperiod (Dai, 2001; Khavrus and Shelevytsky, 

2010, 2012; Thomas, 2022). Of these seasonal changes, day length, or photoperiod, is the most 

reliable environmental signal that accurately indicates the time of year (Thomas, 2022). Unlike 

weather patterns and temperature fluctuations that can be influenced by a multitude of 

environmental factors, photoperiod is a direct product of astronomical physics that inextricably 

links it to the seasons (Khavrus and Shelevytsky, 2010, 2012; Thomas, 2022). 
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Figure 1. Astronomy of Photoperiod: A) The Earth is shown tilted on its axis, with the lighter 

half depicting illumination by the sun denoting day, while the darker half depicts the shadow cast 

by Earth denoting night. In this depiction it is winter in the Northern hemisphere, and summer in 

the Southern hemisphere. The translucent white bands depict the regions on Earth that are not 

within the temperate zones. B) The Earth has been rotated to be upright on its axis, 

demonstrating how its tilt simultaneously confers seasons and photoperiod. The blue (winter) 

and orange (summer) lines demonstrate the difference in photoperiod between the hemispheres 

experiencing opposite seasons.  
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Neuropsychiatric Photoperiodism 

Photoperiodism describes the phenomenon where seasonal changes in photoperiod 

trigger biological processes that usually promote survival through some form of adaptation. 

Deciduous trees display gorgeous fall colors as they shed their leaves to conserve energy in 

anticipation of winter (Lüttge and Hertel, 2009). The arctic hare’s fur turns from brown to stark 

white to adapt its camouflage to the winter snow cover (Angerbjorn and Flux, 1995). Chipmunks 

hibernate to conserve energy through harsh winter, and emerge to mate and have offspring 

throughout the warmer, more plentiful months (Braun et al., 2011). There are countless other 

examples of photoperiodism found in other organisms on Earth, including humans. 

Neuropsychiatric photoperiodism is the seasonal fluctuation in mood and affective behaviors 

seen in humans, and has been observed in Major Depressive Disorder (MDD) (Magnusson, 

2003; Oyane et al., 2008; Øverland et al., 2019), Bipolar Disorder (BD) (Choi et al., 2011; Kim 

et al., 2011; Geoffroy et al., 2014; McCarty et al., 2021), Substance Use Disorder (SUD) (Sher, 

2004; Morales-Muñoz et al., 2017), Attention Deficit Hyperactivity Disorder (ADHD) 

(Wynchank et al., 2016), and anxiety disorders (Oyane et al., 2008; Zhang et al., 2021). Multiple 

studies have found that the prevalence of neuropsychiatric photoperiodism increases at higher 

latitudes, where seasonal changes in photoperiod are more pronounced (Rosen et al., 1990). 

While the exact mechanisms underlying neuropsychiatric photoperiodism are still unclear, 

converging evidence suggests that photoperiod impacts affective behaviors through its influence 

on the dopamine and serotonin systems (Neumeister et al., 2001; Praschak-Rieder et al., 2008; 

Praschak-Rieder and Willeit, 2012; Siemann et al., 2021). A more thorough overview of 

photoperiod’s effect on the serotonin and dopamine systems is provided in last section of the 

introduction.   
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Circadian Rhythms 

 In the context of the present work it should be emphasized that photoperiodism, although 

informed by circadian light information, is distinct from circadian rhythmicity. Biological 

circadian rhythms can oscillate autonomously through the transcription-translation feedback loop 

(TTFL) (Pittendrigh, 1967; Panda et al., 2002; Hurley et al., 2016) which forms the molecular 

clock. The TTFL consists of a core loop as well as a stabilizing loop. In the positive arm of the 

core loop, the transcription factors CLOCK and BMAL1 heterodimerize to drive the expression 

of multiple clock genes both in the core and stabilizing loops of the TTFL (Panda et al., 2002; 

Hurley et al., 2016). The expression of clock genes in the negative arm of the core loop, Period 

(Per1, Per2, and Per3) and Cryptochrome (Cry1 and Cry2), is driven by CLOCK/BMAL1. PER 

and CRY then heterodimerize to inhibit the CLOCK/BMAL1 complex, effectively inhibiting 

their own transcription. The stabilizing loop of the TTFL involves CLOCK/BMAL1 driving the 

expression of Rev-erb and Rora. These nuclear receptors, REV-ERBα and RORα, then regulate 

the expression of Bmal1 (Panda et al., 2002; Hurley et al., 2016). What is crucially important 

about the TTFL is that it runs on a near 24-hour period. The temporal dynamics of post-

translational modifications, intracellular trafficking and complex formation produce a delay in 

transcriptional suppression by the negative arm. Further, the positive arm of the TTFL cannot 

begin until suppressive proteins are cleared from the nucleus (Panda et al., 2002; Hurley et al., 

2016). Taken together, the time constants for these combined mechanisms regulating the TTFL 

produce a near 24-hour period.  

Originally described in 1729 by Jean-Jacques d’Ortous de Mairan, circadian rhythms in 

plants were found to occur in the absence of light, suggesting the existence of endogenous 

circadian rhythms and a biological clock (de Mairan, 1729). Indeed, mice raised in complete 
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darkness are still capable of showing daily rhythms in their behavioral activity (Pittendrigh, 

1967). While light is not necessary for circadian rhythmicity, it is incredibly important to 

synchronize endogenous circadian rhythms to the local environment (Tackenberg and McMahon, 

2018). One example of the importance of this synchronization is jet-lag, where traveling across 

time zones can cause disruptions in sleep and mood among other physiological processes due to 

circadian after-effects where biological rhythms are out-of-sync with the local environment 

(Sack, 2009). This is not to say that photoperiod and circadian rhythms are unrelated, as our own 

group has shown that photoperiod impacts and can even program the central circadian clock 

(Ciarleglio et al., 2011; Tackenberg and McMahon, 2018; Tackenberg et al., 2020; Kim and 

McMahon, 2021). Simply put, we did not assess any form of rhythmicity within these studies 

and instead have focused our efforts on understanding how photoperiod, a specific type of 

seasonally-relevant circadian light information, impacts the serotonin and dopamine systems and 

behavior. How circadian rhythms might be involved in this work is discussed in Chapter 6.  

Circadian Visual Pathway 

In order to discuss any effects photoperiod may have on the serotonin and dopamine 

systems, we must first introduce how circadian light information enters the brain. Light enters 

through the eye and is detected by photosensitive cells in the retina. These include rods and 

cones, which are the main photosensitive cells responsible for image forming vision (Bowmaker 

and Dartnall, 1980). There are also specialized intrinsically photosensitive retinal ganglion cells 

(ipRGCs) that contain the photopigment melanopsin (Provencio et al., 2000; Panda et al., 2003). 

These ipRGCs are thought to be important for encoding circadian light information, such as 

photoperiod, rather than image forming vision (Panda et al., 2003). Indeed, mice lacking rods 

and cones are blind despite their ipRGCs being intact (Panda et al., 2003), indicating that 
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ipRGCs do not contribute to image forming vision. Animals that had ipRGCs knocked out and 

had intact rods and cones were able to photoentrain, suggesting that rods and cones are able to 

operate in this capacity. However, when rods, cones, and ipRGCs were knocked out, animals 

were unable to photoentrain and displayed free-running circadian rhythms regardless of light 

input (Panda et al., 2003). Research has since further identified different subtypes of ipRGCs that 

are involved not only in circadian rhythms but also in higher order processes including mood 

regulation (Schmidt et al., 2011; Ospri et al., 2017; Weil et al., 2022).  

Light information is sent down the retinohypothalamic tract via glutamatergic projections 

from the ipRGCs to a region within the hypothalamus called the suprachiasmatic nucleus (SCN) 

(Hattar et al., 2006). The SCN is known as the central circadian pacemaker and governs the 

expression of circadian behaviors and synchronizes peripheral clocks throughout the body 

(Patton and Hastings, 2018). While direct output projections from the SCN are sparse and mostly 

localized to hypothalamic regions, there is evidence that the SCN has indirect projections to 

critical neuromodulatory regions within the brain’s reward circuit, including the DRN 

(Deurveilher and Semba, 2005) and the VTA (Deurveilher and Semba, 2005; Luo and Aston-

Jones, 2009). There is even evidence of direct projections from ipRGCs in the retina to the 

perihabenula that bypasses the SCN, and that this projection was associated with changes in 

mood (Weil et al., 2022). Furthermore, neurons within the perihabenula that received ipRGC 

input were found to project to both the VTA and the NAc (Weil et al., 2022), suggesting the 

possibility that this indirect connection could be involved in the circadian regulation of affective 

states. 
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Figure 2. Circadian Visual Inputs to the Mesolimbic Dopamine System: Melanopsin RGCs 

send glutamatergic projections to the SCN. The SCN has indirect projections to the DRN, which 

innervates the NAc and VTA with serotonergic fibers. The VTA innervates the NAc with 

dopaminergic projections. 
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Melatonin 

Melatonin is a hormone that is released from the pineal gland at the onset of darkness and 

is inhibited by the onset of light, effectively encoding photoperiod, and is considered a key 

biological signal through which seasonal light information is transduced (Ebihara et al., 1986; 

Brzezinski, 1997; Hardeland et al., 2006; Tordjman et al., 2017; Foster, 2021). Melatonin acts on 

the melatonin MT1 and MT2 receptors, which are both Gi coupled GPCRs. The MT1 receptor is 

expressed in the retina, SCN, thalamus, cerebellum, cortex, amygdala, hippocampus, SN, DRN, 

and the NAc. MT2 receptors are expressed primarily in the retina, but can also be found in the 

hippocampus, cortex, paraventricular nucleus (PVN), cerebellum and the DRN (Brzezinski, 

1997; Hardeland et al., 2006; Tordjman et al., 2017).  

If circadian rhythms produced by the SCN are endogenous and regulation by light occurs 

through direct projections from the retina, how does melatonin fit into the picture? As previously 

mentioned, melatonin production increases at the onset of darkness and decreases at the onset of 

light. As humans are diurnal organisms, it is logical to posit that melatonin regulates sleep-wake 

cycles. Indeed, ingestion of melatonin causes sleepiness, increased sleep duration, and reduced 

sleep latency in humans (Brzezinski, 1997; Tordjman et al., 2017). However, the timing of 

melatonin production is the same in nocturnal animals, where melatonin production is at its peak 

when animals are active . Thus, melatonin cannot be characterized as a “sleep hormone.” Studies 

have shown that melatonin acts as both an input and output of the central clock (Foster, 2021). 

Briefly, melatonin has been shown to aid in synchronization of (1) internal peripheral clocks 

across the brain and body, acting as an output of the central clock, and (2) SCN rhythms to the 

external environment, acting as an input to the central clock. However, it is important to note that 

melatonin is not necessary for either of these processes, and individuals who do not produce 
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melatonin still exhibit normal sleep-wake rhythms (Foster, 2021). Thus, with what is currently 

known, melatonin seems to play a supportive role in regulating circadian rhythms.  

In contrast, there is a strong body of evidence that melatonin is critical in the regulation 

of seasonal behaviors (Arendt et al., 1988; Foster et al., 1988; Ebling and Foster, 1989). Indeed, 

melatonin is highly involved and necessary for seasonal biological processes such as 

reproduction. Surgical denervation of the pineal gland in lambs, thus abolishing endogenous 

melatonin signaling, delays and even prevents puberty from occurring altogether, rendering 

females anovulatory (Foster et al., 1988). Notably, (Green et al., 2015) showed that 

photoperiodic influence of affective behaviors in mice depends on melatonin signaling through 

the melatonin MT1 receptor. This is a key finding that supports the notion that melatonin might 

play an important role in the expression of neuropsychiatric photoperiodism.  

The commonly used C57/BL6J strain (C57), does not produce physiological levels of 

endogenous melatonin due to genetic mutations in the melatonin synthesis pathway (Ebihara et 

al., 1986; Goto et al., 1989). The only commonly used lab strain of mice that produce 

physiological levels of melatonin is the C3H strain (Goto et al., 1989). This strain is homozygous 

for a mutation in the rd gene that results in rod/cone degeneration rendering them visually 

impaired (Tosini and Menaker, 1998) but because they retain their circadian photosensitive 

ganglion cells they still entrain to circadian photoperiods (Panda et al., 2003). The C3Hf+/+ 

strain has had the retinal degeneration mutation bred out so that mice retain normal vision for 

behavioral experiments, are sensitive to photoperiodic light information, and are melatonin 

competent.  

The Dopaminergic System 
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Within the central nervous system, dopamine (3-hydroxytyramine) is a monoaminergic 

neurotransmitter produced in neuron populations within the substantial nigra (SN), the ventral 

tegmental area (VTA), and to a much lesser degree the hypothalamus(Moore and Bloom, 1978)). 

The synthesis of dopamine from the amino acid, tyrosine, occurs within axon terminals in a two-

step reaction catalyzed by tyrosine hydroxylase (TH) and L-amino acid decarboxylase (AADC). 

First, TH converts tyrosine to L-DOPA (L-3,4-dihydroxyphenylalanine), then AADC converts 

L-DOPA to dopamine (Peter Holtz, 1937; Daubner et al., 2011).   

There are several dopaminergic pathways within the brain originating from the SN, VTA, 

and hypothalamus. The nigrostriatal pathway consists of dopamine neurons in the SN projecting 

to the dorsal striatum (DL) and is important for coordinating motor activity (Yager et al., 2015). 

Dopamine neurons in the VTA project to the prefrontal cortex (PFC) forming the mesocortical 

pathway, as well as the ventral striatum, bed nucleus of the stria terminalis (BNST), and 

amygdala, forming the mesolimbic pathway. The combined VTA projections from each of these 

pathways is also referred to as the mesocorticolimbic pathway. The dopaminergic pathways 

originating from the VTA are highly implicated in evaluation of positive and negative reinforcers 

and incentive salience (Hyman et al., 2006; Faure et al., 2008; Turner et al., 2018; Kutlu et al., 

2021, 2022). Lastly, the tuberoinfundibular pathway consists of hypothalamic dopamine neurons 

projecting to the pituitary and is involved in regulation of hormone secretion (Gudelskyt, 1981; 

Lyons et al., 2012).  
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Figure 3. Dopaminergic Pathways in the Brain: Dopaminergic cell bodies reside in the SN, 

VTA, and the hypothalamus. The nigrostriatal pathway consists of SN projections to the dorsal 

and ventral striatum. The mesocorticolimbic pathway consists of VTA projections to the PFC, 

NAc, BLA, and BNST. The tuberoinfundibular pathway consists of hypothalamic projections to 

the pituitary.  
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The Nucleus Accumbens 

Within the mesolimbic dopamine pathway, a specific region of the ventral striatum called 

the nucleus accumbens (NAc) has been heavily studied in the context of reward (Hyman et al., 

2006; Grueter et al., 2012b; Joffe et al., 2014; Floresco, 2015; Salgado and Kaplitt, 2015; 

Klawonn and Malenka, 2018; Turner et al., 2018). In the seminal work by (Olds and Milner, 

1954), stimulating electrodes were implanted in rats along the medial forebrain bundle, where 

electrical stimulation of this tract is now known to release dopamine into the NAc. Electrical 

stimulation was triggered by pressing a lever within the rat’s cage, and rats robustly self-

administered for stimulation and displayed a responding profile similar to those seen with other 

primary rewards. Thus, (Olds and Milner, 1954) had identified regions in the brain that signal 

hedonic value and promote motivated behavior. 

Function and Structure 

Our understanding of overall NAc function owes heavily to studies related to dopamine. 

However, NAc function and NAc dopamine function are not synonymous, and the specific role 

the NAc should be delineated. The NAc is often described as the brain’s “reward center” where 

hedonic evaluation occurs, although studies have demonstrated that the NAc plays a role in a 

broad array of behaviors including locomotion, feeding behavior, sexual motivation, impulsivity, 

associative learning, instrumental responding, and motivated behaviors (Klein et al., 2019). The 

outdated view of the NAc as a “reward center” not only fails to capture the extensive behavioral 

functions of the NAc, but also oversimplifies its role specifically in motivated behaviors 

(Floresco, 2015). The term ‘motivated behaviors’ has been and will be used throughout the body 

of this work, and does not refer solely to the approach behaviors involved in seeking and 

obtaining positive reinforcers or the willingness to do so (as “reward center” would suggest). 

Instead, this term describes behaviors with a certain motive that is appropriate given the context 



 14 

 

in which the organism finds itself. Therefore, motivated behavior is essentially any deliberative 

behavior, including approach and avoidance behaviors both to positive and negative valence 

reinforcers (Beeler et al., 2012; Oleson et al., 2012; Stults-Kolehmainen et al., 2020). NAc 

involvement in motivated behaviors is described in more detail in the section “NAc Dopamine in 

Behavior.” 

Nearly 95% of the total neuronal population in the NAc consists of the main output 

neurons, which are medium spiny neurons (MSNs) that express the inhibitory neurotransmitter, 

gamma aminobutyric acid (GABA) (Salgado and Kaplitt, 2015). There are two populations of 

MSNs in the NAc, defined by whether they express the dopamine D1 receptor (D1) or the 

dopamine D2 receptor (D2). D1 is a Gsα coupled G-protein coupled receptor (GPCR) that 

effectively enhances neuronal activity, while D2 is a Gi coupled GPCR that effectively inhibits 

neuronal activity (Gilman, 1987). D1 and D2 MSNs exhibit distinct morphological, molecular, 

and electrophysiological profiles that confer dichotomous functions of these cell types (Grueter 

et al., 2012a; Francis et al., 2015; Calipari et al., 2016; Francis and Lobo, 2017; Al-muhtasib et 

al., 2018; Turner et al., 2018). The resting membrane potential of NAc MSNs is around -85 mV, 

making them quiescent cells that do not spontaneously generate action potentials and require 

excitatory drive to fire (Al-muhtasib et al., 2018). The other 5% of neurons in the NAc is made 

up of several distinct types of interneurons that form microcircuit elements critical for processing 

inputs to and orchestrating output from the NAc (Salgado and Kaplitt, 2015; Manz et al., 2019, 

2020; Schall et al., 2021). The cellular organization of the NAc exhibits a patch-matrix 

configuration, where patches show dense opioid receptor-binding sites, while the matrix shows 

high acetylcholinesterase activity and dense somatostatin fibers. This patch-matrix organization 

is consistent with other regions in the striatum (Salgado and Kaplitt, 2015). 
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The NAc receives multiple glutamatergic inputs from corticolimbic regions such as the 

basolateral amygdala (BLA), hippocampus, thalamus, and prefrontal cortex (PFC) (Floresco, 

2015; Salgado and Kaplitt, 2015; Turner et al., 2018). Neuromodulatory inputs to the NAc 

include dopamine from the VTA, serotonin from the dorsal raphe nucleus (DRN) and median 

raphe nucleus (MRN), norepinephrine (NE) from the locus coeruleus (LC), and histamine from 

the tuberomammillary nucleus (TMN) (Salgado and Kaplitt, 2015; Turner et al., 2018; Manz et 

al., 2021b, 2021a). With multiple glutamatergic and neuromodulatory inputs, it is no surprise that 

the NAc serves as a major hub of synaptic plasticity (Grueter et al., 2010, 2012a; Joffe et al., 

2017; Kashima and Grueter, 2017; Turner et al., 2018; Manz et al., 2019, 2020, 2021a, 2021b; 

Coleman et al., 2021; Smith et al., 2022b, 2022a). The NAc then projects primarily to the ventral 

pallidum, VTA, the hypothalamus, and the basal ganglia (Floresco, 2015; Salgado and Kaplitt, 

2015). In summary, inputs and outputs of the NAc consist mainly of limbic regions and basal 

ganglia regions that are key motor effector sites, respectively. This lead (Mogenson et al., 1980) 

to propose that the NAc is a ‘limbic-motor interface’ that allows animals to ‘bring motivation to 

action’—key phrases that have been widely adopted by those studying the NAc. To make an 

analogy of Mogenson’s terminology, the basal quiescent nature of the NAc essentially serves as 

a blank canvas for inputs to paint a composite picture that brings motivation to action: NAc 

microcircuit architecture is primed for glutamatergic and neuromodulatory inputs to lay brush 

strokes, guided and refined by synaptic plasticity, resulting in a continually changing portrait 

reflecting the behavior that will accomplish the animal’s motive. 

NAc Dopamine at the Synapse 

Release 

Dopamine in the NAc is tightly and dynamically regulated (Nolan et al., 2020). Once 

synthesized, dopamine is packaged into vesicles by the vesicular monoamine transporter 2 
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(VMAT2) (Erickson et al., 1992). Neuronal activity results in depolarization-induced calcium 

influx through voltage-gated calcium channels at VTA axon terminals and triggers vesicle fusion 

at the presynaptic membrane, causing dopamine to be released into the extra-synaptic space 

(Hodgkin and Huxley, 1952; Hodgkin and Keynes, 1957; Katz and Miledi, 1967). Vesicles 

containing dopamine are organized into the readily releasable pool, the recycling pool, and the 

reserve pool. Action potentials primarily elicit dopamine release from the readily releasable pool 

(Besson et al., 1969), and in situations of high demand vesicles can be recruited from the mobile 

recycling pool to be released as well (Yavich and Macdonald, 2000). The reserve pool makes up 

about 80-90% of the dopamine in the axon terminal, and mobilization of vesicles from the 

reserve pool to the readily releasable pool is regulated by synapsin proteins (Venton et al., 2006). 

Dopamine signals through volume transmission in the NAc, which is distinct from classical 

synaptic transmission in that dopamine can diffuse to signal at cells that are distant from the 

release site (Zoli et al., 1998; Vizi, 2000). 

Dopamine release is regulated both by VTA neuron activity and local mechanisms in the 

NAc. Dopamine neurons have two functionally distinct firing modes: low-frequency, 

spontaneous tonic firing and high-frequency, phasic burst firing (referred to as ‘tonic’ and 

‘phasic’ release) (Grace and Bunney, 1984; Ljungberg et al., 1992; Schultz, 1998, 2007; 

Robinson et al., 2002; Tsai et al., 2009; Zweifel et al., 2009; Cohen et al., 2012). It is generally 

thought that tonic release provides a spatially uniform, low concentration of dopamine tone, 

while phasic release results in much larger, spatially heterogeneous increases in dopamine 

concentration (Venton et al., 2003).  

Local regulation of dopamine release in the NAc occurs both homosynaptically and 

heterosynaptically. The D2 receptor is expressed on presynaptic dopamine terminals in the NAc, 
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where these homosynaptic autoreceptors provide negative feedback to decrease TH activity and 

inhibit dopamine release when extracellular dopamine levels are high (Palij et al., 1990; 

Kennedy et al., 1992; Benoit-Marand et al., 2001; Schmitz et al., 2002; Anzalone et al., 2012). 

The dopamine transporter (DAT) is also involved in the homosynaptic regulation of dopamine 

release. The main function of DAT is to transport dopamine back into the terminal after a release 

event (Giros et al., 1996; Jones et al., 1998; Chen and Reith, 2000), and enhanced DAT function 

has been shown to enhance dopamine release through recycling of transmitter (Egaña et al., 

2009; Condon et al., 2019). Heterosynaptic regulation of dopamine release includes signaling at 

metabotropic glutamate receptors (mGluR) (Sacaan et al., 1992; Zhang and Sulzer, 2003), 

GABA-B receptors (Pitman et al., 2014), kappa opioid receptors (KOR) (Britt and McGehee, 

2008) (Britt & McGehee 2008), and nicotinic acetylcholine receptors (nAChR) (Yorgason et al., 

2017; Brimblecombe et al., 2018; Stowe et al., 2022). Of these, regulation of dopamine release 

by acetylcholine (Ach) released from NAc cholinergic interneurons has been shown to be a 

major element of NAc dopamine transmission (Cachope et al., 2012; Threlfell et al., 2012; Lim 

et al., 2014; Kosillo et al., 2016; Shin et al., 2017; Yorgason et al., 2017; Brimblecombe et al., 

2018; Fennell et al., 2020; Stowe et al., 2022). Activation of nAChR depolarizes the dopamine 

terminal thus augmenting dopamine release. In fact, optogenetic excitation of striatal cholinergic 

interneurons can evoke local dopamine release, making cholinergic interneurons a powerful 

heterosynaptic regulator of NAc dopamine release (Brimblecombe et al., 2018).  

Dopamine Signaling at the Synapse 

While the function of dopamine in the NAc has been studied for nearly 50 years, 

surprisingly, much less is known regarding dopaminergic plasticity in the NAc and how it affects 

NAc output and behavior (Nicola et al., 2000a; Klawonn and Malenka, 2018). Once dopamine is 

released, it acts upon D1 and D2 receptors on MSNs. One simple view is that dopamine 
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simultaneously acts on D1 and D2 receptors on MSNs to increase D1 MSN output while 

decreasing D2 MSN output through canonical GPCR signaling mechanisms (Lobo and Nestler, 

2011). Indeed, acute cocaine administration, which increases the amount of dopamine in the 

NAc, has been shown to simultaneously increase D1 MSN activity and decrease D2 MSN 

activity (Calipari et al., 2016). There is also evidence that dopamine depresses both excitatory 

and inhibitory synaptic transmission in the NAc (Nicola and Malenka, 1997; Nicola et al., 

2000b), with reduction of lateral inhibition between MSNs contributing to this effect (Dobbs et 

al., 2016). In short, while there is some evidence for dopamine-mediated plasticity in the NAc, 

there is still no framework describing how dopamine modulates NAc activity underlying its 

known effects on behavior. 

Clearance and Degradation 

Simple diffusion, degradation, and uptake all contribute to clearing dopamine from the 

synaptic cleft. The primary method through which dopamine is cleared from the synapse in the 

NAc is uptake through DAT, which is a Na+/Cl- transporter that uses the Na+ concentration 

gradient across the neuronal membrane to transport dopamine from the extracellular space into 

the terminal (Cass et al., 1993; Giros and Caron, 1993). Uptake of dopamine through DAT 

shapes the spatiotemporal dynamics of synaptic dopamine, and as such changes in DAT 

expression or function can greatly influence dopamine signaling in the NAc as well as behavior 

(Cass et al., 1993; Gainetdinov et al., 1998; Rocha, 2003; Hall et al., 2009; Thomsen et al., 

2009a; Calipari et al., 2017) Expression of DAT at the plasma membrane is dynamically 

regulated. Post-translational modifications at the N and C termini of DAT can change both its 

function as well as its stability in the membrane (Hamilton et al., 2014; Cartier et al., 2015; 

Sweeney et al., 2017; Belovich et al., 2021). Several kinases such as protein kinase C (PKC), 

extracellular signal-regulated kinase 1/2 (ERK1/2), calmodulin kinase II (CaMKII), Akt, 
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phosphatidylinositol-3 kinase (PI3K) have all been implicated in DAT regulation (Carvelli et al., 

2002; Loder and Melikian, 2003; Morón et al., 2003; Fog et al., 2006; Wei et al., 2007; Foster et 

al., 2012; Hamilton et al., 2014; Cartier et al., 2015; Bermingham and Blakely, 2016; Belovich et 

al., 2021).  PKC phosphorylation of DAT results in decreased uptake rate and internalization of 

DAT (Loder and Melikian, 2003; Foster et al., 2012). Conversely, ERK1/2 phosphorylation at 

DAT can increase uptake rate and increase surface expression of DAT (Morón et al., 2003). 

PKC, CaMKII, Akt, and PI3K are all involved in amphetamine-mediated dopamine efflux, 

where dopamine transport by DAT is reversed (Fog et al., 2006; Wei et al., 2007; Foster and 

Vaughan, 2017). Importantly, PKC, ERK1/2, CaMKII, Akt, and PI3K are all also activity 

dependent kinases, suggesting rapid DAT regulation and trafficking in response to neuronal 

activity. Supporting this hypothesis, VTA dopamine neuron activity results in an upregulation of 

phosphorylated-ERK, which phosphorylates DAT at the threonine53 site (pT53-DAT) and in 

turn increases dopamine uptake as well as surface expression of DAT (Foster et al., 2012; 

Calipari et al., 2017). Such activity-dependent changes in DAT were also associated with robust 

changes in reward-related behavior as well (Calipari et al., 2017). The influence of DAT on 

behavior will be discussed further in the next section. 

Dopamine degradation also contributes to synaptic dopamine clearance, although this 

mechanism plays a much smaller role compared to DAT in the NAc (Nolan et al., 2020). The 

catabolic pathway of dopamine can take several separate pathways. When catabolized by 

monoamine oxidase A (MAOA) or monoamine oxidase B (MAOB), dopamine is converted to 

3,4-dihydroxyphenylacetic acid (DOPAC). Then, catel-O-methyltransferase (COMT) converts 

DOPAC to homovanillic acid (HVA). When catabolized by COMT, dopamine is converted to d 

3-methyltyrosine (3-MT), which can then be degraded to HVA by MAOA or MAOB (Cumming 
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et al., 1992; Bortolato et al., 2008; Schendzielorz et al., 2013). Dopamine can also be converted 

to norepinephrine by dopamine β-hydroxylase (DBH) (Joh and Hwang, 1987). 

 

 
 

Figure 4. Synaptic Regulation of NAc Dopamine: VTA dopamine axon terminal in the NAc 

and various homosynaptic and heterosynaptic regulation of synaptic dopamine dynamics.   
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NAc Dopamine and Behavior 

Motivated Behaviors  

Cumulative evidence has shown that NAc dopamine plays an integral role in instrumental 

responding and associative learning—two processes necessary for demonstrating anticipatory 

approach behaviors towards predicted rewards as well as anticipatory avoidance behaviors such 

as learned-fear (Romo and Schultz, 1990; Wightman et al., 2007; Oleson et al., 2012; Wassum et 

al., 2012, 2013; Collins et al., 2016; Wenzel et al., 2018). Through the course of instrumental 

action sequence tasks, dopamine signaling in the NAc initially occurs in response to reward 

acquisition, but as learning occurs in subsequent training sessions, dopamine increases to 

progressively distal cues predicting reward (Romo and Schultz, 1990; Collins et al., 2016). 

Several studies support that the rapid, transient shift from tonic to phasic firing in VTA 

dopamine neurons creates a signal-to-noise ratio of dopamine levels in the NAc thought to 

encode incentive salience of a cue (Wightman and Robinson, 2002; Tsai et al., 2009; Zweifel et 

al., 2009; Stowe et al., 2022) (Tsai 2009; Stowe 2022; zweifel 2009; robinson 2002). Recent data 

from Stowe et al. (2022) support this signal-to-noise theory, where increases in the tonic/phasic 

ratio of dopamine release in the NAc was correlated with increased sign-tracking behavior. Sign-

tracking is when approach behavior is directed toward reward-predictive cues, while goal-

tracking behavior is directed toward acquisition of the reward. Sign-tracking behavior has been 

found to be dependent on NAc dopamine activity, while goal-tracking behavior is not (Flagel et 

al., 2011; Clark et al., 2013). Dopamine has also been shown to play a role in avoidance 

behaviors, where accumbal dopamine release decreases in response to aversive stimuli 

(Mirenowicz and Schultz, 1996; Badrinarayan et al., 2012; Oleson et al., 2012; Wenzel et al., 

2018). However, work from Oleson et al. (2012) and Wenzel et al. (2018) found that while 

dopamine release decreases in response to aversive events, dopamine release actually increases 



 22 

 

in response to cues that predict those aversive events. In these studies, experimenters conditioned 

animals to lever press in response to a cue to avoid or escape foot shock. Phasic dopamine 

release increased in response to the cue, and was predictive of the animals’ punishment 

avoidance (Oleson et al., 2012; Wenzel et al., 2018).  Studies have also shown that neutral 

stimuli can also evoked NAc dopamine release. Using computational modeling to analyze NAc 

dopamine response to positive, negative, and neutral stimuli, Kutlu et al., 2021 found that NAc 

dopamine encodes the incentive salience of cues regardless of their valence. A follow up to this 

study by Kutlu et al., 2022 further determined a role for dopamine in latent inhibition, an 

associative learning property where previous exposure to a cue decreases associative learning to 

that cue.  Cumulatively, evidence suggests that NAc dopamine signals to the animal when some 

novel salient event occurs regardless of valence of the event or its outcome. The rise in dopamine 

in response to such an event habituates with repeated exposure or learning. This cycle repeats so 

that animals can not only identify cues that predict such events, but also continually update what 

these cues encode, thus promoting the animal’s ability to coordinate approach and avoidance 

behaviors.   

To efficiently enact motivated behaviors, an organism must not only be able to initiate 

approach and avoidance behaviors to perceived reward or threat, but must also be able to inhibit 

behaviors that would impede achieving those goals. Subregion-specific NAc involvement may 

contribute to these distinct aspects of coordinating motivated behavior. The NAc core is 

associated with initiating approach behavior, as evidenced by its involvement in instrumental 

responding (Romo and Schultz, 1990; Ljungberg et al., 1992; Wassum et al., 2013). The NAc 

shell is associated with inhibition or gating of unproductive behaviors (Floresco et al., 2008; 

Floresco, 2015; Smith et al., 2022b). For example, decreased NAc shell activity increases 
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inappropriate responding, such as perseverant instrumental responding despite absence of reward 

delivery, while effortful reward responding remains intact (Smith et al., 2022b). Unsurprisingly, 

dopamine input to the NAc core and shell is distinct, where dopaminergic input to the NAc core 

primarily comes from the SN, while the VTA predominantly projects to the NAc shell (Salgado 

and Kaplitt, 2015). It is possible that the subregion specific involvement of the NAc in these 

behaviors is mediated by the distinct dopaminergic input to these regions.  

Psychostimulants act to either inhibit or reverse DAT function, as well as serotonin 

transporter (SERT) and norepinephrine transporter (NET) function, and produce robust motor 

phenotypes where animals become hyperactive (van Rossum and Hurkmans, 1964; van Rossum, 

1970; Giros et al., 1996; Hall et al., 2009). These drugs also have rewarding properties, where 

animals show conditioned place preference to and will readily self-administer these 

psychostimulants (Ritz et al., 1966; Pickens and Harris, 1968; Calipari et al., 2014, 2017). In 

humans, dopamine receptor blockade attenuated the euphoria produced by intravenous 

amphetamine injection (Jonsson et al., 1971), and was also able to attenuate the reinforcing 

properties of amphetamine and cocaine in animals (Davis and Smith, 1975; Yokel and Wise, 

1975). Furthermore, several imaging studies in humans found that methylphenidate, 

amphetamine, and cocaine all increase brain dopamine levels (Volkow et al., 1999, 2009), 

suggesting that the increase in dopamine concentration due to inhibition of DAT was responsible 

for the effects of psychostimulants (Carboni et al., 1989; Ikemoto, 2002; dela Peña et al., 2015). 

DAT-knockout (KO) animals revealed dissociable effects of DAT on psychostimulant-

induced hyperlocomotion and the rewarding properties of psychostimulants (Giros et al., 1996; 

Hall et al., 2009). Several studies found that psychostimulants did not cause hyperlocomotion in 

DAT-KO animals, suggesting a major role for DAT in psychostimulant-induced 
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hyperlocomotion (Giros et al., 1996; Hall et al., 2009). Studies revealed that psychostimulant 

action on SERT and NET also impart reinforcing effects, and that animals lacking both DAT and 

SERT no longer form a place-preference for cocaine (Sora et al., 2001). Together these studies 

suggest that the rewarding properties of psychostimulants may depend on its combined action at 

DAT, SERT, and NET, while DAT is necessary for the locomotor effects of psychostimulants 

(Hall et al., 2004; dela Peña et al., 2015). Granted, these studies use whole-body constitutive KO 

animals, so it is possible there is molecular compensation that occurs through development that 

obscures the role of DAT. Indeed, several studies have demonstrated that DAT-KO animals 

exhibit compensatory changes to the monoamine system including decreased expression of TH, 

D1 and D2 receptors (Giros et al., 1996; Fauchey et al., 2000). To address such developmental 

compensatory mechanisms, (Chen et al., 2006) used a knock-in mouse where DAT was modified 

so that it could no longer bind cocaine, but otherwise had normal function. In these studies, 

cocaine did not increase locomotor activity, extracellular dopamine in the NAc, or produce 

conditioned place preference in mice that had the DAT mutation did not form conditioned place 

preference to cocaine, suggesting that DAT does, in fact, facilitate some aspect of the rewarding 

effects of cocaine Chen et al., 2006. As this study disrupted the leading notion of the role of 

DAT in reinforcement behavior, Thomsen et al., 2009 followed up with the same cocaine-

insensitive DAT knock-in model to show that not only did this mutation abolish the reinforcing 

effects of cocaine, but mice were still able to acquire reinforcement responding for natural 

rewards like food. Moreover, because cocaine and amphetamine have distinct binding sites on 

DAT (Wayment et al., 1998), the knock-in animals should respond normally to amphetamine. 

Indeed, amphetamine increased extracellular dopamine levels in the NAc, increased locomotor 

activity, and produced conditioned place preference in the knock-in mice (Thomsen 2009). 
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Together, these studies demonstrate that removing the ability for cocaine to bind to DAT 

abolishes its reinforcing effects in mice (Chen et al., 2006; Thomsen et al., 2009b). Taken 

together, these studies clearly demonstrate that the synaptic dopamine dynamics governed by 

DAT play an important role in psychostimulant behavior. 

Lastly, NAc dopamine involvement in motivated behaviors is strongly evidenced by 

SUDs. SUDs is a devastating disease in which persistent use of a substance continues despite 

ongoing substance-related negative consequences. The diagnostic criteria for SUDs as defined in 

the DSM-5 include behavioral and pharmacological criteria. Behavioral criteria include impaired 

control over substance use, unsuccessful attempts at stopping substance use and associated guilt, 

spending excessive amounts of time finding the substance or recovering from intoxication, 

craving the substance, social impairment, and risky use of the substance (Anon, 2013). All of the 

behavioral criteria for SUDs can be described as dysfunction in regulating motivated behaviors . 

Additionally, all of the drug classes recognized in SUDs (caffeine, tobacco, stimulants, alcohol, 

hallucinogens, opioids, inhalants, sedatives, cannabis, and other unclassified substances)(Anon, 

2013) ultimately result in increased dopamine release in the NAc, even though their mechanisms 

of action vary widely. While the etiology and pathophysiology of SUDs are not completely 

understood, it is widely accepted that rewarding substances essentially hijack the ability of the  

NAc to coordinate motivated behaviors and NAc dopamine’s role in incentive salience (Koob 

and Volkow, 2010; Russo et al., 2010; Russo and Nestler, 2013; Joffe et al., 2014). The synthetic 

substances involved in SUDs produce rewarding effects much greater than those of natural 

rewards, essentially conferring greater incentive salience to the synthetic rewards (Koob and 

Volkow, 2010). In summary, SUDs is a compelling testament to the power NAc dopamine holds 

over motivated behaviors. 
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Affective Behaviors  

Deficits in functional connectivity of the ventral striatum, including the NAc, were found 

to predict later development of depression in adolescents (Pan et al., 2017). This study not only 

shows that dysfunctional connectivity of the NAc is not simply a consequence of depression, but 

actually predates symptom manifestation and contributes to the pathophysiology of the disease 

(Pan et al., 2017). In fact, the same mechanism responsible for the rewarding effects of illicit 

drug use is impaired in patients with depression (Drevets et al., 2008; Tye et al., 2013; Bredt et 

al., 2015; Pan et al., 2017). A reduction in mesolimbic DA function, or decreased DA release to 

the NAc, is thought to contribute to anhedonia, amotivation, and psychomotor retardation in 

depressive disorders (Drevets et al., 2008; Tye et al., 2013; Bredt et al., 2015; Pan et al., 2017). 

There are mixed reports in the literature where striatal DAT availability has been found to be 

elevated (Laasonen-Balk et al., 1999; Amsterdam and Newberg, 2007; Zhang et al., 2008; Hsiao 

et al., 2013) as well as reduced (Anand et al., 2011; Camardese et al., 2014; Pizzagalli et al., 

2019; Moriya et al., 2020) in depressed patients. While the directionality of changes to DAT in 

depressed patients is still up for debate, it is clear that DAT is involved in the pathophysiology of 

depression. To this point, bupropion, which is a DAT and NET inhibitor, has shown clinical 

efficacy in treating depression in humans (Ascher et al., 1995; Jefferson et al., 2005), further 

implicating some role for DAT in the pathophysiology of depression. One study compared 

depressive-like behaviors of DAT-KO, SERT-KO, and NET-KO animals (Perona et al., 2008). 

Compared to both the SERT-KO and NET-KO animals, the DAT-KO animals showed a larger 

magnitude increase of depressive-like behaviors as measured by forced swim test (FST) and tail 

suspension test (TST), and also showed the greatest magnitude of anhedonia as measured by 

sucrose preference test (Perona et al., 2008).  
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Age- and Sex-Differences in NAc Dopamine 

NAc Dopamine in Adolescence 

The mesolimbic dopamine system has several critical prenatal and postnatal periods of 

development (van den Heuvel and Pasterkamp, 2008; Bissonette and Roesch, 2016; Reynolds 

and Flores, 2021a). Here, we will focus on how the mesolimbic dopamine system differs from 

adolescence to adulthood as our studies focus on these time points.  

Adolescence is a time marked by a notable peak in risk-taking and reward-seeking 

behaviors in humans, which involve the mesolimbic dopamine system (Galvan, 2010; 

Wahlstrom et al., 2010). There are known large-scale developmental changes in the brain during 

this time, such as decreasing gray matter thickness and increasing white matter volume in the 

PFC until adulthood (Blakemore, 2012; Paquola et al., 2019). Evidence suggests that cognitive 

tasks requiring the dopamine system gradually improve over adulthood (Wahlstrom et al., 2010; 

Luciana and Collins, 2012; Larsen and Luna, 2018). Accordingly, human studies using a proxy 

measure for dopamine have shown that dopamine levels in the striatum most likely increase 

throughout adolescence before stabilizing in adulthood (Larsen and Luna, 2018; Larsen et al., 

2020).  

 Rodent studies have supported this finding, where striatal dopamine signaling matures 

throughout adolescence with increases in TH expression, dopamine tissue content, and synaptic 

dopamine release until adulthood (Pardo et al., 1977; Giorgi et al., 1987; Stamford, 1989; 

Broaddus and Bennett, 1990; Rao et al., 1991; Jones et al., 1996; Naneix et al., 2012; Lieberman 

et al., 2018). Interestingly, a recent study demonstrated disparate effects of age in males and 

females where NAc dopamine release was enhanced in adolescent males, but reduced in 

adolescent females compared to adults (Pitts et al., 2020). Striatal dopamine receptor expression 

also undergoes significant change from adolescence to adulthood, where studies have shown that 
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D1 and D2 (Pardo et al., 1977; Hartley et al., 1983; Murrin and Zengt, 1986; Gelbard et al., 

1989; Rao et al., 1991; Schambra et al., 1994; Andersen et al., 1997)  receptors both seem to 

peak in adolescence before stabilizing to adult levels in rodents. Interestingly, this developmental 

effect is absent in female adolescent rodents, although there are no sex-differences in D2 

receptor expression in adulthood (Andersen et al., 1997). Taken together, it seems as though 

dopamine signaling generally becomes more robust through adolescence, with evidence that 

developmental trajectories differ across males and females. 

Sex Differences in NAc Dopamine 

Indeed, the developmental trajectory of the mesolimbic dopamine system is, in fact, 

heavily influenced by sex. Rodent studies have shown several instances of basal sex differences 

in the mesolimbic dopamine system, where adult females have both a higher proportion and 

higher number of dopamine neurons in the VTA compared to males (McArthur et al., 2007; 

Kritzer and Creutz, 2008), enhanced striatal DAT uptake (Walker et al., 2000), and increased 

VMAT2 activity (Dluzen and McDermott, 2008). There are several mechanisms through which 

sex differences can emerge (e.g. genetic influence by sex chromosomes in gestation, puberty, 

estrous cycle), and it is important to note that these composite mechanisms can establish basal 

sex differences that then sets the dynamic range of the response of this system to sex hormones 

later in life (Becker et al., 2005; Arnold and Chen, 2009; Becker, 2009; Becker and Chartoff, 

2019). Sex chromosomes, independent of gonadal phenotype, have been directly implicated in 

sex differences in the dopamine system (Carruth et al., 2002; Dewing et al., 2006), and have 

even been shown to play a role in regulating reward-related behavior (Barker et al., 2010). The 

peripubertal period is an important developmental timepoint influencing mesolimbic dopamine. 

Ovarian hormones strongly regulate NAc dopamine in females. Magnitude of dopamine release 

varies with estrous cycle (Xiao and Becker, 1994; Calipari et al., 2017) as does VTA dopamine 
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neuron activity (Zhang et al., 2008; Calipari et al., 2017), where both are elevated during the 

estrous phase. In fact, DAT activity and VMAT2 activity are also enhanced (Dluzen and 

McDermott, 2008) while D2 autoreceptor activity is decreased in estrus (Calipari et al., 2017). 

Moreover, exogenous administration of 17β-estradiol (E2) and progesterone to ovariectomized 

(OVX) females, mimicking endogenous hormone release in estrous, has been shown to rescue 

deficits in dopamine signaling in the striatum (Becker and Ramirez, 1981; Becker et al., 1984). 

The cumulative effects described here likely augment extracellular dopamine and dopamine 

release during estrous in females. 

 

Figure 5. Sex Differences and Estrous Cycle Phase Regulation of the NAc Dopamine 

Synapse: A) Female dopamine axon terminal in the NAc depicting greater dopamine release, 

DAT expression, and VMAT activity compared to males. B) Female dopamine axon terminal in 

the NAc during proestrus/estrus depicting greater dopamine release, enhanced DAT and VMAT 

uptake, and enhanced VTA neuron activity.    
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The Serotonergic System 
 

Serotonin (5-hydroxytryptamine) is another monoamine neurotransmitter that, in the 

central nervous system, is produced within the raphe nuclei of the brainstem (Hornung, 2003). 

Serotonin synthesis from the amino acid, tryptophan, occurs in axon terminals in a two-step 

reaction similar to dopamine synthesis. Tryptophan hydroxylase (TPH) converts tryptophan to L-

5-hydroxytryptophan, which is then converted to serotonin by aromatic L-amino acid 

decarboxylase (Udenfriend, 1959; Best et al., 2010). 

Seven raphe nuclei make up the brain’s serotonin system, and of these regions the dorsal 

raphe nucleus (DRN) is the major hub for neuronal serotonin synthesis (Hornung, 2003; Pollak 

Dorocic et al., 2014). Projection neurons from the DRN come in a variety of cell types. While 

two thirds of the neurons in the DRN express 5-HT and account for roughly 70% of the brain’s 

5-HT, there are also glutamatergic, GABAergic, dopaminergic, and dual 5-HT-glutamatergic 

projection neurons (Hornung, 2003; McDevitt et al., 2014; Luo et al., 2015). The DRN widely 

innervates the brain, including regions such as the PFC, BLA, hippocampus, VTA, and NAc, 

among other forebrain regions (Conrad et al., 1974; Hornung, 2003). 
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Figure 6. Serotonin Pathways in the Brain: The DRN sends both ascending and descending 

serotonin projections diffusely. Here we’ve depicted major ascending pathways of serotonin to 

key regions including the PFC, dorsal striatum, NAc, thalamus, BLA, hippocampus, and the 

VTA.  
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Serotonin Signaling in the NAc 

Serotonin is synthesized in axon terminals in the NAc and is packaged into vesicles by 

VMAT2 (Best et al., 2010). Neuronal activity results in depolarization-induced calcium influx 

through voltage-gated calcium channels at the axon terminal and triggers vesicle fusion at the 

presynaptic membrane, causing serotonin to be released into the extra-synaptic space (Hodgkin 

and Huxley, 1952; Hodgkin and Keynes, 1957; Katz and Miledi, 1967).  

Serotonin is then cleared from the synaptic space through simple diffusion, uptake, and 

degradation. Serotonin is rapidly taken back up into the terminal by SERT, which is similar to 

DAT in that it is a Na+/Cl- transporter that uses the Na+ concentration gradient across the 

neuronal membrane to transport serotonin from the extracellular space into the terminal, where it 

is repackaged into vesicles for future release (Sano et al., 1958; Schanberg and Giarman, 1960; 

Best et al., 2010). Catabolism of serotonin is mediated by MAOA, where serotonin is converted 

to 5-hydroxyindole acetylaldehyde which is then converted to 5-hydroxyindole acetic acid (5-

HIAA) by aldehyde dehydrogenase. Serotonin can also be degraded by serotonin-N-

acetyltransferase to N-acetylserotonin, which is converted to melatonin by hydroxyindole-O-

methyltransferase ((Udenfriend, 1959; Cumming et al., 1992; Best et al., 2010) 

Not much is known regarding serotonin mediated plasticity in the NAc. Most studies 

have focused on the action of 5-HT1B receptors, which are Gi coupled GPCRs that are abundant 

in the striato-nigral pathway. These receptors mediate long term depression (LTD) of excitatory 

inputs to the NAc (Muramatsu et al., 1998; Sari, 2004; Mathur et al., 2011; Burattini et al., 2013; 

Dölen et al., 2013). The behavioral relevance of this plasticity is yet to be determined, although 

some evidence suggests this plasticity plays a role in processing both natural and synthetic 

rewards (Sari, 2004; Dölen et al., 2013).  
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NAc Serotonin and Behavior 

5-HT is the hallmark neurotransmitter studied in the pathophysiology of depression 

(Grahame‐Smith, 1989; Nestler, 1998; Nestler et al., 2002; Carr and Lucki, 2011; Munafò, 2012; 

Russo and Nestler, 2013; Kambeitz and Howes, 2015). Altered SERT and 5-HT1A receptor 

expression in depressed and suicidal patients suggest an overall decrease in 5-HT tone 

(Stockmeier et al., 1998; Arango et al., 2001; Hornung, 2003). Additionally, patients with 

depression show altered levels of 5-HT in the blood and cerebrospinal fluid (Kambeitz and 

Howes, 2015). Much of the work implicating a role for 5-HT in depression resulted from the 

serendipitous discovery that drugs that increase the duration of 5-HT at the synapse (like MAOA 

inhibitors) are successful treatments of depression (Nestler, 1998; Nestler et al., 2002; Krishnan 

and Nestler, 2008). This led to the development of selective serotonin reuptake inhibitors 

(SSRIs) that block 5-HT reuptake at the synapse, and are a widely used pharmacologic treatment 

for depression used today (Grahame‐Smith, 1989; Nestler, 1998; Carr and Lucki, 2011). Multiple 

studies have shown that serotonin increases dopamine release in the NAc through various 

serotonin subtype receptors, and that this phenomenon may be altered in patients with depression 

(Yoshimoto and Mcbride, 1992; Dremencov et al., 2006). To this point, therapeutic effect from 

some antidepressants is thought to involve serotonin mediated increases in dopamine release in 

the NAc (Renard et al., 2002; Dremencov et al., 2006).  

There is convincing evidence suggesting that serotonin in the NAc is also important for 

mediating social reward. In one study, experimenters were able to condition animals to form a 

place-preference (CPP) for social interaction, dubbed social CPP (Dölen et al., 2013). Serotonin 

projections from the DRN to the NAc were necessary to induce social CPP. Further, direct 

infusions to the NAc of a 5-HT1B antagonist abolished social CPP, suggesting that 5-HT1B 
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mediated plasticity within the NAc plays a large role in the reinforcing aspects of social 

interaction. In another study, using optogenetic stimulation of serotonergic fibers in the NAc, 

scientists were able to rescue social deficits in a mouse model of autism. This study also found 

that 5-HT1B signaling was necessary to rescue these social deficits, further implicating 5-HT1B 

mediated plasticity in the NAc plays a role in social reward (Walsh et al., 2018). In fact, beyond 

the work done with DAT- and SERT-KO animals, there is evidence of there being some 

concerted action between serotonin and dopamine in the NAc producing reward like states 

(Yoshimoto and Mcbride, 1992; Zangen et al., 1997, 1999, 2001; Sora et al., 2001; Renard et al., 

2002; Mateo et al., 2003; Browne et al., 2019; Wang et al., 2019; Taracha, 2021). Stimulation of 

SERT positive DRN terminals in the mesolimbic dopamine system promotes conditioned place 

preference (Wang et al., 2019), validating the behavioral relevance of this circuit. Conversely, 

another study found that stimulation of these same serotonergic DRN terminals can reduce 

reward-seeking behavior in mice (Browne et al., 2019). These contradictory findings 

demonstrate that, while there has been a recent increase in the number of in vivo studies 

examining this circuit, there is still a lack of consensus on how changes in serotonergic 

transmission in the NAc at the synaptic level impact behavior.  

Photoperiod Effects on the Serotonin and Dopamine Systems  
 There is significant evidence suggesting that circadian light information, such as 

photoperiod, has a robust effect on the serotonin and dopamine systems  (Wirz-Justice, 1974; 

Carlsson et al., 1980; Otter and Nurmand, 1980; Wirz-Justice and Tobler, 1981; Rosenthal et al., 

1998; Neumeister et al., 2000, 2001; Lambert et al., 2002; Praschak-Rieder et al., 2008; Willeit 

et al., 2008; Kalbitzer et al., 2010; Praschak-Rieder and Willeit, 2012; Jackson et al., 2014; 

Green et al., 2015; Matheson et al., 2015; McMahon et al., 2016; Tyrer et al., 2016; Siemann et 

al., 2019, 2020, 2021; Giannoni-Guzmán et al., 2021).  Imaging studies in humans have shown 
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that SERT binding is increased in the striatum during winter months (Praschak-Rieder et al., 

2008; Willeit et al., 2008; Kalbitzer et al., 2010) although some studies have failed to find this 

effect (Neumeister et al., 2001; Koskela et al., 2008; Matheson et al., 2015). Increased seasonal 

variation in SERT binding predicts severity of seasonal affective disorder (SAD) (McMahon et 

al., 2016). Estimated measures of total brain serotonin turnover peaked in spring/summer in 

humans (Lambert et al., 2002). Rodent studies have also shown that photoperiod can modulate 

various components of the serotonin system as well as affective behaviors (Einat et al., 2006; 

Pyter, 2006; Otsuka et al., 2014; Goda et al., 2015; Green et al., 2015; Siemann et al., 2019; 

Giannoni-Guzmán et al., 2021). Prior work from our group demonstrated that mice developed 

under long, summer-like photoperiods results in an elevated firing rate in DRN serotonin neurons 

and reduced depressive-like behavior compared to animals developed under either short, winter-

like or equinox control photoperiods (Green et al., 2015)  

  Work from the McMahon group has shown that short photoperiod decreases the amount 

of dopamine in the retina, resulting in decreased sensitivity (Jackson et al., 2014). In fact, this 

phenotype has also been found in patients, where dopamine deficiency results in decreased 

retinal sensitivity (Oren, 1991; Hébert et al., 2004). Spontaneous blink rate has been used as a 

validated proxy for central dopamine, and studies have shown that spontaneous blink rate is 

enhanced during summer months in humans, suggesting higher levels of central dopamine at that 

time (Barbato et al., 2018). Accordingly, the number and proportion of dopamine containing 

neurons in the midbrain is increased in summer months compared to winter months (Aumann et 

al., 2016). Presynaptic dopamine synthesis capacity in the striatum of healthy humans is 

increased in winter months compared to summer months (Eisenberg et al., 2010), and this same 

pattern was found in the striatum of Parkinson’s patients (Kaasinen et al., 2012). Striatal D2 
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availability has been found to be increased with high sunshine exposure (Tsai et al., 2011), and a 

female-specific effect of sunshine exposure has been shown in plasma levels of serotonin and 

dopamine metabolites (Brewerton et al., 2018). Another study conducted during winter months 

found that DAT binding was reduced in patients with SAD compared to healthy controls 

(Neumeister et al., 2001). The drug α-methyl-para-tyrosine (AMPT) inhibits TH which 

reversibly reduces catecholamine levels, and has been shown to selectively reduce CSF HVA by 

60% without affecting CSF 5HIAA (Lam et al., 2001). Patients who were diagnosed with SAD 

were given AMPT to deplete dopamine levels in the summer months when patients’ depressive 

symptoms were in remission. AMPT not only increased depression scores compared to baseline 

and compared to controls, AMPT caused transient depressive relapse in 100% of the patients 

who received it (Lam et al., 2001). Further, all patients returned to baseline remission status 48 

hours after the last AMPT administration. It should be noted that both the mechanism of action 

and route of administration of AMPT limit the ability to interpret these results. AMPT reduces 

both dopamine and norepinephrine levels, as TH is involved in the synthesis of both 

catecholamines, and because patients took AMPT systemically, we cannot determine the source 

of dopamine that may drive these effects or whether norepinephrine is also involved. 

Rodent studies have shown that prolonged light deprivation results in apoptosis of dopamine 

neurons in the VTA as well as serotonin neurons in the DRN (Gonzalez and Aston-Jones, 2008) 

Short, winter-like photoperiod results in less dopamine turnover in the NAc (Itzhacki et al., 

2018) while long, summer-like photoperiod increases NAc dopamine tissue content (Goda et al., 

2015). Lastly, Siemann et al. (2020) found that Long photoperiod increased dopamine 

concentration in the midbrain of mice. Several studies have examined the effect of photoperiod 

and DAT on behaviors relevant to BD (Young et al., 2018; Kwiatkowski et al., 2020). However, 
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these studies used C57/Bl6-J mice, which do not produce physiological levels of melatonin 

(Ebihara et al., 1986; Goto et al., 1989), making it difficult to determine whether photoperiod is 

truly driving these effects in these studies.   

Taken together, it appears that longer, summer-like photoperiods generally increase levels of 

serotonin (Lambert et al., 2002; Goda et al., 2015; Green et al., 2015; Siemann et al., 2019, 2020) 

and dopamine (Goda et al., 2015; Aumann et al., 2016; Itzhacki et al., 2018) throughout the 

brain. Converging evidence suggests SERT availability peaks in the winter months (Neumeister 

et al., 2000; Praschak-Rieder et al., 2008; Kalbitzer et al., 2010), while the sole study on DAT 

availability found that DAT availability was decreased in symptomatic SAD patients compared 

to healthy controls (Neumeister et al., 2001).  

 

Overarching Goals 
The overarching goal of this dissertation is to increase our understanding of how day 

length interacts with age and sex to impact the serotonin and dopamine systems as well as 

behavior. Here, we use a photoperiod-sensitive mouse model (C3Hf+/+, described in Chapter 2) 

to provide evidence that there are age- and sex-dependent effects of photoperiod on the serotonin 

and dopamine systems within the NAc, as well as sex-specific effects of photoperiod on 

behavior. This work is also the first account of photoperiod effects on the dopamine system at 

the level of synaptic signaling dynamics. In summary, the combined work presented here 

establishes rationale for future work investigating a synaptic basis of sex-linked seasonality of 

neuropsychiatric disorders. 

Chapter 2 Materials and Methods 
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Animals and Housing  
Male and female C3Hf+/+ mice were used as these animals are melatonin-producing and lack the 

retinal degeneration alleles of the parent C3H strain (Ebihara et al., 1986; Goto et al., 1989) Mice 

developed under either Equinox (12 hours of light and 12 hours of darkness), Short winter-like (8 

hours of light and 16 hours of darkness), or Long summer-like (16 hours of light and 8 hours of 

darkness) photoperiods and FSCV or monoamine content measurements were evaluated at 

periadolescence (ranging from P30-P40) or adulthood (ranging from P50-P90), representing 

adolescence and early adulthood in the mouse (Reynolds and Flores, 2021a) Animals were 

continuously maintained in these photoperiod conditions from embryonic day 0 (E0) until they 

were used for experiments. FSCV experiments and monoamine assays were conducted in 

Equinox, Short, and Long photoperiod mice. All tissues were isolated at within an hour of the 

mid-day point on all light cycles. Lights off denoted zeitgeber time (ZT) 12, therefore Short 

animals were used at ZT8, Equinox animals were used at ZT6, and Long animals were used at 

ZT4. Experiments were performed in accordance with the Vanderbilt University Institutional 

Animal Care and Use Committee and National Institutes of Health guidelines. 

Fast-Scan Cyclic Voltammetry 
Ex vivo FSCV was used to assess dopamine release and uptake dynamics in the NAc core of 

Short, Equinox, and Long photoperiod animals. Mice were humanely killed and the brain was 

rapidly removed. Using a Leica Vibratome, 250m-thick sagittal sections containing the NAc 

core were collected from whole brain tissue in oxygenated (95% O2; 5% CO2) artificial 

cerebrospinal fluid (aCSF) containing (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 2.4 CaCl2, 

1.2 MgCl2, 25 NaHCO3, 11 glucose, 0.4 L-ascorbic acid, and pH adjusted to 7.4. Slices were 

transferred to a chamber containing oxygenated aCSF. All experiments were performed using a 

Scientifica SliceScope Pro System in 32°C aCSF with a flow rate of 2 ml/min. The carbon fiber 
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microelectrode (100−200μM length, 7μM radius) and bipolar stimulating electrode were placed 

in close proximity in the NAc core. A single electrical pulse (750μA, 4ms, monophasic) was 

applied to the tissue every 4 minutes to evoke dopamine release. We also evoked dopamine 

release using a train of 5 pulses at 5Hz, 10Hz, or 20Hz (750μA, 4ms, monophasic). Extracellular 

dopamine was recorded by applying a triangular waveform (−0.4 to +1.2 to −0.4 V vs Ag/AgCl, 

400 V/s).  

For pharmacological experiments using GBR12783 (Tocris Bioscience/Bio-Techne, 

Minneapolis, MN), cocaine HCl (Tocris Bioscience/Bio-Techne, Minneapolis, MN) and 

amphetamine HCl (Tocris Bioscience/Bio-Techne, Minneapolis, MN), peak evoked dopamine 

release was collected in aCSF until a stable baseline was established (3 collections with <10% 

variability) using a single electrical pulse every 4 minutes. Cocaine or amphetamine was bath 

applied to the slice at 300 nM, 1µM, and 3µM concentrations, while GBR12783 was bath 

applied at 1 M, 3 M, and 10 M. We collected peak evoked dopamine release at each 

concentration until stable responding was achieved (3 collections with < 10% variability) before 

moving onto the next highest concentration. 

Demon voltammetry and analysis software was used to analyze all FSCV data (Yorgason 

et al., 2011). Data collected using single electrical pulse were modeled using Michaelis-Menten 

kinetics using the kinetic analysis tool. By using Michaelis-Menten kinetic analysis, we derived 

parameters such as the peak dopamine concentration released following stimulation (amplitude 

of signal) and maximal rate of dopamine uptake by DAT (Vmax). As described in (Wu et al., 

2001; Yorgason et al., 2011), Km from the Michaelis-Menten equation represents the affinity for 

dopamine binding to DAT. According to standard FSCV analysis methods (Yorgason et al., 

2011), and based on previous research on the affinity of dopamine for the DAT (Wu et al., 
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2001), we set the Km parameter to 160 nM for each animal and allowed Vmax to vary to 

determine baseline Vmax. For experiments using cocaine or amphetamine, we determined a 

baseline Vmax for each animal once stable baseline responding was achieved in aCSF as 

described above. For subsequent drug concentrations, we held the baseline Vmax constant and 

allowed Km to vary to determine apparent Km. Apparent Km is the Michaelis-Menten constant 

as observed under conditions, such as competitive inhibition, that would impede determining its 

true value. Measuring apparent Km allows determination of the sensitivity of DAT to 

pharmacological competitive inhibition. Raw data was calibrated in each data file prior to 

Michaelis-Menten modeling. Recording electrodes were calibrated by recording the peak current 

(nA) to a known concentration of dopamine (3 M) via flow-injection system, and we used these 

values to convert current to dopamine concentration. 

Monoamine Analysis 
NAc-enriched tissue was collected from mouse brains (n = 10-14). The tissue was placed in 

1.5mL tubes and then frozen in liquid nitrogen and biogenic amine analysis was performed in the 

Vanderbilt Neurochemistry Core Laboratory. Briefly, samples were stored at -80°C, then the 

tissue was homogenized with a tissue dismembrator, in 100-750μl of 0.1M TCA. This contained 

10-2 M sodium acetate, 10-4 M EDTA, 5 ng/mL isoproterenol (as internal standard) and 10.5 % 

methanol (pH 3.8). Samples were then spun in a microcentrifuge at 10000xg for 20 minutes with 

the supernatant being removed and stored at –80°C. Supernatant was then thawed and spun for 

20 minutes and the samples of the supernatant were analyzed for biogenic amines. These amines 

were determined by a specific HPLC assay using an Antec Decade II (oxidation: 0.4) (3mm GC 

WE, HYREF) electrochemical detector operated at 33°C. 20μl samples of the supernatant were 

injected using a Water 2707 autosampler onto a Phenomenex Kintex (2.6u, 100A) C18 HPLC 

column (100 x 4.60 mm), biogenic amines were eluted with a mobile phase consisting of 89.5% 
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0.1M TCA, 10-2 M sodium acetate, 10-4 M EDTA and 10.5% methanol (pH 3.8) and the solvent 

was then delivered at 0.6 mL/min using a Waters 515 HPLC pump. Using this HPLC solvent the 

following biogenic amines eluted were: DOPAC, Dopamine, 5-HIAA, and serotonin and HPLC 

control and data acquisition were managed by Empower software. Methods were the same as 

those previously published (Siemann et al., 2019). 

Behavioral Testing 
 

Open Field & Thigmotaxis 

Mice were placed into a novel open field chamber for 20 minutes and distance traveled 

was measured using Ethovision software. To assess thigmotaxis, the open field chamber was 

split into two zones, center and surround, which were equal in area. Time spent in each of these 

zones was also measured using Ethovision software. 

Psychostimulant-Induced Hyperlocomotion 

The following day, mice were placed into the same open field chamber. After 20 minutes, 

mice were briefly removed to administer cocaine (15 mg/kg cocaine HCl, intraperitoneal 

injection) or amphetamine (1 mg/kg amphetamine HCl, intraperitoneal injection) then placed 

back into the open field chamber for another 60 minutes. Distance traveled was measured 

throughout the experiment using Ethovision software. 

Statistical Analysis 
Prism 8 (Graphpad Software Inc., La Jolla, CA) was used for all statistical analyses. Statistical 

significance was determined by two-way ANOVA with an alpha value of 0.05 unless otherwise 

noted. We used Holm-Sidak’s multiple comparison tests for all post hoc analysis and standard 

error of the mean was used for all experiments in Chapter 4. A repeated measures two-way 

ANOVA was used to analyze overall psychostimulant induced locomotor activity. A one-way 

ANOVA was used compare total distance traveled in the first 20 minutes after psychostimulant 
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injection. A one-way ANOVA was also used to analyze data from the open field paradigm 

including distance traveled and thigmotaxis. Tukey’s multiple comparisons test was used for all 

post hoc data analysis in Chapters 3 and 5. 
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Chapter 3 Photoperiod Impacts Nucleus Accumbens Dopamine 

Dynamics 
 

 

Abstract  
 

 

Circadian photoperiod, or day length, changes with the seasons and influences behavior 

to allow animals to adapt to their environment. Photoperiod is also associated with seasonal 

rhythms of affective state, as evidenced by seasonality of several neuropsychiatric disorders. 

Interestingly, seasonality tends to be more prevalent in women for affective disorders such as 

Major Depressive Disorder and Bipolar Disorder. However, the underlying neurobiological 

processes contributing to sex-linked seasonality of affective behaviors are largely unknown. 

Mesolimbic dopamine input to the nucleus accumbens (NAc) contributes to the regulation of 

affective state and behaviors. Additionally, sex differences in the mesolimbic dopamine pathway 

are well-established. Therefore, we hypothesize that photoperiod may drive differential 

modulation of NAc dopamine in males and females. Here, we used fast-scan cyclic-voltammetry 

(FSCV) to explore whether photoperiod can modulate sub-second dopamine signaling dynamics 

in the NAc core of male and female mice raised in seasonally relevant photoperiods. We found 

that photoperiod modulates dopamine signaling in the NAc core, and that this effect is sex-

specific to females. Both release and uptake of dopamine were enhanced in the NAc core of 

female mice raised in long, summer-like photoperiods, whereas we did not find photoperiodic 

effects on NAc core dopamine in males. These findings uncover a potential neural circuit basis 

for sex-linked seasonality in affective behaviors. 
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Introduction 

Circadian photoperiod, or day length, is an environmental signal that synchronizes daily 

biological rhythms to local time and induces seasonal changes in behavior and physiology 

(Magnusson, 2003; Green et al., 2015; Siemann et al., 2021). While seasons in the temperate 

zones are marked by a variety of environmental changes, photoperiod is the most reliable 

environmental cue that encodes seasons and allows organisms to predict and adapt to seasonal 

changes to their environment. The amplitude of seasonal change in photoperiod varies by 

latitude, as does the prevalence of seasonal mood disorders (Rosen et al., 1990; Magnusson, 

2003; Siemann et al., 2021). Bright light therapy treats seasonal mood disorders by increasing 

the duration of light a person experiences in a 24-hour day, effectively lengthening their 

photoperiod (Melrose, 2015). Identifying photoperiod-sensitive systems within brain regions 

relevant to affective behaviors will provide insight the regulation of affective and motivated 

behaviors. 

Dopamine is a neuromodulator that plays a critical role in regulating affective state and 

state-dependent behaviors (Mogenson et al., 1980; Nestler and Carlezon, 2006; Floresco, 2015; 

Turner et al., 2018). More specifically, dopamine input to the nucleus accumbens (NAc) from the 

ventral tegmental area (VTA) has been implicated in the pathophysiology of mood disorders 

(Nestler and Carlezon, 2006; Floresco, 2015). Evidence suggests photoperiod can modulate 

dopamine in other brain regions as measured by tissue content (Carlsson et al., 1980; Goda et al., 

2015), dopamine turnover (Itzhacki et al., 2018), transporter availability (Neumeister et al., 

2001), and presynaptic dopamine synthesis (Eisenberg et al., 2010). To date, studies have not 

examined photoperiod’s effect on the dopamine system at the synaptic level. 
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Dopamine signaling in the NAc is tightly and dynamically regulated through both VTA neuron 

activity and intra-accumbal mechanisms at dopamine axon terminals (Sulzer et al., 2016; Nolan 

et al., 2020). VTA dopamine neurons display two functionally distinct firing modes. Shifts from 

low frequency tonic firing to phasic burst firing in these neurons encode information such as 

reward-prediction error and incentive salience (Ljungberg et al., 1992; Schultz, 1998; Schultz, 

2007; Tsai et al., 2009; Cohen et al., 2012; Kutlu et al., 2021). Dopamine release in the NAc is 

also regulated through local mechanisms including inhibition via presynaptic dopamine D2 

autoreceptors as well as facilitation via presynaptic nicotinic acetylcholine receptors (Shin et al., 

2017; Yorgason et al., 2017). Once released, clearance of dopamine from the synaptic space 

primarily occurs via re-uptake into dopaminergic terminals through the dopamine transporter 

(DAT) (Giros et al., 1996; Jones et al., 1998) where it is then repackaged into vesicles for future 

release by vesicular monoamine transporter 2 (VMAT2) (Erickson et al., 1992; Nolan et al., 

2020). DAT activity shapes the kinetics of dopamine signaling and can influence dopamine 

release through the recycling of transmitter  (Egaña et al., 2009; Condon et al., 2019). 

Furthermore, changes to NAc DAT function by inhibition, reversal, or genetic manipulation 

results in changes to goal-directed behaviors (Jones et al., 1998; Calipari et al., 2013, 2017; 

Sørensen et al., 2021), demonstrating how sub-second dopamine signaling dynamics powerfully 

influence behavior.  

Sex differences in the function of the mesolimbic dopamine pathway are well established 

(Walker et al., 2000; Dluzen and McDermott, 2008; Becker, 2009; Yoest et al., 2014; Calipari et 

al., 2017; Zachry et al., 2021), making it critically important to consider sex of the animal when 

assessing photoperiod effects on this system. VTA dopamine neuron activity, NAc dopamine 

release and uptake, DAT expression, and VMAT2 activity are all greater in females compared to 
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males (Walker et al., 2000; Dluzen and McDermott, 2008). Interestingly, several 

neuropsychiatric disorders that involve the dopamine system display seasonal patterns where 

seasonality is typically more prevalent in women (Magnusson, 2003; Kim et al., 2011; Geoffroy 

et al., 2014; Otte et al., 2016).  

Here we assess the effect of seasonal photoperiods on NAc dopamine dynamics in mice 

using fast-scan cyclic voltammetry (FSCV). We found a sex-specific effect wherein photoperiod 

modulates dopamine release and uptake in the NAc of female mice. Specifically, female mice 

raised in long summer-like photoperiods exhibit greater dopamine release, thus uncovering a 

potential synaptic basis that provides insight to sex-linked seasonality of affective behaviors. 

Results  
Long, summer-like photoperiod increases evoked dopamine release in the NAc core 

We measured electrically evoked DA release from the NAc core in ex vivo slices from both male 

and female mice raised in Short (8h Light:16h Dark), Equinox (12L:12D), or Long (16L:8D) 

photoperiods (Figure 1A-C). The representative cyclic voltammogram (Figure 1D), shows the 

characteristic redox signature of dopamine. Electrical stimulation evoked clear and distinct 

transient dopamine release and uptake events that were time-locked to stimulation with current 

peaks at the oxidation (0.6 V) and reduction (-0.2 V) voltages for catecholamines (Figure 1E). 

Peak dopamine release concentration was calculated from the peak height of the FSCV response 

using calibrated electrodes, with sample sizes as follows: Short (N=9), Equinox (N=12), and 

Long (N=10) where N is number of animals. To assess whether photoperiod differentially 

affected dopamine release from tonic and phasic firing modes of dopamine neurons projecting to 

the NAc core, we used a range of stimulation frequencies from single pulse to 20 Hz. Two-way 

ANOVA revealed that increasing stimulation frequency increased dopamine release in all 
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photoperiod groups, as expected (Sulzer et al., 2016; Nolan et al., 2020) (F (3, 115) = 13.18, 

p<0.0001) (Figure 1F). Photoperiod significantly affected the magnitude of evoked dopamine 

release (F (2, 115) = 10.43, p<0.0001). Specifically, Tukey’s post-hoc multiple comparisons test 

showed that dopamine release was elevated in NAc core from Long photoperiod mice compared 

to NAc core from Equinox photoperiod mice in the 10 Hz (p=0.018) and 20 Hz (p=0.046) 

conditions. Taken together, our results indicate that Long summer-like photoperiods can enhance 

evoked dopamine release in the NAc core.  

 

Figure 7. Long photoperiod increases evoked dopamine release in the NAc core: A) Light 

cycles for Short, Equinox, and Long photoperiod conditions exposed to mice from embryonic day 

0 (E0) until they were used for voltammetry at post-natal day 50 (P50). B) Sagittal slices containing 

the NAc core were collected from each animal. C) Placement of stimulating and recording 

electrodes in the NAc core. D) Representative current trace and voltammogram. E) Representative 

traces and color plots for mice raised in Short, Equinox, and Long photoperiods. F) Evoked NAc 

core dopamine release across tonic and phasic frequencies in male (open symbols) and female 

(closed symbols) mice raised in Short (N=9), Equinox (N=12), and Long (N=10) photoperiods. 

Main effect of photoperiod (F (2, 115) = 10.43, p<0.0001), stimulation frequency (F (3, 115) = 

13.18, p<0.0001). * = p<0.05 for Long vs. Equinox. Data were analyzed using 2-way ANOVA 
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and Tukey’s post-hoc multiple comparisons test with an alpha value of p=0.05. Data are 

represented as mean +/- SEM. 

 

Effects of Long, summer-like photoperiod on dopamine release and uptake rate are female-

specific 

As there are known sex differences in the regulation of mesolimbic dopamine (Walker et al., 2000; 

Dluzen and McDermott, 2008; Becker, 2009; Yoest et al., 2014; Calipari et al., 2017; Zachry et 

al., 2021), we investigated a potential interaction of sex and photoperiod on NAc core dopamine 

terminal function by analyzing data from male and female mice separately (Figure 2A-B). Sample 

sizes were as follows: Short (males N=4, females N=5), Equinox (males N=5, females N=7), and 

Long (males N=6, females=4) where N is number of animals. Using a two-way ANOVA, we found 

significant effect of stimulation frequency per se in both males (F (3, 48) = 5.667, p=0.002) and 

females (F (3, 55) = 10.26, p<0.0001). Strikingly, we found that Long photoperiod enhanced 

dopamine release only in females (F (2, 55) = 26.69, p<0.0001) (Figure 2C), while there was no 

significant effect of photoperiod on NAc core dopamine release in male mice (F (2,48) = 0.7842, 

p=0.4622) (Figure 2D). Tukey’s multiple comparison’s post-hoc tests showed significant 

differences in NAc core dopamine release between Long and Equinox photoperiod females at the 

single pulse (p=0.029), 5 Hz (p=0.002), 10 Hz (p=0.0002), and 20 Hz (p=0.001) stimulation 

frequencies, as well as significant differences between Short and Long photoperiod females at the 

5 Hz (p=0.031), 10 Hz (p=0.003), and 20 Hz (p=0.016) stimulation frequencies. Thus, the overall 

increase in NAc core dopamine release in Long photoperiod described above in Figure 1 reflects 

sex-specific effects of photoperiod on dopamine release in females. It is also important to note that 

DA release in NAc core slices from Females in the Long photoperiod group exhibit enhanced 
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dopamine release at all stimulation frequencies tested, indicating that the photoperiod effect we 

observed is not dependent upon stimulation frequency. 

To assess possible synaptic mechanisms through which photoperiod exerts its effects on NAc core 

dopamine, we analyzed concentration of single pulse evoked DA release in females and males 

(Figure 2E) and for the maximal rate of dopamine uptake (Vmax) (Figure 2F). Two-way ANOVA 

revealed a significant main effect of photoperiod on dopamine release (F (2, 27) = 3.424, p=0.047). 

Tukey’s post-hoc multiple comparisons test showed that NAc core from Long photoperiod females 

had elevated dopamine release compared to those from Equinox photoperiod females (p=0.02). 

We also found a significant main effect of photoperiod on dopamine uptake (F (2, 27) = 6.029, 

p=0.007) as well as a significant interaction of sex and photoperiod (F (2, 27) = 4.334, p=0.023) 

using two-way ANOVA. Maximal dopamine uptake in the NAc core was enhanced in Long 

photoperiod females compared to both Short (p=0.004) and Equinox (p=0.001) photoperiod 

groups as tested by Tukey’s post-hoc multiple comparisons test. We did not observe any significant 

differences in dopamine release or uptake in the males as tested by Tukey’s post-hoc multiple 

comparisons test. Taken together, our results indicate photoperiod has female-specific effects on 

both release and uptake of NAc core dopamine. 
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Figure 8.  Effects of Long photoperiod on NAc core dopamine release and uptake rate are 

female-specific: A) Representative traces from females B) and males raised in Short (males N=4, 

females N=5), Equinox (males N=5, females N=7), and Long (males N=6, females=4) 

photoperiods. C) Evoked NAc core dopamine release across tonic and phasic frequencies in 

females had a significant main effect of photoperiod (F (2, 55) = 26.69, p<0.0001) and stimulation 

frequency (F (3, 55) = 10.26, p<0.0001) D) while males only had a significant main effect of 

frequency (F (3, 48) = 5.667, p=0.002). E, Evoked dopamine release from a single electrical pulse 

in males (open symbols) and females (closed symbols) showed a significant main effect of 

photoperiod (F (2, 27) = 3.424, p=0.047). F, Maximal rate of dopamine uptake (Vmax) in males 

and females showed a significant main effect of photoperiod (F (2, 27) = 6.029, p=0.007) and an 

interaction effect (F (2, 27) = 4.334, p=0.023). * = p<0.05, ** = p<0.01, *** = p<0.001 for Long 

v. Equinox; # = p<0.05, ## = p<0.01 for Long v. Short. Data were analyzed using 2-way ANOVA 

and Tukey’s post-hoc multiple comparisons test with an alpha value of p=0.05. Data are 

represented as mean +/- SEM. 
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Long photoperiod enhances DAT inhibition in females  

As photoperiod may exert its effects on NAc core dopamine release and uptake in females 

through modulation of DAT, we examined a role for DAT using a selective DAT inhibitor (GBR 

12783). We measured peak dopamine release and uptake and derived changes to apparent DAT 

Km across doses of GBR 12783 and photoperiods (Figure 3). Sample sizes were as follows: Short 

(males N=4, females N=4), Equinox (males N=4, females N=5), and Long (males N=5, females 

N=6) where N is number of animals. Consistent with Figure 2E, we again confirmed with two-

way ANOVA the significant effect of photoperiod on evoked dopamine release in the females (F 

(2, 44) = 3.351, p=0.0442) (Figure 3B), but not the males (F (2, 40) = 1.596, p=0.2153) (Figure 

3E). In addition, in NAc core from female mice the apparent Km of DAT in response to uptake 

inhibition showed main effects of photoperiod (F (2, 48) = 16.21, p<0.0001) and of GBR 12783 

dose (F (3, 48) = 12.27, p<0.0001), as well as a significant interaction of photoperiod and dose 

(F (6, 48) = 4.585, p=0.0009; Figure 3C) as tested by two-way ANOVA. We found that the 

action of GBR 12783 on DAT uptake inhibition was enhanced in slices from Long photoperiod 

females at 1 M compared to Short (p=0.019) and Equinox females (p=0.017) and at 3 M 

compared to Short (p<0.0001) and Equinox females (p<0.0001) using Tukey’s post-hoc multiple 

comparisons test. Thus, pharmacological inhibition of DAT by GBR 12783 was more sensitive 

in the NAc core of Long photoperiod female mice. We did not find a significant effect of 

photoperiod on pharmacological DAT inhibition in males (F (2,40) = 0.3393, p=0.7143) (Figure 

3F). Our results showing that GBR 12783 was more potent in Long photoperiod females 

demonstrates sex-specific photoperiod effects on DAT function in NAc core dopaminergic 

terminals.  
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Figure 9. Dopamine release and uptake in the NAc core of Long photoperiod female mice 

are more sensitive to DAT inhibition by GBR 12783: A, Representative traces of evoked NAc 

core dopamine release across increasing concentrations of GBR 12783 in Short (males N=4, 

females N=4), Equinox (males N=4, females N=5), and Long (males N=5, females N=6) 

photoperiod female mice. Dotted lines denote magnitude of release in control aCSF condition. B, 

Evoked NAc core dopamine release with increasing concentrations of GBR 12783 had a main 

effect of photoperiod in females (F (2, 44) = 3.351, p=0.0442). C, Magnitude of uptake inhibition 

(apparent Km) showed a main effect of photoperiod (F (2, 48) = 16.21, p<0.0001), GBR 12783 

dose (F (3, 48) = 12.27, p<0.0001), and an interaction effect (F (6, 48) = 4.585, p=0.0009). D, 

Representative traces of evoked NAc core dopamine release across increasing concentrations of 

GBR12783 in Short, Equinox, and Long photoperiod male mice. Dotted lines denote magnitude 

of release in control aCSF condition. E, Evoked NAc dopamine release and F, magnitude of 

uptake inhibition with increasing concentrations of GBR 12783 in male mice. * = p<0.05, **** 

= p<0.0001 for Long vs. Equinox; # = p<0.05, #### = p<0.0001 for Long vs. Short. Data were 

analyzed using 2-way ANOVA and Tukey’s post-hoc multiple comparisons test with an ampt 

 value of p=0.05. Data are represented as mean +/- SEM.  
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Discussion 
 

 

Here, we have laid the groundwork for the broader question of how environmental signals 

can program or shape the neural circuits that promote affective behavior. We have shown that 

photoperiod, one of the most pervasive and reliable environmental signals, impacts mesolimbic 

dopamine signaling, a key component of the neural circuitry that contributes to affective state. Our 

results, for the first time, demonstrate that photoperiod fine-tunes the sub-second signaling 

dynamics of neuromodulatory synapses. 

Photoperiod-dependent changes in dopamine were only detected in females, where Long 

summer-like photoperiods enhanced dopamine release and uptake. This female-specific 

photoperiod effect was present at all stimulation frequencies we tested. This indicates that the 

enhancement of dopamine release in Long photoperiod females was not dependent on stimulation 

frequency, suggesting that Long-summer like photoperiod enhances dopamine release in both 

tonic and phasic firing conditions. There are several possible mechanisms through which this could 

occur. Cholinergic interneurons (CINs) in the NAc can enhance and even directly elicit dopamine 

release from terminals in the NAc through presynaptic nicotinic acetylcholine receptors (Yorgason 

et al., 2017). There is evidence that NAc CIN activity is diurnal and drives diurnal rhythms of NAc 

dopamine release (Stowe et al., 2022), so it is possible that CIN firing rate may be responsive to 

photoperiod. Another possible mechanism through which photoperiod could affect dopamine 

release is through regulation of D2 dopamine autoreceptors. Previous work has shown that the 

ratio of D2 to D1 dopamine receptor expression in the striatum shifts to increase D2 and decrease 

D1 expression in a mutant clock gene mouse model (Spencer et al., 2012), which warrants further 

investigation as to whether photoperiod may also regulate the D2 receptor to exert its effects on 

dopamine release.  
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We also found that dopamine uptake was enhanced in the Long-photoperiod females. 

Because DAT activity can influence dopamine release through the recycling of transmitter (Egaña 

et al., 2009; Condon et al., 2019), it is also possible that the enhanced DAT activity in Long 

photoperiod females also enhances dopamine release. Using the DAT inhibitor, GBR 12783, we 

found that Long photoperiod modulated the sensitivity of DAT to pharmacological inhibition in 

females, consistent with our findings that female baseline DAT activity is also different by 

photoperiod. If photoperiod’s effect on baseline DAT function drives the differences we see in 

dopamine release, one would expect that inhibition of DAT should decrease dopamine release. 

However, we found that inhibiting DAT using GBR 12783 did not have a significant effect on 

dopamine release at any of the concentrations we tested. It has been shown that GBR 12783 

actually enhances dopamine release in striatal synaptosomes (Bonnet and Costentin, 1986), 

potentially occluding any decreases in dopamine release. Taken together, further studies are 

necessary to determine the mechanism through which dopamine release is modulated by 

photoperiod. 

Previous studies have shown that increased DAT expression in genetic and experience-

dependent models in rodents does not affect the potency of DAT inhibitors (Calipari et al., 2013, 

2014). Rather, functional modifications to DAT, such as phosphorylation at threonine 53, enhance 

baseline dopamine uptake and potency of DAT inhibitors (Morón et al., 2003; Foster et al., 2012; 

Calipari et al., 2017). Thus, because we found photoperiod-dependent differences in DAT inhibitor 

potency in females, we suggest it is likely that photoperiod acts on dopamine signaling at least in 

part through increased DAT function through regulation of DAT phosphorylation.  

The sex-specific effects of photoperiod we have observed here warrant further 

investigation of the mechanisms through which photoperiod affects males and females differently. 
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There are at least three major biological phenomena that can underlie sexually dimorphic 

phenotypes: sex hormone action in the adult organism, sex hormone action during development, 

and genetic influence of sex chromosomes (Becker et al., 2005; McCarthy and Arnold, 2011). 

Estrous-cycle dependent and sex-hormone regulation of the adult mesolimbic dopamine system is 

well-established (Becker, 2009; Yoest et al., 2014; Calipari et al., 2017; Becker and Chartoff, 

2019), and decades of literature have examined how photoperiod affects sex hormone regulation 

with respect to seasonal mating behaviors (Ortavant et al., 1988; Luboshitzky and Lavie, 1999; 

Walton et al., 2011; Borniger and Nelson, 2017). Furthermore, studies have shown a link between 

photoperiod, melatonin, and sex hormones in humans (Reiter, 1998; Luboshitzky and Lavie, 1999; 

Kuzmenko et al., 2021). It is possible that photoperiod influences the estrous-cycle to exert female-

specific effects on synaptic dopamine dynamics, as previous work has shown that females in 

estrous show enhanced dopamine release and uptake (Calipari et al., 2017) similar to the females 

raised in Long photoperiod. Photoperiod has also been linked to regulation of puberty onset and 

sex hormones during the peripubertal period (Ebling and Foster, 1989; Adam and Robinson, 1994; 

Ebling, 2010; Bohlen et al., 2018), which is a critical developmental period that affects the 

mesolimbic dopamine system (Becker, 2009; Kuhn et al., 2010; Walker et al., 2017) as well as 

reward-related behaviors (Yoest et al., 2014; Harden et al., 2018; Becker and Chartoff, 2019). 

Future research using multiple developmental timepoints may reveal whether female-specific 

photoperiod modulation of dopamine signaling depends on a critical period of development. To 

our knowledge, studies have not examined how sex chromosomes influence photoperiodism in 

mammals. However, sex chromosomes, independent of gonadal phenotype, have been directly 

implicated in sex differences in the dopamine system (Carruth et al., 2002; Dewing et al., 2006), 

and have even been shown to play a role in regulating reward-related behavior (Barker et al., 2010). 
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Future studies using the four-core genotype model should examine the mechanisms through which 

sex-specific effects of photoperiod could emerge across development either by sex chromosomes 

or through gonadal hormones. 

We were intrigued to find that dopamine release and uptake in the NAc core of male mice 

were not significantly influenced by photoperiod, especially since previous work using males have 

shown photoperiod can impact the striatal dopamine system by several measures. Findings from 

Goda et al. (2015) showed that longer photoperiod increased tissue dopamine content in the 

striatum of male chipmunks. Additionally, dopamine turnover was blunted in the NAc of male 

mice raised in winter-like short photoperiod (Itzhacki et al., 2018). In humans, striatal presynaptic 

dopamine synthesis was found to be enhanced in fall/winter months in both men and women 

(Eisenberg et al., 2010). Extracellular dopamine concentration has been shown to have an inverse 

relationship with evoked synaptic dopamine release (Ferris et al., 2014), and dopamine synthesis 

rate can paradoxically change in the opposite direction from overall dopamine tissue content 

(Gainetdinov et al., 1998). As previously mentioned, our study is the first to examine photoperiod’s 

effect on the functional sub-second signaling of dopamine in the NAc core. As such, it is possible 

that photoperiod may indeed affect measures of dopamine in males as assessed by the 

aforementioned studies independently from our measures of synaptic dopamine dynamics. Further 

studies are needed to understand the effect of photoperiod on the male dopamine system and how 

it may differ from females to produce seasonal changes in behavior.  

Another important distinction between previous photoperiod studies and our own is our 

use of the melatonin-competent C3Hf+/+ strain. The commonly used C57/BL6J strain (C57), does 

not produce physiological levels of endogenous melatonin due to genetic mutations in the 

melatonin synthesis pathway (Ebihara et al., 1986; Goto et al., 1989). Melatonin is a hormone that 
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is released from the pineal gland at the onset of darkness and is inhibited by the onset of light, 

effectively encoding photoperiod. Therefore, melatonin is considered a main biological signal 

through which seasonal light information is transduced (Brzezinski, 1997; Hardeland et al., 2006). 

Interestingly, Green et al., (2015) showed that photoperiodic influence of affective behaviors in 

C3Hf+/+ mice depends on melatonin signaling through the melatonin MT1 receptor (Green et al., 

2015). The species-specific effect of photoperiod on striatal dopamine content reported by Goda 

et al. (2015) could therefore be explained by the fact that chipmunks endogenously produce 

melatonin while C57 mice do not. The only commonly used lab strain of mice that produce 

endogenous melatonin is the C3H strain (Goto et al., 1989). This strain is homozygous for a 

mutation in the rd gene that results in rod/cone degeneration rendering them visually impaired 

(Tosini and Menaker, 1998), but as they retain their circadian photosensitive ganglion cells they 

still entrain to circadian photoperiods (Panda et la., 2003, Science). The C3Hf+/+ strain has had 

the retinal degeneration mutation bred out (Contreras-Alcantra et al., 2012) so that mice retain 

normal vision for behavioral experiments, are sensitive to photoperiodic light information, and are 

melatonin competent.  

Several studies have shown that nearly all aspects of dopamine transmission, including 

synaptic dopamine release, DAT activity, expression of dopamine receptors, dopamine synthesis 

and dopamine-dependent behaviors show diurnal rhythms (Naber et al., 1980; Schade et al., 1995; 

Akhisaroglu et al., 2005; Sleipness et al., 2007; Ferris et al., 2014;  Stowe et al., 2022). Experiments 

in the present study were conducted during the mid-light phase of each photoperiod where synaptic 

dopamine release and DAT function are predicted to be at their peak (Ferris et al., 2014). Using a 

single timepoint, we cannot determine whether photoperiod changes the amplitude, period, or 
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waveform of the known diurnal rhythm of NAc dopamine dynamics to result in the differences we 

report here, and additional time-point studies around the clock will be needed.  

Previous work from our group used the same mouse model and photoperiod conditions to 

test how seasonally relevant photoperiods impact affective behaviors (Green et al., 2015). Mice 

raised in the Long summer-like photoperiod showed less anxiodepressive-like behaviors than mice 

raised in Short or Equinox photoperiods, as measured by forced swim test and elevated zero maze 

(Green et al., 2015). The effect of photoperiod on synaptic dopamine dynamics that we report here 

may influence dopamine-dependent affective behaviors beyond the anxiodepressive behaviors 

examined by Green et al. (2015). NAc core dopamine is highly involved in reinforcement learning 

(Tsai et al., 2009; Floresco et al., 2015; Kutlu et al., 2021), and our data predicts that photoperiod 

could drive differences in female reinforcement behaviors such as reward responding, acquisition, 

and motivation through modulation of NAc core dopamine. Stowe et al. 2022 demonstrated that 

the diurnal rhythm of sign-tracking behavior is synchronous with diurnal rhythms of phasic/tonic 

ratio of electrically evoked NAc core dopamine. Sign-tracking is an associative learning behavior 

dependent on NAc dopamine that is linked to addiction-related behaviors (Robinson et al., 2014). 

Based on our findings, we would predict that females raised in Long photoperiod would exhibit 

more sign-tracking behavior than males or females raised in other photoperiods. Such studies 

would be especially pertinent as evidence suggests that substance use disorders show seasonality 

as well (Sandyk and Kanofsky, 1992; Sher, 2004; Morales-Muñoz et al., 2017; Barbosa-Méndez 

and Salazar-Juárez, 2020). Cocaine-related behaviors in rodents have also been shown to be 

circadian (Baird et al., 2000; Akhisaroglu et al., 2004; McClung 2007), and disrupting circadian 

rhythm via mutations in the clock gene, Npas2, has female-specific effects on vulnerability to 

substance use (Depoy et al., 2017). Npas2 mutant females, especially in the dark phase, showed 
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increased cocaine self-administration, faster acquisition of cocaine self-administration, higher 

breakpoint ratio, and increased extinction responding (Depoy et al., 2017). These effects were 

abolished with ovariectomy of Npas2 mutant females, suggesting that ovarian hormones mediate 

these female-specific, circadian-dependent effects (Depoy et al., 2017). Because they have more 

robust dopamine signaling, it is possible that females raised in Long photoperiods may be more 

vulnerable to increased substance use in response to circadian disruption. In fact, photoperiod has 

been shown to impact cocaine reinstatement behaviors, where switching to shorter photoperiods 

decreased cocaine-induced reinstatement, while switching to longer photoperiods had no 

significant effects (Sorg et al., 2011). However, this study used exclusively male rats, so future 

studies using females may reveal differential effects of photoperiod on cocaine reinstatement and 

other substance use behaviors.  

The mesolimbic dopamine system is implicated in the pathophysiology of many 

neuropsychiatric disorders, including Major Depressive Disorder (MDD) (Nestler and Carlezon, 

2006), Seasonal Affective Disorder (SAD) (Rosen et al., 1990; Praschak-Rieder and Willeit, 

2012), and Bipolar Disorder (BD) (Cousins et al., 2009). Multiple studies have shown that 

seasonality of depressive symptoms in MDD is more prevalent in women (Otte et al., 2016), and 

that there is a higher prevalence of SAD in women than in men (Magnusson, 2003). Additionally, 

more women exhibit seasonality in their BD symptoms than men with BD (Arnold, 2003; Geoffroy 

et al., 2014). The female sex-specific effects of photoperiod on NAc dopamine dynamics shown 

here, along with evidence of female-specific circadian effects on dopamine dependent behaviors 

(Depoy et al., 2017), indicate the possibility that the female dopamine system is more sensitive to 

circadian light information than males. Thus, females may experience more fluctuation or seasonal 

changes to the dopamine system contributing to female-specific seasonality of certain 
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neuropsychiatric disorders. These data open the door to future investigation of the mechanisms of 

sex differences in seasonality of neuropsychiatric disorders. 

Taken together, our study demonstrates that photoperiod impacts the sub-second release 

and uptake dynamics of synaptic mesolimbic dopamine, revealing a novel process by which 

photoperiod impacts neural systems involved in reward and affective behaviors. These findings 

identify a potential role for the dopamine system in mediating sex differences in seasonality on a 

synaptic basis, and an animal model in which to further explore potential mechanisms of sex 

differences in neuropsychiatric disorders. 

 

Chapter 4 Age-Dependent and Sex-Dependent Effects of 

Photoperiod on Nucleus Accumbens Dopamine Dynamics in 

Adolescent and Adult Mice 
 

 

Abstract 
 

 

Day length, or photoperiod, is a reliable environmental cue that indicates changing seasons and 

coordinates seasonal biological processes. In humans, photoperiod, age, and sex have been 

linked to seasonality in neuropsychiatric disorders, as seen in Seasonal Affective Disorder 

(SAD), Major Depressive Disorder (MDD), and Bipolar Disorder (BD). The nucleus accumbens 

(NAc) is a key locus for the regulation of motivated behaviors and neuropsychiatric disorders. 

Using adolescent and adult male and female mice, here we assessed photoperiod’s effect on 

serotonin and dopamine tissue content in the NAc, as well as synaptic properties of NAc 

dopamine dynamics. We found greater serotonin and dopamine tissue content in NAc from adult 

mice raised in a Short winter-like photoperiod. In addition, dopamine release and clearance in the 

NAc was greater in NAc from adult mice raised in a Long summer-like photoperiod. Lastly, we 
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found that photoperiod’s effect on NAc dopamine tissue content and release were sex-dependent. 

These findings support that there are interactions across age, photoperiod, and sex that impact 

critical monoamine neuromodulators in the NAc. 

Introduction 
 

 

Photoperiodism is the response of an organism to seasonal changes in day length, or 

photoperiod. Seasonality of neuropsychiatric disorders is a compelling example of human 

photoperiodism where photoperiod strongly influences physiology and behavior. There is 

converging evidence that photoperiod may modulate affective behaviors through its effects on 

the serotonin and dopamine systems (Wirz-Justice, 1974; Carlsson et al., 1980; Rosenthal et al., 

1998; Neumeister et al., 2001; Praschak-Rieder et al., 2008; Willeit et al., 2008; Eisenberg et al., 

2010; Kalbitzer et al., 2010; Otsuka et al., 2014; Goda et al., 2015; Green et al., 2015; McMahon 

et al., 2016; Tyrer et al., 2016). However, it is not well understood what interactions there may 

be between age, sex, and photoperiod impacting these neuromodulatory systems. 

The nucleus accumbens (NAc) is a key node within the reward circuit where serotonin 

and dopamine play important roles in mediating motivated behaviors (Floresco, 2015; Salgado 

and Kaplitt, 2015; Turner et al., 2018). Within the NAc, dopamine and serotonin are contained in 

and released from axon terminals originating in the ventral tegmental area (VTA) and dorsal 

raphe nucleus (DRN), respectively (Salgado and Kaplitt, 2015; Klawonn and Malenka, 2018; 

Turner et al., 2018). During adolescence, NAc dopamine tissue content has yet to reach mature 

levels and is still increasing (Reynolds and Flores, 2021b). Released dopamine is rapidly taken 

back up by the dopamine transporter (DAT) (Giros et al., 1996; Jones et al., 1998) where it is 

repackaged for future release by the vesicular monoamine transporter (VMAT) (Erickson et al., 

1992; Nolan et al., 2020). In adult rodents there are well-established sex differences in the 
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mesolimbic dopamine system *add Jameson (Zachry et al., 2021), where females show enhanced 

dopamine neuron activity, synaptic release, uptake by DAT, and enhanced VMAT activity 

compared to males (Walker et al., 2000; Dluzen and McDermott, 2008). However, the question 

remains as to whether the effect photoperiod has on the dopamine and serotonin systems differs 

by sex or age— two important factors that contribute to the risk of developing neuropsychiatric 

disorders. 

Here, we describe the impact of age and sex on the effect of photoperiod on serotonin and 

dopamine in the NAc. Using adolescent and adult male and female mice raised in seasonally 

relevant photoperiods, our findings reveal interactions across age, photoperiod, and sex, that 

impact critical monoamine neuromodulators in the NAc. 

Results 
 

 

Serotonin and Dopamine Content in the NAc is Elevated by Short Winter-like Photoperiod 

in an Age-Dependent Manner 

We evaluated serotonin and dopamine content along with their main metabolites, 5-

hydroxyindoleacetic acid (5-HIAA) and 3,4-dihydroxyphenylacetic acid (DOPAC), respectively 

(Cumming et al., 1992). For 5-HT content, using a two-way ANOVA, we found a significant 

main effect of photoperiod (F (2, 67) = 17.15, p<0.0001), a main effect of age (F (1, 67) = 11.03, 

p=0.0015), and an interaction effect (F (2, 67) = 5.220, p=0.0078) (Figure 1A). Significant 

Holm-Sidak’s multiple comparison post hoc tests were observed in adults between Short and 

Long (p = 0.0002), and Short and Equinox (p < 0.0001) groups, as well as significant differences 

in serotonin content in the Short photoperiod animals between the periadolescent and adult age 

groups (p=0.0019). For 5-HIAA concentrations, using a two-way ANOVA, we found a 

significant main effect of photoperiod (F (2, 67) = 18.49, p<0.0001) but no significant effect of 
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age F(1, 67) = 2.341, p=0.1307)  (Figure 1B). Significant Holm-Sidak’s multiple comparison 

post hoc tests were observed at periadolescence between Short and Long (p = 0.0061), and 

between Short and Equinox (p = 0.0189) photoperiods. In adults, significant effects were found 

between Short and Long (p = 0.0049), and between Short and Equinox (p = 0.0005) 

photoperiods. For dopamine content, using a two-way ANOVA, we found a significant main 

effect of photoperiod (F(2, 67) = 9.586, p=0.0002), a main effect of age (F (1, 67) = 10.41, 

p=0.0019), and an interaction effect (F (2, 67) = 6.453, p=0.0027) (Figure 1C). Significant 

Holm-Sidak’s multiple comparison post hoc tests were observed in periadolescents between 

Equinox and Long (p = 0.0381) photoperiods. In adults, significant effects were found between 

Short and Long (p = 0.0078), and between Short and Equinox (p = 0.0004) photoperiods. We 

also found a significant difference between the periadolescent and adult age groups in the Short 

photoperiod animals (p=0.0048). For DOPAC concentrations, using a two-way ANOVA, a 

significant main effect of photoperiod (F (2, 67) = 6.611, p = 0.0024) and a non-significant effect 

of age (F (1, 67) = 3.198, p=0.0783) were found (Figure 1D). In adults, significant Holm-Sidak’s 

multiple comparison post hoc tests were found between Short and Equinox (p = 0.0083). 

Together these results indicate that photoperiod modulates monoamine tissue content in the NAc 

in an age-dependent manner, where Short photoperiod elevates NAc serotonin, 5-HIAA, 

dopamine, and DOPAC in the adult age group. 
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Figure 10. Serotonin and Dopamine Content in the NAC is Elevated by Short, winter, like 

Serotonin, 5-HIAA, dopamine, and DOPAC content in the NAc of Short, Equinox and Long 

adolescent and adult mice. A) For serotonin, there was a main effect of photoperiod (F (2, 67) = 

17.15, p<0.0001), age (F (1, 67) = 11.03, p=0.0015), and an interaction effect (F (2, 67) = 5.220, 

p=0.0078). B) For 5-HIAA concentrations, there was a main effect of photoperiod (F (2, 67) = 

18.49, p<0.0001). C) For dopamine content, there was a main effect of photoperiod (F(2, 67) = 

9.586, p=0.0002), age (F (1, 67) = 10.41, p=0.0019), and an interaction effect (F (2, 67) = 6.453, 

p=0.0027) D) For DOPAC concentrations, we found a main effect of photoperiod (F (2, 67) = 

6.611, p = 0.0024). P30 and P50 denote periadolescent and adult age groups, respectively. Data 

are represented as mean +/- SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Short, 

P30 (N=11), Short, P50 (N=12); Equinox, P30 (N=12), Equinox, P50 (N=12); Long, P30 

(N=14), Long P50 (N=12).  
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Synaptic Dopamine Release and Clearance in the NAc Are Increased by Long Summer-like 

Photoperiod in an Age-Dependent Manner 

We used FSCV in the NAc to assess whether synaptic release dynamics of dopamine may be 

differentially regulated by photoperiod. Electrically evoked synaptic dopamine release was 

measured using FSCV in brain slices containing the NAc from Short, Equinox, and Long 

photoperiod periadolescent and adult mice. Dopamine neurons that project to the NAc have two 

functionally distinct firing modes: spontaneous, low frequency tonic firing, and high frequency 

phasic burst firing (Ljungberg et al., 1992; Schultz, 1998, 2007). In order to determine whether 

effects of photoperiod were dependent on firing mode, we stimulated dopamine release across 

tonic and phasic frequencies. In the periadolescent age group, two-way ANOVA revealed a 

significant main effect of frequency of stimulation (F(3, 68) = 5.981; p = 0.0011), and a trend-

level main effect of photoperiod (F(2, 68) = 3.059, p=0.0535) (Figure 2C). Short, Equinox, and 

Long photoperiod mice showed more striking differences in dopamine release in adulthood. 

Two-Way ANOVA revealed a significant main effect of photoperiod (F (2, 64) = 13.32; 

p<0.0001), and frequency of stimulation (F (3, 64) = 3.172; p=0.0301). Using Tukey’s multiple 

comparison post hoc tests, we found a significant effect at the 20 Hz stimulation between Short 

and Long photoperiods (p = 0.0111), as well as between Long and Equinox photoperiods (p = 

0.0102) (Figure 2D). When we compared NAc dopamine release across groups at the single 

pulse condition using two-way ANOVA, we found significant main effects of photoperiod (F (2, 

31) = 5.374; p=0.0099), a significant main effect of age (F (1, 31) = 11.76; p=0.0017), as well as 

a significant interaction effect (F (2, 31) = 4.453; p=0.02). Holm-Sidak’s post-hoc test revealed 

significant differences between the periadolescent and adult age groups in the Long photoperiod 



 66 

 

condition (p=0.0027), as well as significant differences in the adults as follows: Short vs. Long 

(p=0.0272), Equinox vs. Long (p=0.0074) (Figure 2E). 

We assessed whether there were age-dependent effects of photoperiod on dopamine clearance in 

the NAc by measuring tau, the time it takes for the dopamine signal to decay to 1/3 of it’s peak 

value. Using a two-way ANOVA, we found a significant effect of photoperiod (F(2,33) = 3.915; 

p=0.0298), age (F(1,33) = 5.0; p=0.0322), and a significant interaction effect (F(2,33) = 4.369; 

p=0.0207). Using Holm-Sidak’s multiple comparisons test, we found a significant difference in 

tau across photoperiods in the periadolescent age group as follows: Short vs. Long (p=0.0128); 

Equinox vs. Long (p=0.0115) with tau being greater in Long photoperiod in each case. We also 

found a significant difference in tau in the Long photoperiod animals between the periadolescent 

and adult age groups (p=0.0115), with tau being greater in periadolescence (Figure 2F). 

Together, these results indicate that photoperiod impacts synaptic dopamine release and 

clearance in an age-dependent manner, where Long photoperiod enhances release in the adult 

age group, and decreases dopamine clearance in the periadolescent group. 
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Figure 11. Synaptic Dopamine Release and Clearance in the NAc Are Increased by Long 

Summer-like Photoperiod in an Age-Dependent Manner: A) Representative current traces 

across tonic and phasic frequencies in the NAc core of periadolescent (P30) or B) adult (P50) 

mice raised in Short, Equinox, or Long photoperiods. C) Evoked NAc core dopamine release 

across tonic and phasic frequencies in the periadolescent age group showed a main effect of 

frequency of stimulation (F(3, 68) = 5.981; p = 0.0011). D) In the adult group, there was a 

significant main effect of frequency of stimulation (F (3, 64) = 3.172; p=0.0301) and photoperiod 

(F (2, 64) = 13.32; p<0.0001) on evoked NAc dopamine release. E) NAc dopamine release 

evoked from the single pulse condition showed a main effect of photoperiod (F (2, 31) = 5.374; 

p=0.0099), age (F (1, 31) = 11.76; p=0.0017), as well as an interaction effect (F (2, 31) = 4.453; 

p=0.02). F) Tau, the time it takes for the dopamine signal to decay to 1/3 of its peak value, was 

used to assess dopamine clearance. There was a main effect of photoperiod (F(2,33) = 3.915; 

p=0.0298), age (F(1,33) = 5.0; p=0.0322) and an interaction effect (F(2,33) = 4.369; p=0.0207). 

Data are represented as mean +/- SEM. * = Short vs Long, # = Long vs. Equinox. * p < 0.05, ** 

p < 0.01, **** p < 0.0001. Short, P30 (N=7), Short, P50 (N=6); Equinox, P30 (N=6), Equinox, 

P50 (N=7); Long, P30 (N=7), Long P50 (N=6).  
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Photoperiod Effects on NAc Dopamine Tissue Content and Release Are Sex-Dependent 

We have previously shown that photoperiod has a sex-specific effect on synaptic dopamine 

release in the NAc (Jameson, in press). In this data set, separating male and female NAc DA 

release data uncovered striking sex-specific effects of photoperiod that were age-dependent. NAc 

dopamine release in females, assessed using a two-way ANOVA, yielded a significant main 

effect of photoperiod (F (2, 14) = 9.144; p=0.0029), a significant main effect of age (F (1, 14) = 

11.75; p=0.0041), as well as a significant interaction effect (F (2, 14) = 6.596; p=0.0096). 

Additionally, using Holm-Sidak’s post-hoc tests we found significant differences between the 

periadolescent and adult age group in the Long photoperiod females (p=0.0026), with dopamine 

release elevated in the adults. There were also significant main differences in dopamine release 

in the adult females between Long and Short photoperiods (p=0.0041) as well as Long and 

Equinox photoperiods (p=0.0034) (Figure 3C), with increased dopamine release in NAc from 

Long photoperiod mice in both cases. When we assessed NAc dopamine release in the males, we 

did not find any significant main effects of neither photoperiod (F(2, 13) = 0.2062, p=0.8162) 

nor age (F(1, 13) = 1.485, p=0.245) (Figure 3D). Due to the sex-specific effects of 

developmental photoperiod we saw in NAc dopamine release, we assessed whether the age-

dependent photoperiod effects on dopamine tissue content in Fig. 1 were also regulated in a sex-

specific manner. When we analyzed post hoc male and female NAc DA content separately, we 

found that the female mice showed a significant main effect of photoperiod (F(2,41)=11.21; 

p=0.0001), with DA content in Short photoperiod elevated, and of age (F(1,41)=7.885; 

p=0.0076) with DA content in adults elevated. Holm-Sidak’s post-hoc multiple comparisons test 

revealed that there were significant differences in the adult condition as follows: Short vs 

Equinox (p=0.007), Short vs. Long (p=0.0278) (Figure 3E). While we did not find a significant 
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main effect of photoperiod on NAc DA content in the male mice (F(2, 20) = 2.193, p=1376), we 

did find a significant main effect of age (F(1,20)=5.174; p=0.034), with adults being greater, and 

a significant interaction effect (F(2,20)=13.19; p=0.0002). Additionally, Holm-Sidak’s multiple 

comparison post hoc tests revealed significant differences in NAc DA content between the 

periadolescent and adult age group within Short (p=0.0461) and Long (p=0.036) photoperiod 

males, as well as differences within the periadolescent condition as follows: Short vs. Equinox 

(p=0.0261), Equinox vs. Long (p=0.0013) (Figure 3F). These results indicate that photoperiod 

has sex-dependent effects on dopamine tissue content and release. Dopamine tissue content is 

enhanced in Short photoperiod females, whereas dopamine release is enhanced in Long 

photoperiod females. While in males, we found an interaction between age and photoperiod, 

where males raised in Short or Long photoperiod had increased dopamine tissue content in the 

adults, while the Equinox males did not show any difference in dopamine content across age.  
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Figure 12. Photoperiod Effects on NAc Dopamine Tissue Content and Release Are Sex-

Dependent: A) Representative current traces evoked from a single pulse in the NAc core from 

female and B) male adolescent and adult mice raised in Short, Equinox, or Long photoperiod. C) 

NAc core dopamine release in the females showed a main effect of photoperiod (F (2, 14) = 

9.144; p=0.0029), age (F (1, 14) = 11.75; p=0.0041), and an interaction effect (F (2, 14) = 6.596; 

p=0.0096). D) NAc core dopamine release in the males did not show significant differences by 

age or photoperiod. E) NAc dopamine tissue content in females showed a main effect of 

photoperiod (F(2,41)=11.21; p=0.0001) and age (F(1,41)=7.885; p=0.0076). F) NAc dopamine 

tissue content in males showed a main effect of age (F(1,20)=5.174; p=0.034) as well as an 

interaction effect (F(2,20)=13.19; p=0.0002). Data are shown as mean +/- SEM. * p < 0.05, ** p 

< 0.01, *** p < 0.001. Females: Short, P30 (N=3), Short, P50 (N=3); Equinox, P30 (N=3), 

Equinox, P50 (N=4); Long, P30 (N=4), Long P50 (N=3). Males: Short, P30 (N=4), Short, P50 

(N=3); Equinox, P30 (N=3), Equinox, P50 (N=4); Long, P30 (N=3), Long P50 (N=3). 
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Photoperiod Impacts on Synaptic Dopamine Clearance Are Age-dependent but Not Sex-

Specific 

To determine whether photoperiod’s effect on synaptic dopamine clearance was also sex-

specific, we compared male and female clearance time data (tau) in the periadolescent age group 

and the adult age group. We found that there was a significant main effect of photoperiod in the 

periadolescent age group (F(2, 14) = 4.623, p=0.0287) using two-way ANOVA, but did not 

detect a significant effect of sex (F(1, 14) = 0.1339, p=0.7198) (Figure 4A). In the adult group, 

there was no were no significant main effects of photoperiod (F(2, 13) = 0.03906, p=0.962) or 

sex (F(1, 13) = 0.9404, p=0.35) (Figure 4B). These results indicate that photoperiod effects on 

dopamine clearance in the NAc can be detected in periadolescent mice, and that this effect is not 

sex-specific.  

 

 

Figure 13. Photoperiod Impacts on Synaptic Dopamine Clearance Are Age-dependent but 

Not Sex-Specific: A) Dopamine clearance time data (tau) in the periadolescent age group and 

the B) adult age group. We found that there was a significant main effect of photoperiod in the 

periadolescent age group (F(2, 14) = 4.623, p=0.0287). In the adult group, there was no were no 

main effects of photoperiod or sex. Data are represented as mean +/- SEM. * p < 0.05. Females: 

Short, P30 (N=3), Short, P50 (N=3); Equinox, P30 (N=3), Equinox, P50 (N=4); Long, P30 

(N=4), Long P50 (N=3). Males: Short, P30 (N=4), Short, P50 (N=3); Equinox, P30 (N=3), 

Equinox, P50 (N=4); Long, P30 (N=3), Long P50 (N=3). 
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Discussion 
 

 

Here we investigated interactions of photoperiod, age, and sex and their influence on 

neuromodulatory systems in the NAc. We assessed serotonin and dopamine tissue content and 

evoked dopamine release within the NAc of periadolescent and adult male and female mice raised 

in seasonally relevant photoperiods. We found age-dependent effects of photoperiod on NAc 

serotonin content, as well as age- and sex-dependent effects of photoperiod on dopamine tissue 

content and synaptic dopamine dynamics in the NAc. Taken together, we’ve demonstrated that 

photoperiod differentially regulates NAc serotonin and dopamine in males and females in an age-

dependent manner. 

  Photoperiod had age-dependent effects on serotonin tissue content in the NAc. Long 

photoperiod sequentially programs elevated serotonin neuron activity and serotonin tissue content 

in the DRN through development (Green et al., 2015; Siemann et al., 2019, 2020). With evidence 

that Long photoperiod enhances serotonergic content both in the DRN and midbrain (Green et al., 

2015; Siemann et al., 2019, 2020), we were intrigued to find that serotonin and 5-HIAA tissue 

content in the Short photoperiod animals was elevated in the NAc. Our results reveal that the 

effects of photoperiod may reflect differential regulation of serotonin content in the DRN and 

regulation of serotonin content and signaling at terminals within the NAc.  

In addition to serotonin, we found a concomitant increase in NAc dopamine tissue content in 

adult mice raised under Short photoperiod. Previous work from our lab showed that mice raised 

under Short photoperiod exhibited a greater depressive-like phenotype than mice raised in Long 

photoperiod (Green et al., 2015). Studies have reported elevated NAc serotonin and dopamine 

tissue content in a rat model of depression, and chronic treatment with antidepressants was able to 

normalize serotonin and dopamine levels (Zangen et al., 1997, 1999, 2001; Yadid et al., 2000). 
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Considering these results, our findings that NAc serotonin and dopamine content is enhanced by 

Short photoperiod suggest their involvement in underlying mechanisms of photoperiod-driven 

changes in depressive-like behaviors.  

 We found here, and in previous work from our group *(Jameson, in press), that synaptic 

NAc dopamine release is enhanced in female mice raised under Long summer-like photoperiod. 

In the present study, we replicated these findings in adult mice, and also found that these sex-

specific effects of photoperiod were age-dependent. Sex differences can emerge at several critical 

periods of development, including genetic influence from sex chromosomes during gestation, pre-

pubertal sex hormone action during development, sex hormone action during the peripubertal 

period, and sex hormone action in adulthood (Becker et al., 2005; McCarthy and Arnold, 2011; 

Becker and Chartoff, 2019). It is important to note that the peripubertal period in rodents is between 

P30-P40 (Becker, 2009), which is the same age range at which we collected data from the 

periadolescent animals. Peripubertal female sex hormones have a direct impact on the sexual 

differentiation of the mesolimbic dopamine system that is separate from the pre-pubertal sexual 

differentiation of these systems which occurs earlier during development (Becker, 2009). Because 

we did not observe marked differences across photoperiod in our periadolescent age group, it is 

plausible that our female sex-specific photoperiod effects are age dependent due to the 

involvement of peripubertal female sex hormones or due to mature female sex hormone 

fluctuations through the estrous cycle, though we did not assess this in the current study. Future 

studies are necessary to explore the interaction of photoperiod and biological sex to determine how 

these factors may work in concert to modulate rhythms in monoaminergic systems, whether it 

occurs through sex hormones, sex chromosomes, sexual differentiation or developmental 

trajectory, among other possibilities (Arnold and Chen, 2009). 
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 We also examined synaptic dopamine clearance and found that in the Long photoperiod 

animals, dopamine clearance was enhanced in adults compared to adolescent animals. While 

dopamine clearance in the striatum is primarily mediated by uptake through DAT, it also involves 

enzymatic degradation by monoamine oxidase B (MAOB) and catel-o-methyltransferase (COMT) 

(Garrett and Soares-Da-Silva, 1990; Cumming et al., 1992; Nakamura et al., 1995; Nolan et al., 

2020; Korn et al., 2021). Tau captures both DAT function as well as MAOB and COMT activity 

(Garrett and Soares-Da-Silva, 1990; Cumming et al., 1992; Yorgason et al., 2011; Nolan et al., 

2020; Everett et al., 2022). We were intrigued to find that photoperiod effects on tau were not sex-

specific, since we have previously shown that photoperiod has female-specific effects on dopamine 

uptake by DAT (Jameson, in press). Thus, there may be a common mechanism across both males 

and females other than DAT regulation through which Long photoperiod affects dopamine 

clearance. Although not tested here, elevated activity in dopamine degradation by MAOB and/or 

COMT in adults compared to adolescent animals could account for the non-sex-specific effects of 

Long photoperiod on NAc dopamine clearance. 

It is important to consider distinctions between measures of dopamine tissue content and 

evoked dopamine release. Dopamine tissue content, as measured by HPLC, captures both 

extracellular and intracellular dopamine to give a total dopamine concentration. In contrast, FSCV 

measures synaptic dopamine release and clearance on a millisecond time-scale. Studies have 

shown that dopamine synthesis rate can change in the opposite direction as dopamine tissue 

content (Gainetdinov et al., 1998), dopamine metabolism does not correlate with extracellular 

dopamine (Sharp et al., 1986), and that dopamine release is inversely correlated to extracellular 

dopamine (Ferris et al., 2014). Therefore, while both techniques assess dopamine concentration, 

changes in these measures reflect distinct phenomena that may be differentially regulated by 
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photoperiod. Future studies assessing levels of key enzymes within the dopamine synthesis 

pathway such as tyrosine hydroxylase (TH), MAOB, and COMT could give more insight to 

whether synthesis or degradation is impacted by photoperiod independently from synaptic release. 

In summary, we have elucidated novel interactions between photoperiod, age, and sex that 

influence serotonin and dopamine in the NAc and how it is regulated differently in male and female 

mice by photoperiod across adolescence and young adulthood. This study provides insight for 

future research examining mechanisms of seasonality in neuropsychiatric disorders. 

Chapter 5 Sex-Specific Effects of Photoperiod on Nucleus 

Accumbens Dopamine Transporter Function and Psychostimulant 

Behavior 
 

 

Abstract 
 

 

Seasonal behaviors are biologically driven by seasonal changes in day length, or photoperiod. 

Previously, we have shown that photoperiod has sex-specific effects on synaptic dopamine 

dynamics in the nucleus accumbens (NAc). Further, evidence suggests that the dopamine 

transporter (DAT) is a potential locus of action for the sex-specific effects of photoperiod on 

NAc dopamine. The NAc is a critical node within the reward circuit that brings motivation to 

action, and changes to NAc dopamine dynamics at the synapse can result in robust changes in 

behaviors. It has yet to be tested whether the photoperiod-driven basal differences in NAc 

dopamine dynamics manifests in observable differences in behavior. Cocaine and amphetamine 

are psychostimulant drugs that target DAT and produce robust behavioral effects. Thus, using 

these drugs we can determine whether photoperiod impacts DAT-mediated behaviors. Here, 

using male and female mice we examined the effect of seasonally relevant photoperiods on 
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psychostimulant action in the NAc as well as psychostimulant behavior. We found that females 

raised in Short, winter-like photoperiod showed blunted cocaine- and amphetamine-induced 

hyperlocomotion, while females raised in Long, summer-like photoperiod were more sensitive to 

DAT inhibition in the NAc by cocaine and amphetamine. The combined work presented here 

provides evidence that photoperiod has differential, female-specific effects on psychostimulant 

action at the synaptic and behavioral levels. 

Introduction 
 

 

 The time of year in temperate zones is encoded by day length, or photoperiod, where 

days are longer in summer months and shorter in winter months (Khavrus and Shelevytsky, 

2012). Photoperiod is the primary environmental cue that governs seasonal behaviors(Bronson, 

1988; Rosen et al., 1990; Magnusson, 2003; Melrose, 2015; Devore et al., 2018). Evidence 

suggests that photoperiod influences components of the mesolimbic dopamine pathway, an 

important component of the reward circuit responsible for motivated behaviors (Jameson) 

(Eisenberg et al., 2010; Goda et al., 2015). However, it has yet to be shown that changes to the 

dopamine system by photoperiod manifest in observable differences in behavior. Understanding 

how photoperiod driven differences in the mesolimbic dopamine system impact behavior is a 

critical step in elucidating the neural mechanisms of seasonal behavior. 

 The mesolimbic dopamine pathway consists of dopaminergic projections from the ventral 

tegmental area (VTA) to the nucleus accumbens (NAc) (Nestler and Carlezon, 2006; Turner et 

al., 2018). After release, dopamine is rapidly taken back up into the axon terminal by the 

dopamine transporter (DAT) and repackaged for future release (Nolan et al., 2020). DAT 

function, therefore, is the primary driver of the temporal dynamics of synaptic dopamine release 

(Jones et al., 1998). Changes in DAT function can powerfully influence behavior—
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psychostimulants such as cocaine and amphetamine alter DAT function and cause a robust 

increase in locomotor activity (Ritz et al., 1966; Giros et al., 1996; Jones et al., 1998; Rocha, 

2003; Kahlig et al., 2005; Sulzer et al., 2005; Hall et al., 2009; Robertson et al., 2009; Cagniard 

et al., 2014; Calipari et al., 2017; Drake and Scott, 2018). Photoperiod has also been shown to 

influence DAT in both rodent (Jameson) and human studies (Neumeister et al., 2001). However, 

it is still unknown how photoperiod-driven changes to DAT influence behavior. 

Here, we provide evidence for sex-specific effects of photoperiod on sensitivity to 

psychostimulants both on the physiological and behavioral levels. We found that females raised 

in Short, winter-like photoperiod had a blunted locomotor response to cocaine, and that females 

raised in Long, summer-like photoperiod were more sensitive to DAT inhibition by cocaine and 

amphetamine in the NAc. Together, our findings establish that photoperiod has sex-specific 

effects on synaptic dopamine dynamics and dopamine-dependent behaviors, and further 

implicate DAT as an integral component of the neural basis of behavioral photoperiodism. 
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Results 
 

 

Short, winter-like photoperiod blunts locomotor response to cocaine in female mice 

We measured total distance travelled in male and female Short, Equinox, and Long mice 

before and after 15 mg/kg IP injection of cocaine in the cocaine-induced hyperlocomotion 

paradigm. In females, using a two-way repeated measures ANOVA, we found a significant effect 

of photoperiod (F(2, 23) = 6.658, P=0.0052), a significant effect of cocaine (F(2.011, 46.25) = 

9.320, P=0.0004), as well as an interaction effect between cocaine and photoperiod (F(32, 368) = 

1.718, P=0.0104) on distance traveled. Tukey’s multiple comparison’s test revealed significant 

differences as follows, where the 0 min bin is the first bin following cocaine injection: -15 min, 

Short vs Long (P=0.0074), Short vs Equinox (P=0.0021); -10 min, Short vs Equinox (P=0.0365); 

0 min, Short vs Equinox (P=0.001), Equinox vs Long (P=0.0091); 5 min, Short vs Long 

(P=0.0495), Short vs Equinox (P=0.0184); 10 min, Short vs Long (P=0.0392), Short vs Equinox 

(P=0.0218); 15 min, Short vs Equinox (P=0.0143); 20 min, Short vs Long (P=0.0495), Short vs 

Equinox (P=0.0496); 25 min, Short vs Long (P=0.0239), Short vs Equinox (P=0.003) (Figure 

1A). We also quantified total distance traveled for the first 20 minutes after cocaine injection. 

Using a one-way ANOVA we found a significant effect of photoperiod on cocaine-induced 

locomotor activity within this time frame in the female mice (F (2, 23) = 3.945, P=0.0337). 

Tukey’s multiple comparisons post-hoc test revealed a significant difference between Short and 

Long animals (P=0.0305) (Figure 1B). In males, using a two-way repeated measures ANOVA, 

while cocaine had a significant effect on locomotor activity (F(2.940, 64.67) = 11.80, P<0.0001) 

we did not find a significant main effect of photoperiod (F(2, 22) = 0.1036, P=0.902) (Figure 

1C). Additionally, one-way ANOVA revealed no significant effect of photoperiod (F(2, 22) = 

0.3765, P=0.69) on cocaine-induced locomotor activity in the first 20 minutes after cocaine 
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injection (Figure 1D). Thus, while the male mice did have increased locomotor activity in 

response to cocaine, photoperiod did not modulate this behavior.  

 The open field test revealed that there were sex-specific effects of photoperiod on 

baseline differences in general locomotor activity and thigmotaxis. In the females, using a one-

way ANOVA we found that there was a significant effect of photoperiod on thigmotaxis (F(2, 

23) = 3.983, P=0.327), where Tukey’s multiple comparisons test revealed that females raised in 

Short photoperiod had decreased time spent in the center of the chamber compared to Equinox 

photoperiod (P=0.026) (Supplemental Figure 1A). In the males, there was no effect of 

photoperiod on thigmotaxis (F(2, 22) = 0.7167, P=0.4994) (Supplemental Figure 1B). These 

results indicate there may be an anxiety-phenotype in the Short photoperiod females. However, 

we also found that photoperiod had a significant effect on general locomotor activity (F(2, 23) = 

12.22, p=0.0002) using a one-way ANOVA. Tukey’s post-hoc multiple comparisons test 

revealed there was a significant difference between females raised in Short and Long 

photoperiod (p=0.048) as well as Short and Equinox photoperiod (p=0.0002) where locomotor 

activity was decreased in the Short photoperiod females (Supplemental Figure 1C). In the 

males, using a one-way ANOVA we found no significant effect of photoperiod on distance 

traveled in the open field test (F(2, 22) = 0.4249, p=0.6591) (Supplemental Figure 1D). Taken 

together, photoperiod shows a female-specific effect on basal locomotor activity, where Short 

photoperiod females show decreased basal locomotor activity that may contribute to our 

observation that they also had increased thigmotaxis.  

Consequently, we normalized results to baseline locomotor activity of each photoperiod 

group to address whether photoperiodic differences in psychostimulant-induced hyperlocomotion 

were due to differences in sensitivity to the drug or due to basal differences in locomotor 
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activity. We calculated the average distance traveled in a single 5-minute bin over the first 20 

minutes of the behavioral paradigm to use as our baseline and measured the percent increase in 

locomotor activity for each 5 minute bin after cocaine injection. In the female mice, using a two-

way repeated measures ANOVA on the normalized locomotor activity, we did not find a 

significant effect of photoperiod (F(2, 23) = 2.503, p=0.1039), but we did find a significant effect 

of cocaine (F(2.274, 52.3) = 6.685, p=0.0018) as well as a significant interaction effect of 

cocaine and photoperiod (F(30, 345) = 1.497, p=0.0488) (Supplemental Figure 2A). 

Additionally, when comparing the average percent increase in locomotor activity in the first 20 

minutes after cocaine injection, using a one-way ANOVA we found a significant effect of 

photoperiod in the females (F(2, 23) = 2.935, p=0.0732) (Supplemental Figure 2B). In the male 

mice, using a two-way repeated measures ANOVA we found that, as expected, cocaine had a 

significant effect (F(2.331, 51.287) = 7.734, p=0.0007) while there was no significant effect of 

photoperiod (F(2, 22) = 0.2698, p=0.766) (Supplemental Figure 2C). We also did not find a 

significant effect of photoperiod when comparing the average percent increase in locomotor 

activity over the first 20 minutes after cocaine injection (F(2,25) = 0.4721, p=0.6292) 

(Supplemental Figure 2D). 

Taken together, these results suggest that photoperiod has female-specific effects on basal 

locomotor activity and on cocaine induced hyperlocomotion, where female mice raised in Short 

photoperiod show less basal locomotor activity and a blunted locomotor response to cocaine. 
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Figure 14. Short, winter-like photoperiod blunts locomotor response to cocaine in female 

mice: A) Time course of total distance travelled in 5-minute intervals in female mice raised in 

Short, Equinox, or Long photoperiod before and after cocaine administration. Dotted line 

denotes when animals received IP injection of cocaine. We found main effects of photoperiod 

(F(2, 23) = 6.658, P=0.0052), cocaine (F(2.011, 46.25) = 9.320, P=0.0004), as well as an 

interaction effect between cocaine and photoperiod (F(32, 368) = 1.718, P=0.0104) B) 

Photoperiod has significant effect on total distance travelled in first 20 minutes after cocaine 

administration in Short, Equinox, or Long photoperiod female mice during cocaine-induced 

hyperlocomotion behavior assay (F (2, 23) = 3.945, P=0.0337). C) Total distance travelled in 5-

minute intervals in male mice raised in Short, Equinox, or Long photoperiod, where there was a 

main effect of cocaine on locomotor activity (F(2.940, 64.67) = 11.80, P<0.0001) D) Total 

distance travelled in first 20 minutes after cocaine administration in Short, Equinox, or Long 

photoperiod male mice. Data are represented as mean +/- SEM. * denotes comparisons between 

Short and Long, # denotes comparisons between Short and Equinox, § denotes comparisons 

between Long and Equinox,  * = p<0.05, # = p<0.05, § = p<0.05, ** = p<0.01, ## = p<0.01, §§ = 

p<0.01, *** = p<0.001, ### = p<0.001, **** = p<0.0001.  



 82 

 

Female mice raised in Long, summer-like photoperiod show enhanced sensitivity to cocaine 

in the NAc core 

We assessed electrically evoked dopamine release in the NAc core of male and female 

mice raised in Short, Equinox, and Long photoperiods. In the females, we found a significant 

main effect of photoperiod (F(2, 44) = 6.664, P=0.003) but did not detect a significant effect of 

cocaine dose (F(3, 44) = 0.5609, P=0.6437) on cocaine action on dopamine release. Additionally, 

Tukey’s multiple comparisons post-hoc test revealed a significant difference between Short and 

Long photoperiod in the aCSF condition (P=0.0299) where dopamine release was enhanced in 

the Long photoperiod females (Figure 2A). We also found a significant main effect of 

photoperiod (F(2, 44) = 5.579, P=0.0069) and cocaine dose (F (3, 44) = 10.84, P<0.0001) on the 

magnitude of DAT inhibition by cocaine, as measured by Km, in the females using a two-way 

ANOVA. Tukey’s multiple comparisons post-hoc test revealed a significant difference between 

photoperiod groups at the 10 µM cocaine condition as follows: Short vs Long (P=0.0005), 

Equinox vs Long (P=0.0149). (Figure 2B). In the males, we did not find a significant effect of 

photoperiod (F(2, 40) = 0.9251, P=0.4048) or dose (F(3, 40) = 1.071, P=0.3723) on cocaine 

action on dopamine release (Figure 2C). We also did not find a significant effect of photoperiod 

(F(2, 40) = 1.318, P=0.2791) or dose (F(3, 40) = 25.82, P<0.0001) on DAT inhibition by cocaine 

(Figure 2D). These data indicate that photoperiod modulation of sensitivity to cocaine is also 

female-specific, where Long photoperiod females have enhanced sensitivity to DAT inhibition 

by cocaine. 
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Figure 15. Female mice raised in Long, summer-like photoperiod show enhanced sensitivity 

to cocaine in the NAc core: A) Representative current traces of evoked dopamine release across 

increasing concentrations of cocaine in female mice raised in Short, Equinox, or Long 

photoperiod. Dotted lines denote magnitude of release in control aCSF condition. B) In females, 

dopamine release with increasing concentrations of cocaine showed a significant main effect of 

photoperiod (F(2, 44) = 6.664, P=0.003) C) Magnitude of uptake inhibition (apparent Km) 

showed a main effect of photoperiod (F(2, 44) = 5.579, P=0.0069) and cocaine dose (F (3, 44) = 

10.84, P<0.0001) in females. D) Representative current traces of evoked dopamine release across 

increasing concentrations of cocaine in male mice raised in Short, Equinox, or Long photoperiod. 

Dotted lines denote magnitude of release in control aCSF condition. E) Evoked dopamine release 

with increasing concentrations of cocaine in males. F) Apparent Km showed a main effect of 

cocaine dose (F(3, 40) = 25.82, P<0.0001) in males. Data are represented as mean +/- SEM. * 

denotes comparisons between Short and Long, # denotes comparisons between Long and 

Equinox. # = p<0.05, *** = p<0.001.  
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Photoperiod differentially influences locomotor response to amphetamine in males and 

females 

We then conducted the amphetamine-induced hyperlocomotion assay in male and female 

mice raised under Short, Equinox, and Long photoperiods. In our female cohort we found a 

significant effect of amphetamine on distance travelled (F(3.239, 103.6) = 5.016, P=0.0021) 

while the effect of photoperiod was not significant (F(2,32)= 2.213, p= 0.1259). Using Tukey’s 

post hoc multiple comparisons test, we found a significant difference between females raised in 

Short and Equinox photoperiod in the time bin immediately prior to amphetamine injection 

(p=0.0116) where the Equinox animals had greater locomotor activity. We also found several 

time points after amphetamine injection (0 min) where there was a difference between Short and 

Long photoperiod females that was trending significance, as follows: 5 min (P=0.0859); 10 min 

(P=0.09); 30 min (P=0.0724); 40 min (P=0.0839); 45 min (P=0.0823), where the Short 

photoperiod animals had blunted locomotor activity (Figure 3A). We then compared the total 

distance travelled in the first 20 minutes after amphetamine injection using a one-way ANOVA 

and found no significant effect of photoperiod (F(2,32) = 2.124, p=0.1361). (Figure 3B). In the 

males, using a two-way repeated measures ANOVA, we found a significant effect of 

amphetamine on locomotor activity (F(4.185, 92.08)=9.058, p<0.0001) as expected. While we 

did not find a main effect of photoperiod on locomotor activity (F(2,22) = 0.6920, p=0.511), we 

did find a significant interaction effect of amphetamine and photoperiod (F(32,352) = 1.499, 

p=0.0437) (Figure 3C). We were also unable to detect an effect of photoperiod in the males 

when comparing the total distance traveled in the first 20 minutes after amphetamine injection 

(F(2, 31) = 1.308, p=0.2847) (Figure 3D). 
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Due to the aforementioned basal differences in locomotor activity by photoperiod in the 

females, we repeated this analysis on data that was normalized to baseline locomotor activity. In 

the females, using a two-way repeated measures ANOVA we found a significant effect of 

amphetamine (F(3.642, 116.5) = 3.016, P=0.0244) as expected, but no significant effect of 

photoperiod (F(2, 32) = 0.7744, P=0.4694) (Supplemental Figure 3A). When we compared the 

average percent increase in locomotor activity in the first 20 minutes after amphetamine 

injection, using a one-way ANOVA we did not find differences by photoperiod (F(2, 32) = 

1.086, P=0.3497) (Supplemental Figure 3B). In the males, using a two-way repeated measures 

ANOVA we found that there was a significant effect of amphetamine (F(3.528, 109.4) = 8.021, 

P<0.0001) but no significant effect of photoperiod (F(2, 31) = 1.775, P=0.1862). Interestingly, 

we did find a significant interaction effect between amphetamine and photoperiod (F(30, 465) = 

1.525, P=0.0391) (Supplemental Figure 3C). When we compared the average percent increase 

in distance traveled in the first 20 minutes following amphetamine injection, using a one-way 

ANOVA we found no significant effect of photoperiod in the males (F(2, 31) = 1.527, P=0.2332) 

(Supplemental Figure 3D). 

Taken together, these results suggest that photoperiod may not have an effect on 

amphetamine induced hyperlocomotion in the females, while there are photoperiod-dependent 

effects of amphetamine in the males.   
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Figure 16. Photoperiod differentially influences locomotor response to amphetamine in 

males and females: A) Time course of total distance travelled in 5-minute intervals in female 

mice raised in Short, Equinox, or Long photoperiod before and after amphetamine 

administration. Dotted line denotes when animals received IP injection of amphetamine, which 

had a main effect on locomotor activity (F(3.239, 103.6) = 5.016, P=0.0021). B) Total distance 

travelled in first 20 minutes after amphetamine administration in Short, Equinox, or Long 

photoperiod female mice. C) Total distance travelled in 5-minute intervals in male mice raised in 

Short, Equinox, or Long photoperiod, where there was a main effect of amphetamine on 

locomotor activity (F(4.185, 92.08)=9.058, p<0.0001), as well as an interaction effect of 

amphetamine and photoperiod (F(32,352) = 1.499, p=0.0437). D) Total distance travelled in first 

20 minutes after amphetamine administration in Short, Equinox, or Long photoperiod male mice. 

Data are represented as mean +/- SEM. * = p<0.05, *** = p<0.001, **** = p<0.0001.  
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Female mice raised in Long, summer-like photoperiod show enhanced sensitivity to 

amphetamine in the NAc core 

 We then assessed the effect of increasing concentrations of amphetamine on electrically 

evoked dopamine release in the NAc core of male and female mice raised in Short, Equinox, and 

Long photoperiods. In the females, using a two-way ANOVA we found a significant effect of 

amphetamine (F(3, 40) = 13.65, P<0.0001) but no significant effect of photoperiod, although it is 

trending significance (F(2, 40) = 2.538, P=0.0917) (Figure 4A). When we examined magnitude 

of DAT inhibition, we also found a significant effect of amphetamine (F(3, 40) = 14.25, 

P<0.0001), photoperiod (F(2, 40) = 8.98, P=0.0006), and a significant interaction effect of 

photoperiod and amphetamine (F(6, 40) = 4.352, P=0.0018) using a two-way ANOVA. Tukey’s 

multiple comparisons post hoc test also revealed significant differences in the 10 M condition 

as follows: Short vs Long (P=0.0005), Equinox vs Long (P<0.0001), where the Long 

photoperiod had increased sensitivity to amphetamine inhibition of DAT (Figure 4B). In the 

males, two-way ANOVA revealed a significant effect of amphetamine (F(3, 32) = 6.658, 

P=0.0013) on dopamine release, but there was no effect of photoperiod (F(2, 32) = 2.414, 

P=0.1056) (Figure 4C). When we assessed magnitude of DAT inhibition by amphetamine, we 

found a significant effect of amphetamine (F(3, 32) = 20.58, P<0.0001), as expected, and no 

effect of photoperiod (F(2, 32) = 1.228, P=0.3064) using a two-way ANOVA. Tukey’s multiple 

comparisons post hoc test revealed there was a significant difference between Short and Equinox 

photoperiod males in the 10 M condition (P=0.0499), where the Equinox photoperiod males 

had a smaller magnitude of DAT inhibition compared to the Short photoperiod males (Figure 

4D). These results indicate that photoperiod has sex-specific effects on sensitivity to 
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amphetamine, where females raised in Long photoperiod have enhanced sensitivity to DAT 

inhibition by amphetamine. 

 

Figure 17. Female mice 

raised in Long, summer-

like photoperiod show 

enhanced sensitivity to 

amphetamine in the NAc 

core: A) Representative 

current traces of evoked 

dopamine release across 

increasing concentrations of 

amphetamine in female mice 

raised in Short, Equinox, or 

Long photoperiod. Dotted 

lines denote magnitude of 

release in control aCSF 

condition. B) In females, 

dopamine release with 

increasing concentrations of 

amphetamine showed a 

significant main effect of 

dose (F(3, 40) = 13.65, 

P<0.0001). C) Magnitude of 

uptake inhibition (apparent 

Km) showed a main effect of 

amphetamine dose (F(3, 40) 

= 14.25, P<0.0001), 

photoperiod (F(2, 40) = 8.98, 

P=0.0006), and a significant 

interaction effect of 

photoperiod and amphetamine (F(6, 40) = 4.352, P=0.0018) in females. D) Representative 

current traces of evoked dopamine release across increasing concentrations of amphetamine in 

male mice raised in Short, Equinox, or Long photoperiod. Dotted lines denote magnitude of 

release in control aCSF condition. E) Evoked dopamine release with increasing concentrations of 

amphetamine in males shows a significant effect of dose (F(3, 32) = 6.658, P=0.0013). F) 

Apparent Km showed a main effect of amphetamine dose (F(3, 32) = 20.58, P<0.0001) in males. 

Data are represented as mean +/- SEM. * denotes comparisons between Short and Long, # 

denotes comparisons between Short and Equinox, § denotes comparisons between Long and 

Equinox. § = p<0.05, *** = p<0.001, #### = p<0.0001.  
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Discussion 
 

Here we investigated interactions of photoperiod, age, and sex and their influence on  

neuromodulatory systems in the NAc. We assessed serotonin and dopamine tissue content and 

evoked dopamine release within the NAc of periadolescent and adult male and female mice raised 

in seasonally relevant photoperiods. We found age-dependent effects of photoperiod on NAc 

serotonin content, as well as age- and sex-dependent effects of photoperiod on dopamine tissue 

content and synaptic dopamine dynamics in the NAc. Taken together, we’ve demonstrated that 

photoperiod differentially regulates NAc serotonin and dopamine in males and females in an age-

dependent manner. 

  Photoperiod had age-dependent effects on serotonin tissue content in the NAc. Long 

photoperiod sequentially programs elevated serotonin neuron activity and serotonin tissue content 

in the DRN through development (Green et al., 2015; Siemann et al., 2019, 2020). With evidence 

that Long photoperiod enhances serotonergic content both in the DRN and midbrain (Green et al., 

2015; Siemann et al., 2019, 2020), we were intrigued to find that serotonin and 5-HIAA tissue 

content in the Short photoperiod animals was elevated in the NAc. Our results reveal that the 

effects of photoperiod may reflect differential regulation of serotonin content in the DRN and 

regulation of serotonin content and signaling at terminals within the NAc.  

In addition to serotonin, we found a concomitant increase in NAc dopamine tissue content in 

adult mice raised under Short photoperiod. Previous work from our lab showed that mice raised 

under Short photoperiod exhibited a greater depressive-like phenotype than mice raised in Long 

photoperiod (Green et al., 2015). Studies have reported elevated NAc serotonin and dopamine 

tissue content in a rat model of depression, and chronic treatment with antidepressants was able to 

normalize serotonin and dopamine levels (Zangen et al., 1997, 1999, 2001; Yadid et al., 2000). 
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Considering these results, our findings that NAc serotonin and dopamine content is enhanced by 

Short photoperiod suggest their involvement in underlying mechanisms of photoperiod-driven 

changes in depressive-like behaviors.  

 We found here, and in previous work from our group *(Jameson, in press), that synaptic 

NAc dopamine release is enhanced in female mice raised under Long summer-like photoperiod. 

In the present study, we replicated these findings in adult mice, and also found that these sex-

specific effects of photoperiod were age-dependent. Sex differences can emerge at several critical 

periods of development, including genetic influence from sex chromosomes during gestation, pre-

pubertal sex hormone action during development, sex hormone action during the peripubertal 

period, and sex hormone action in adulthood (Becker et al., 2005; McCarthy and Arnold, 2011; 

Becker and Chartoff, 2019). It is important to note that the peripubertal period in rodents is between 

P30-P40 (Becker, 2009), which is the same age range at which we collected data from the 

periadolescent animals. Peripubertal female sex hormones have a direct impact on the sexual 

differentiation of the mesolimbic dopamine system that is separate from the pre-pubertal sexual 

differentiation of these systems which occurs earlier during development (Becker, 2009). Because 

we did not observe marked differences across photoperiod in our periadolescent age group, it is 

plausible that our female sex-specific photoperiod effects are age dependent due to the 

involvement of peripubertal female sex hormones or due to mature female sex hormone 

fluctuations through the estrous cycle, though we did not assess this in the current study. Future 

studies are necessary to explore the interaction of photoperiod and biological sex to determine how 

these factors may work in concert to modulate rhythms in monoaminergic systems, whether it 

occurs through sex hormones, sex chromosomes, sexual differentiation or developmental 

trajectory, among other possibilities (Arnold and Chen, 2009). 
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 We also examined synaptic dopamine clearance and found that in the Long photoperiod 

animals, dopamine clearance was enhanced in adults compared to adolescent animals. While 

dopamine clearance in the striatum is primarily mediated by uptake through DAT, it also involves 

enzymatic degradation by monoamine oxidase B (MAOB) and catel-o-methyltransferase (COMT) 

(Garrett and Soares-Da-Silva, 1990; Cumming et al., 1992; Nakamura et al., 1995; Nolan et al., 

2020; Korn et al., 2021). Tau captures both DAT function as well as MAOB and COMT activity 

(Garrett and Soares-Da-Silva, 1990; Cumming et al., 1992; Yorgason et al., 2011; Nolan et al., 

2020; Everett et al., 2022). We were intrigued to find that photoperiod effects on tau were not sex-

specific, since we have previously shown that photoperiod has female-specific effects on dopamine 

uptake by DAT (Jameson, in press). Thus, there may be a common mechanism across both males 

and females other than DAT regulation through which Long photoperiod affects dopamine 

clearance. Although not tested here, elevated activity in dopamine degradation by MAOB and/or 

COMT in adults compared to adolescent animals could account for the non-sex-specific effects of 

Long photoperiod on NAc dopamine clearance. 

It is important to consider distinctions between measures of dopamine tissue content and 

evoked dopamine release. Dopamine tissue content, as measured by HPLC, captures both 

extracellular and intracellular dopamine to give a total dopamine concentration. In contrast, FSCV 

measures synaptic dopamine release and clearance on a millisecond time-scale. Studies have 

shown that dopamine synthesis rate can change in the opposite direction as dopamine tissue 

content (Gainetdinov et al., 1998), dopamine metabolism does not correlate with extracellular 

dopamine (Sharp et al., 1986), and that dopamine release is inversely correlated to extracellular 

dopamine (Ferris et al., 2014). Therefore, while both techniques assess dopamine concentration, 

changes in these measures reflect distinct phenomena that may be differentially regulated by 
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photoperiod. Future studies assessing levels of key enzymes within the dopamine synthesis 

pathway such as tyrosine hydroxylase (TH), MAOB, and COMT could give more insight to 

whether synthesis or degradation is impacted by photoperiod independently from synaptic release. 

In summary, we have elucidated novel interactions between photoperiod, age, and sex that 

influence serotonin and dopamine in the NAc and how it is regulated differently in male and 

female mice by photoperiod across adolescence and young adulthood. This study provides 

insight for future research examining mechanisms of seasonality in neuropsychiatric disorders.   

 

Figure 18. Photoperiod Impacts 

Baseline Thigmotaxis and 

Locomotor Activity in Female 

Mice: A) Thigmotaxis in female 

and B) male mice raised in Short, 

Equinox, and Long photoperiods. 

C) Total distance traveled in 

female and D) male mice raised in 

Short, Equinox, and Long 

photoperiods. Photoperiod has a 

significant effect on thigmotaxis 

and locomotor activity in the 

females. Data are represented as 

mean +/- SEM. * = p<0.05, ** = 

p<0.01, *** = p<0.001. 

 



 93 

 

 
 

Figure 19. Normalized Locomotor Response to Cocaine: A) Time course of percent baseline 

distance traveled in 5-minute intervals in female mice raised in Short, Equinox, or Long 

photoperiod before and after cocaine administration. Dotted line denotes when animals received 

IP injection of cocaine. We found significant effects of cocaine (F(2.274, 52.3) = 6.685, 

p=0.0018), as well as an interaction effect of cocaine and photoperiod (F(30, 345) = 1.497, 

p=0.0488). B) Average percent baseline distance travelled in first 20 minutes after cocaine 

administration showed a trend-level effect of photoperiod in females (F(2, 23) = 2.935, 

p=0.0732). C) Percent baseline distance travelled in 5-minute intervals in male mice raised in 

Short, Equinox, or Long photoperiod, where there was a main effect of cocaine on locomotor 

activity (F(2.331, 51.287) = 7.734, p=0.0007). D) Average percent baseline distance travelled in 

first 20 minutes after cocaine administration in Short, Equinox, or Long photoperiod male mice. 

Data are represented as mean +/- SEM. * = p<0.05, ** = p<0.01, *** = p<0.001. 
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Figure 20. Normalized Locomotor Response to Amphetamine: A) Time course of percent 

baseline distance traveled in 5-minute intervals in female mice raised in Short, Equinox, or Long 

photoperiod before and after amphetamine administration. Dotted line denotes when animals 

received IP injection of amphetamine, which had a significant effect on locomotor activity 

(F(3.642, 116.5) = 3.016, P=0.0244). B) Average percent baseline distance travelled in first 20 

minutes after amphetamine administration in females. C) Percent baseline distance travelled in 5-

minute intervals in male mice raised in Short, Equinox, or Long photoperiod, where there was a 

main effect of amphetamine on locomotor activity (F(3.528, 109.4) = 8.021, P<0.0001), as well 

as an interaction effect of amphetamine and photoperiod (F(30, 465) = 1.525, P=0.0391). D) 

Average percent baseline distance travelled in first 20 minutes after amphetamine administration 

in Short, Equinox, or Long photoperiod male mice. Data are represented as mean +/- SEM. * = 

p<0.05, **** = p<0.0001.  
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Chapter 6 Discussion 
 

 

Overview 
 

 

The first reports of seasonal oscillations in the serotonin and dopamine systems were 

described nearly 50 years ago (Wirz-Justice 1974, Valzelli, 1968), identifying potentially 

photoperiod-sensitive systems within the brain that may contribute to seasonal changes in 

affective behaviors. Since then, studies have further refined how serotonin and dopamine might 

mediate seasonality of affective behaviors, but we are still just beginning to understand the 

effects of photoperiod on these systems. The combined work in this dissertation provides 

evidence that age and sex affect photoperiodic modulation of the serotonin and dopamine 

systems. Furthermore, we have reported, for the first time, effects of photoperiod on NAc 

dopamine at the synaptic level, offering insight to the potential mechanisms through which 

photoperiod may affect neuromodulatory systems. That photoperiod has age- and sex-dependent 

effects on synaptic dopamine dynamics in the NAc is a major discovery that supports future 

work examining a synaptic basis for sex-linked seasonality of affective behaviors across the 

lifespan.  

Here we have shown that serotonin and dopamine tissue content, as well as their metabolites, 

are elevated in the NAc in mice raised in the Short, winter-like photoperiod. Photoperiod had an 

age-dependent and sex-dependent effect on dopamine tissue content, where adult females mainly 

drive photoperiod effects. We provide evidence that Long, summer-like photoperiod enhances 

dopamine release in the NAc of female mice. Furthermore, Long, summer-like photoperiod also 

augments the maximal rate of dopamine uptake through DAT in females, potentially contributing 

to the female-specific release phenotype. Females raised in the Long photoperiod were also more 
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sensitive to DAT inhibition in the NAc, further implicating DAT as a locus for photoperiod 

effects. The female-specific effect of photoperiod on NAc dopamine release was also age-

dependent, where photoperiod effects were only present in the adult and not the adolescent 

females. Interestingly, while dopamine clearance was not affected by photoperiod in male or 

female adult mice, both male and female adolescent mice raised in the Long photoperiod showed 

slower dopamine clearance compared other adolescent and adult mice. These results indicate that 

there are differential effects of photoperiod on the synaptic dopamine dynamics in the NAc of 

male and female mice across age. Finally, we tested whether photoperiod effects on NAc 

dopamine dynamics affect behavior, and found that female mice raised in Short photoperiod 

showed a blunted locomotor response to both cocaine and amphetamine.  

In summary, this work characterizes the interaction of photoperiod, age, and sex to influence 

NAc dopamine dynamics and behavior. These findings predicate the possibility that age- and 

sex-dependent seasonal changes in NAc dopamine dynamics may contribute to increased risk for 

neuropsychiatric photoperiodism. In humans, both age and sex contribute to the overall risk of 

developing seasonal neuropsychiatric disorders (fellinger, hankin 2015; belfer 2008; Arnold 

2003; nillni 2009; kristjansdottir 2013; Kessler 2005; wirz-justice 2019; zhang 2021). Most 

neuropsychiatric disorders, including SAD (nillni 2009; wirz-justice 2019; tonetti 2012; 

borisenkov 2015), typically emerge during adolescence (hankin 2015; belfer 2008; Kessler 

2005). In fact, seasonality of neuropsychiatric symptoms is most pronounced during adolescence 

(zhang 2021), and sex differences in prevalence also emerge at this time (fellinger; hankin; 

stumper 2021). Recent work reported a striking five-fold higher prevalence of SAD in women 

compared to men (wirz-justice 2019), and women are at greater risk for seasonality of BD 

symptoms (Geoffroy 2014; Arnold 2003; kim 2011; choi 2011). Taken together, it is clear that 
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age, sex, and photoperiod interact to confer greater risk of neuropsychiatric photoperiodism to 

certain populations. Our work demonstrates that these same interacting factors shape the synaptic 

dynamics of the serotonin and dopamine systems. Thus, we have provided a preliminary 

foundation for future studies to examine the synaptic basis of sex-linked seasonality in 

neuropsychiatric disorders. 

Photoperiod Effects on NAc Synaptic Dopamine Dynamics 
 

 

We chose to test the periadolescent time point because adolescence is a critical period of 

development where dopamine-relevant behaviors, such as reward seeking, are heightened 

compared to childhood or adulthood (Galvan 2010; Spear 2011; walker 2017). Furthermore, 

neuropsychiatric photoperiodism is not only present from adolescence, but the amplitude of 

seasonal changes in symptoms across a wide range of neuropsychiatric disorders is largest during 

adolescence (Zhang 2021). These studies support a hypothesis that photoperiod may have an 

especially strong influence on the dopamine system during adolescence, possibly contributing to 

adolescent neuropsychiatric photoperiodism. Thus, we had anticipated that photoperiod effects 

on the mesolimbic dopamine system would be exaggerated in the periadolescent mice, and were 

surprised to find that photoperiod did not affect most of our measures in this group. This finding 

was revealing because it hints to the mechanisms through which sex-specific effects of 

photoperiod may come about. 

Sex differences can emerge at several critical periods of development, including genetic 

influence from sex chromosomes during gestation, pre-pubertal sex hormone action during 

prenatal and postnatal development, sex hormone action during the peripubertal period, and sex 

hormone action in adulthood (Becker, McCarthy). It is noteworthy that the peripubertal period in 

rodents is between P30-P40 (Becker review, 2009) because it is also the age range that we 
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collected data from mice in the periadolescent group. Peripubertal female sex hormones, through 

establishing the estrous cycle, have a direct impact on the sexual differentiation of the 

mesolimbic dopamine system (Becker review, 2009). Because we did not observe any 

differences in NAc dopamine dynamics across photoperiod in peripubertal females and only saw 

an effect in adulthood, it is plausible that photoperiod exerts female-specific effects through its 

interaction with female sex hormones. However, the observation that photoperiod effects were 

female-specific and age-dependent does not rule out any of the other potential mechanisms of 

sex-differences, but simply points to potential mechanisms likely to play a contributing role. 

Calipari et al. (2017) revealed that estrous-cycle dependent regulation of DAT 

phosphorylation drives sex differences in NAc dopamine dynamics and behavior. Female mice 

in estrous had enhanced dopamine release, uptake, sensitivity to DAT inhibition, and greater 

relative phosphorylated DAT compared to both males and females in diestrous (Calipari et al., 

2017). In essence, the female-specific effects of Long photoperiod in our study showed the same 

phenotype as females in estrous, highly suggesting a role for estrous cycle in our findings. 

Beyond the study from Calipari et al. (2017), there is extensive literature detailing estrous-cycle 

dependent regulation of the adult mesolimbic dopamine system (Becker, 2009; Yoest et al., 

2014; Calipari et al., 2017; Becker and Chartoff, 2019). Additionally, decades of literature have 

examined how photoperiod and melatonin affects sex hormone regulation with respect to 

seasonal mating behaviors (Ortavant et al., 1988; Luboshitzky and Lavie, 1999; Walton et al., 

2011; Borniger and Nelson, 2017)(Krajnak 1994), and the interaction of photoperiod, melatonin, 

and sex hormones has even been reported in humans (Reiter, 1998; Luboshitzky and Lavie, 

1999; Kuzmenko et al., 2021). Taken together, there is robust evidence that photoperiod is 

capable of influencing sex-dependent biological processes such as estrous cycle.  
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Several studies in particular offer insight as to how photoperiod might influence the 

dynamics of the estrous cycle. Foster et al. (1988) found that ablation of melatonin signaling in 

lambs prevented puberty from occurring in nearly 85% of lambs who went through this 

procedure, rendering them anovulatory. Increased light exposure can facilitate or hasten 

ovulation, and several studies have shown that female rats kept in constant light not only have 

accelerated puberty onset, but also exhibit persistent estrous (Fiske, Everett, Everett). 

Remarkably, female rats kept in constant light also exhibit elongated estrous phase, where the 

proportion of days spent in estrous versus other estrous cycle phases was increased (Fiske). Later 

studies have also found that longer photoperiod results in longer overall estrous cycle in rats 

(Hoffman). To compliment these findings, rats raised in constant darkness have significantly 

delayed puberty onset, irregular estrous cycle, and post-mortem examination revealed most 

ovaries from these animals were infertile (Fiske). Further, Short photoperiod exposure in both 

male and female Syrian hamsters results in total collapse of reproductive processes (Krajnak 

1994). From these studies it appears that light generally promotes fertility by modulating the 

estrous cycle, and can even accelerate sexual maturation in many mammalian species. 

Conversely, absence of light can lead to failure to reach sexual maturation, irregular estrous 

cycle, and generally diminished fertility.   

If photoperiod indeed changes estrous phase length, then it is possible such effects were 

present in our study as well. If this is the case, Long photoperiod females may exhibit earlier 

puberty onset and lengthened estrous phase compared to Short photoperiod females. Therefore, 

Short photoperiod females would exhibit diminished expression of estrous-dependent changes to 

NAc dopamine dynamics (Calipari 2017). Interestingly, experiments conducted in horses from 

the University of Kentucky supports the theory that photoperiod can modulate dopamine by way 
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of ovarian hormones (Melrose 1990). Sexually mature females showed a seasonal rhythm in CSF 

dopamine metabolite concentration, which was not present in prepubertal females, and 

ovariectomy abolished this effect (Melrose 1990). These results suggest that ovarian hormones 

are necessary for photoperiod’s effect on seasonal dopamine rhythms in horses. One caveat is 

that CSF dopamine metabolite levels were significantly lower in ovulatory mares compared to 

anovulatory mares in this study and it is not readily clear whether these results support or negate 

our hypothesis that central dopamine levels would be increased during the ovulatory stage. The 

authors report that the source of dopamine metabolite in the CSF is unknown, and it is possible 

that the decrease in the metabolite suggests either a parallel decrease in dopamine levels or 

accumulation of dopamine due to decreased dopamine metabolism. However, that seasonal 

rhythms in horse dopamine measures were (1) present in sexually mature females but not 

prepubertal females, and (2) abolished with ovariectomy still indicate that ovarian hormones are 

necessary for seasonal rhythms of central dopamine. 

The work presented here was conducted on free-cycling females where estrous cycle stage 

was not tracked, so mice were essentially picked at random in this regard. Statistically speaking, 

if we accept the notion that Long photoperiod accelerates the onset of and lengthens the period of 

the estrous phase, the probability of choosing a female mouse that is in estrous is higher in the 

Long photoperiod females than the Short photoperiod females. The variance of the data collected 

from the females raised in Long photoperiod was typically greater compared to Short 

photoperiod females, most likely reflecting more robust estrous effects on NAc dopamine in the 

Long females. It is imperative that future studies track the onset of puberty and estrous cycle 

stage to determine whether Short photoperiod disrupts, delays, or prevents the estrous cycle 

altogether to exert its effects on NAc dopamine. Further, using ovariectomized females, one 
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could determine whether ovarian hormones are necessary for the female-specific effects of 

photoperiod on NAc dopamine, and if hormone replacement is sufficient to rescue these effects.  

While we posit that the most likely mechanism underlying this work involves the estrous 

cycle, we do not have any evidence that allows us to rule out any of the other possible 

mechanisms that contribute to the development of sex differences. To test these mechanisms, 

which include the genetic influence of sex chromosomes and sex hormone action during 

gestation and early development, one could use the four-core genotype model (Arnold 2009). 

The four genotypes are XX gonadal males or females, and XY gonadal males or females (Arnold 

2009). The sex-determining region Y gene (SRY) gene, found on the Y chromosome, is 

responsible for male gonadal development (Berta 1990). In this model, an XX gonadal male has 

had the SRY gene added to an X chromosome so that male gonadal development occurs. The 

XY gonadal female has the SRY gene removed from the Y chromosome and female gonadal 

development occurs. Sex chromosomes, independent of gonadal phenotype, have been directly 

implicated in sex differences in the dopamine system (Carruth et al., 2002; Dewing et al., 2006), 

and have even been shown to play a role in regulating reward-related behavior (Barker et al., 

2010). Using the four-core genotype model, one could delineate the influence of the sex 

chromosomes themselves, gonadal hormones, and the interaction between the two across 

important periods of development (Arnold 2009). 

Not all of our findings were female-specific. We did find a non-sex-specific effect of 

photoperiod where adolescent mice raised in Long, summer-like photoperiod showed slower 

synaptic dopamine clearance. One may have expected synaptic dopamine clearance to be 

enhanced in adult females raised under the Long, summer-like photoperiod based on our findings 

that uptake by DAT is enhanced in these mice. Synaptic dopamine clearance, as measured by 
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tau, is distinct from uptake by DAT, which was measured using Vmax. Synaptic dopamine 

clearance captures the combined effect of all the biological processes involved with clearing 

dopamine from the synaptic space, including uptake by DAT, diffusion, and enzymatic 

degradation. In contrast, Vmax is a much more specific measure that effectively isolates uptake 

by DAT. Therefore, it is possible that there are non-sex-specific effects of photoperiod that 

impact overall synaptic dopamine clearance rate in the NAc that are distinct from the female-

specific effects of photoperiod on NAc DAT function. Based on our findings, one might expect 

to find lower levels and/or less activity of COMT and/or MAOB in adolescent mice raised under 

Long-photoperiod compared to other photoperiods. This hypothesis would also support the sex 

differences seen in NAc dopamine release, as Korn et al. (2021) has shown that inhibition of 

COMT does not affect sub-second NAc dopamine release, while DAT blockade does (CITE). 

Future studies could assess protein levels of COMT and MAOB using Western-blot analysis on 

tissue containing the NAc of adolescent and adult male and female mice raised in different 

photoperiods to better understand how age and sex interact to influence the effect of photoperiod 

on aspects of synaptic dopamine clearance beyond DAT function. 

It is also important to consider how our results compare to existing literature of adolescent 

synaptic dopamine dynamics in the NAc. We were unable to detect age effects of NAc dopamine 

release or clearance in mice raised in Short or Equinox photoperiods. Only 4 studies have used 

voltammetry or amperometry to examine how evoked striatal dopamine release differs by age. 

Studies by Jones et al. (1998) and Stamford (1989) found that in various regions of the striatum, 

evoked dopamine release was elevated in adult rats compared to pups and adolescent rats 

(Stamford 1989; jones 1998). While our results in the Long photoperiod mice are consistent with 

these studies in that striatal dopamine signaling increases across age, because Jones et al. (1998) 
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and Stamford (1989) examined striatal regions outside the NAc, there are limitations in 

comparing our results. McWain et al. (2022) did not find any significant differences in evoked 

NAc dopamine release across age groups. The mice used in McWain et al. (2022) were kept 

under typical 12:12 light/dark conditions, which are the same conditions as our Equinox group. 

Our results in the Equinox photoperiod group were consistent with McWain et al. (2022) as we 

did not detect age effects in evoked dopamine release. Work from Pitts et al. (2020) explored 

how sex and age interact to influence NAc dopamine release. In males, evoked dopamine release 

in the NAc core was enhanced from adolescence to adulthood, while the inverse was true in 

females where dopamine release decreased from adolescence to adulthood (pitts 2020). It should 

be noted that Pitts et al. (2020) used a 12:12 light/dark cycle and experiments were conducted in 

the middle of the dark phase (pitts 2020). Previous work has established that there are diurnal 

rhythms of synaptic dopamine dynamics in the NAc, where dopamine release peaks during the 

mid-light phase and is lowest during the mid-dark phase (stowe 2022, ferris 2014; dluzen 1985). 

All of our experiments were conducted during the mid-light phase, when dopamine may be at its 

peak, whereas values from Pitts et al. (2020) were collected during the mid-dark phase, and may 

reflect the nadir of diurnal NAc dopamine release. The fact that, in previous literature, age 

differences in synaptic NAc dopamine dynamics were only detected during the dark phase and 

not the light phase raises the possibility that the diurnal rhythm of synaptic dopamine dynamics 

changes from adolescence to adulthood, rather than an overall increase or decrease in this 

system. Moreover, our results suggest that age differences in the light phase are dependent on 

photoperiod. Our work establishes that, in addition to time of day, photoperiod should be an 

important consideration in future studies that may reconcile inconsistencies observed in the 

literature. 
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Photoperiod Effects on Behavior 
 

 

Once we had established that photoperiod influences NAc dopamine, we were eager to test 

whether basal differences by photoperiod manifested in observable differences in behavior. 

Because our earlier studies had identified that DAT may be a key locus of action for 

photoperiod’s effects on NAc synaptic dopamine dynamics, we used psychostimulants to test 

photoperiod’s influence on behavior. Using cocaine and amphetamine, which both inhibit DAT, 

we found a female-specific effect where Short photoperiod animals showed a blunted locomotor 

response to cocaine compared to Long and Equinox photoperiod animals. There are several 

important potential confounding factors that should be noted. In the females, the Short 

photoperiod animals had less general locomotor activity which may have contributed to their 

dampened locomotor response to psychostimulants. However, when locomotor response to 

psychostimulants was adjusted to baseline locomotor activity, it was clear that the Short 

photoperiod females still had a blunted locomotor response to cocaine.  

In addition to the decrease in general locomotor activity, it should also be noted that females 

raised in Short photoperiod also displayed greater thigmotaxis, suggesting there may be an 

increased anxiety-like phenotype. This should be taken with a grain of salt, since decreased 

general locomotor activity may have also contributed to this result. Recently the importance of 

qualitative, first-hand observations during behavioral paradigms has been emphasized (Calipari 

lewis). Anecdotally, I observed that many of the Short photoperiod female mice had such a low 

locomotor response to psychostimulants because many of the animals were freezing for long 

periods of time. It is possible that the decreased general locomotor activity and increased 

thigmotaxis may simply reflect the Short photoperiod females freezing in the perimeter of the 

behavioral chamber. Previous studies have shown that rodents raised in shorter photoperiods 
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show increased measures of anxiety-like behaviors (Xu, 2016).  More studies using behavioral 

paradigms designed to measure anxiety-like behaviors (e.g. elevated plus/zero maze, light/dark 

box, novelty-induced suppression of feeding) are necessary to determine whether the sex-specific 

effects of photoperiod that we observed here are indeed indicative of increased anxiety-like 

behavior.  

Without the use of saline controls or performing a dose response curve, it is difficult to say 

whether the behavioral response to the psychostimulants was due to an increase or decrease in 

the sensitivity to these drugs in the Short photoperiod females. It is possible that the Short 

photoperiod females were less sensitive to psychostimulants resulting in a lack of locomotor 

response to these drugs. Previously it has been shown that serotonin in the NAc can dampen the 

locomotor response to psychostimulants (Pradhan 1978; Molina 2001; taracha 2021). Our results 

showing that serotonin tissue content in the NAc was enhanced in female Short photoperiod mice 

might have contributed to the blunted locomotor response to psychostimulants seen in these 

mice.  

However, it is also possible that the Short photoperiod females were more sensitive to 

psychostimulants. Amphetamine has biphasic mechanisms of action where at low doses, 

amphetamine enhances dopamine release in the NAc core, whereas dopamine release is 

attenuated at higher concentrations (Siciliano 2014). Additionally, cocaine has dose-dependent 

effects on behavior (Blanchard 1998). At all doses (3 mg/kg, 10 mg/kg, 30 mg/kg), locomotor 

activity showed a dose-dependent inverted U shape where there was an initial increase and 

subsequent return to baseline post-cocaine injection whose magnitude increased with increasing 

cocaine dose. However, only in animals that received a high dose of cocaine (30 mg/kg) was 

there a drastic increase in stereotypic behavior (Blanchard 1998). High doses of 
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psychostimulants can cause stereotypies, which are repetitive, non-purposeful behaviors (van 

Rossum 1970). Typically, animals engaging in stereotypies are stationary and these movements 

are not captured when measuring locomotor activity. Although the doses of psychostimulant 

used here are not considered high doses, it is possible that the Short photoperiod females are 

more sensitive to psychostimulants and were engaging in stereotypies upon drug administration 

and therefore showed no increase in locomotor activity. Future studies should conduct these 

studies using a dose-response framework, include saline injected controls, and measure 

stereotypies in order to determine the directionality of the photoperiod effect on behavior seen in 

the Short photoperiod females.  

It is also important to consider the dissociable effects of photoperiod on psychostimulant 

action in the NAc and on behavior. We found that female mice raised in Long photoperiod were 

more sensitive to DAT inhibition by cocaine and amphetamine in the NAc. However, these mice 

showed typical behavioral responding to these drugs. Conversely, the Short photoperiod females 

had a drastically blunted locomotor response to cocaine and amphetamine, but did not 

significantly differ from other groups with sensitivity to DAT inhibition in the NAc. One might 

have expected that the effects of photoperiod on psychostimulant action in the NAc would 

predict the animals’ locomotor response to these drugs. However, this prediction is based solely 

off of psychostimulant action on DAT when it is known that psychostimulants also act on SERT 

and NET. Studies have shown that serotonin in the NAc can dampen psychostimulant induced 

locomotor activity (Pradhan 1978; Molina 2001; Taracha 2021). We found that females raised in 

Short photoperiod showed elevated serotonin tissue content in the NAc. It is possible that 

increased serotonin levels in the NAc of these animals resulted in a dampened locomotor 

response to psychostimulants. These behavioral studies could be repeated using a specific DAT 
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inhibitor to better determine how photoperiod influences behavior specifically through the 

dopamine system. 

Additionally, the initial prediction that photoperiod effects on psychostimulant action in the 

NAc should predict behavior did not take into consideration subregion differences in the NAc. 

Evidence suggests that cocaine-induced increases in dopamine concentration is much more 

highly pronounced in the NAc shell compared to the NAc core (Hedou). Additionally, cocaine 

infusion directly to the NAc shell produces a more robust locomotor response compared to 

cocaine infused to the NAc core (Filip). Perhaps, then, the NAc shell is more important for 

mediating the locomotor effects of psychostimulants. Our studies were exclusively conducted in 

the NAc core. Therefore, it is possible that we did not capture subregion specific effects of 

photoperiod that may underlie the differences seen in psychostimulant behaviors. Future studies 

should assess photoperiod effects in the NAc shell to further understand how photoperiod may 

dynamically modulate each subregion of the NAc and how this ultimately affects behavior.  

In the discussion section of Chapter 3, we speculated that the female-specific effects of 

photoperiod on NAc dopamine release and uptake may occur through estrous-cycle dependent 

Thr53 phosphorylation of DAT (pT53-DAT) (Calipari et al 2017). Recent work showed that 

transgenic mice with a mutation preventing pT53-DAT had a blunted locomotor response to 

cocaine (Varman 2021), and amphetamine effects on DAT efflux were absent in these mice as 

well (Foster 2012). These studies support the possibility that Short photoperiod females have a 

blunted locomotor response to cocaine due to photoperiod-induced differences in pT53-DAT. 

Importantly, the phosphorylation state of the DAT can play a large role in its interaction with 

psychostimulants. Further studies are needed to determine whether photoperiod induces sex-
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specific changes to phosphorylation of DAT, and whether this may contribute to the the sex-

specific photoperiod effect on psychostimulant behavior we found here. 

Future Directions and Other Considerations 
 

 

While the collective work presented here greatly contributes to our understanding of 

photoperiod’s effect on NAc dopamine and behavior, there is still much to be explored. Here I 

will identify limitations in our work and how different lines of research would greatly expand 

our understanding of how photoperiod regulates NAc dopamine and behavior. I will also discuss 

the impact this work has on the field and its implications for human health and neuropsychiatric 

photoperiodism. 

There are several limitations to consider when interpreting our FSCV data. Results from 

our ex vivo experimental preparation may not reflect or encompass effects of photoperiod on 

NAc dopamine dynamics in a physiological setting where the animal is intact, awake and 

behaving. There are several genetically encoded fluorescent dopamine sensors one could use to 

determine how photoperiod may impact real-time NAc dopamine dynamics. GRABDA (Sun 

2018) and dLight (Patriarchi 2018) are modified GPCRs that have had conformationally 

sensitive green fluorescent protein (GFP) attached so that when dopamine binds to GRABDA or 

dLight, conformational changes allow the GFP to fluoresce. Using mice who have received viral 

injections in the NAc with either of these genetically encoded dopamine sensors, one could use 

surgically implanted fiber optic cables to measure dopamine dynamics in the NAc of an awake 

and behaving animal in real time. Based on our data, I would want to determine how photoperiod 

may influence NAc dopamine dynamics during instrumental responding behaviors: Does 

photoperiod impact experience-dependent NAc dopamine release? Are photoperiod effects on 

NAc dopamine release specific to certain stimuli (e.g. sign-tracking vs goal-tracking)? Do the 
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effects of photoperiod on NAc dopamine dynamics also vary by sex or age in vivo? There are 

countless other questions that iterations of this experimental design could address to provide a 

more causal link between photoperiod effects on NAc dopamine signaling and behavior. 

Time of day may influence photoperiod effects, as diurnal rhythms have been reported in 

the magnitude of NAc synaptic dopamine release, DAT uptake rate, expression of dopamine 

receptors, dopamine synthesis, and reinforcement behaviors (Naber et al., 1980; dluzen 1985; 

Schade et al., 1995; Akhisaroglu et al., 2005; Sleipness et al., 2007; Ferris et al., 2014; Stowe et 

al., 2022). For example, the diurnal rhythm of reinforcement behaviors has been associated with 

a parallel diurnal rhythm in tonic/phasic dopamine output in the NAc (Stowe et al., 2022). 

Experiments in the present study used a single timepoint, so we cannot determine how 

photoperiod changes the diurnal rhythm of NAc dopamine dynamics. The snapshot we captured 

in our data could reflect a change in amplitude, shift in baseline, or a temporal shift in diurnal 

NAc dopamine rhythms. Future studies should perform experiments around the clock to 

determine how photoperiod impacts the diurnal rhythm of NAc dopamine dynamics and whether 

effects of photoperiod are dependent on the time of day. 

As we mentioned in Chapter 1, our focus was how a specific type of circadian light 

information, photoperiod, impacts specific neuromodulatory systems and behavior. Much work 

from the McMahon group has shown that photoperiod programs the central circadian clock and 

can have lasting effects on the expression of circadian rhythms (Ciarleglio, tackenberg). 

Therefore, it’s possible that the effects of photoperiod we observed are mediated by changes to 

the central clock. Circadian rhythms and clock genes are known to play an important role in 

regulating mesolimbic dopamine in the NAc as well as reward-related behaviors. Cocaine-related 

behaviors in rodents have been shown to be circadian (Baird et al., 2000; Akhisaroglu et al., 



 110 

 

2004; McClung 2007), and disrupting circadian rhythm via mutations in the clock gene, Npas2, 

has female-specific effects on vulnerability to substance use (Depoy et al., 2017). Npas2 mutant 

females, especially in the dark phase, showed increased cocaine self-administration, faster 

acquisition of cocaine self-administration, higher breakpoint ratio, and increased extinction 

responding (Depoy et al., 2017). These effects were abolished with ovariectomy of Npas2 mutant 

females, suggesting that ovarian hormones mediate these female-specific, circadian-dependent 

effects (Depoy et al., 2017). Because they have more robust dopamine signaling, it is possible 

that females raised in Long photoperiods may be more vulnerable to increased substance use in 

response to circadian disruption. In fact, photoperiod has been shown to impact cocaine 

reinstatement behaviors, where switching to shorter photoperiods decreased cocaine-induced 

reinstatement, while switching to longer photoperiods had no significant effects (Sorg et al., 

2011). However, this study used exclusively male rats, so future studies using females may 

reveal differential effects of photoperiod on cocaine reinstatement and other substance use 

behaviors. 

Photoperiodism is, by definition, triggered by changes in photoperiod. Therefore, 

switching photoperiod conditions using a within-subject design is necessary to determine 

whether NAc dopamine and behavior exhibit true photoperiodism. All animals used in this 

dissertation were exposed to a single photoperiod from gestation to adulthood. Previous work 

from our group has demonstrated that there are developmental effects of photoperiod that 

sequentially program aspects of the serotonin system, where prenatal and postnatal photoperiod 

have dissociable effects on serotonin neuron firing rate and midbrain serotonin content 

(Siemann). Additionally, Foster et al. (1988) mitigated the effects of denervating the pineal gland 

by exposing lambs to long days prior to the procedure. Lambs who experienced 12:12 light 
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cycles prior to denervation were mostly anovulatory, whereas lambs who experienced long days 

not only reached puberty, but reached puberty within a normal age range. By switching 

photoperiod conditions prior to the peripubertal period, one could determine whether the age-

dependent effect of photoperiod on NAc dopamine release in females is programmed before, 

during, or after puberty or whether NAc dopamine dynamics flexibly respond to changes in 

photoperiod instead.   

The photoperiod conditions we used and how they reflect the real-world environment 

should be discussed, especially the Equinox condition. Equinox is the widely accepted control 

photoperiod used within the circadian field. This photoperiod is used as a control because it 

reflects typical laboratory housing conditions of most rodent facilities, and can serve as a 

baseline control to determine directionality of effects seen in experimental photoperiod 

conditions. In Nashville, the shortest day of the year is about 9 hours long during the peak of 

winter, while the longest day of the year is about 15 hours long in summer (almanac). Our Short 

and Long photoperiod conditions, therefore, closely mimic the photoperiods experienced in 

temperate regions during peak winter and summer respectively. The Equinox photoperiod 

condition, however, is only experienced for brief periods when winter transitions to spring, and 

summer transitions to fall (almanac). The Equinox photoperiod itself doesn’t encode seasonal 

information, but rather the shift in photoperiod to and from Equinox signal to the animal which 

season is approaching. Because the Short and Long photoperiod conditions represent the peak of 

a specific season, there is no ambiguity in what seasons they encode. In contrast, the Equinox 

photoperiod is an ambiguous biological cue where the organism doesn’t “know” whether this 

light cycle is signaling the transition to a shorter or longer photoperiod. While the Equinox 

photoperiod condition is a proper control for typical lab conditions, there are important 
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considerations when interpreting data from this group, especially in comparison to the Short and 

Long photoperiod conditions. We used data from the Equinox animals as a baseline control to 

determine the directionality of any differences we may have seen in either the Short or Long 

photoperiod animals, as is standard in the literature. However, if we accept that the Equinox 

photoperiod, without any photoperiod switching, does not encode a specific environmental 

season, then we also must accept that it is an arbitrary baseline. The magnitude and direction of 

any differences compared to animals from the Equinox photoperiod may be less informative than 

differences between the two seasonal Short and Long photoperiods. 

So how could our data be interpreted differently if we chose to focus solely on the data 

from Short and Long photoperiod animals? As presented, the data indicate that the Long 

photoperiod females show enhanced dopamine dynamics in the NAc compared to the Equinox 

and Short photoperiod groups. When we remove the Equinox condition, these data could now 

either reflect an enhancement of these measures in the Long photoperiod females or a depression 

in these measures in the Short photoperiod females. Considering that the Short photoperiod 

females showed no difference in NAc dopamine release or uptake compared to males, one could 

posit that expected sex-differences were abolished in the Short photoperiod condition. Not only 

does this align with the speculative hypotheses described earlier regarding photoperiod and 

estrous cycle, but this interpretation also simplifies the combined findings to form a more 

straightforward story—less robust NAc dopamine signaling in the Short photoperiod females 

might be a contributing factor to the increase in depressive-like behaviors seen in previous 

studies (Green, Siemann). Chapters 2 and 4 would now suggest that the Short photoperiod 

females have decreased sensitivity to DAT inhibition, which reconciles why we saw a blunted 

locomotor response to psychostimulants in these animals.  
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Insights and Implications for Sex-Linked Seasonality of Neuropsychiatric 

Disorders  
 

 

This work provides a basis for examining how the interaction of photoperiod, sex, and 

age may influence the mesolimbic dopamine system in humans and possibly contribute to 

neuropsychiatric photoperiodism. Specifically, we identified DAT as a potential locus of action 

for photoperiod modulation of NAc synaptic dopamine dynamics seen in adult females. DAT 

availability in the human striatum was found to be decreased in female patients with SAD 

compared to healthy patients in winter months (Neumeister). However, this study did not assess 

whether DAT availability showed a seasonal pattern in the SAD patients or the healthy controls. 

Future neuroimaging studies should use a longitudinal, within-subject design to assess whether 

DAT availability is seasonal in males and females and how this may change across the lifespan. 

One study reported that increased seasonal variation in SERT binding predicts the severity of 

depressive symptoms in humans (McMahon 2016). Additional studies could determine whether 

the magnitude of seasonal changes in DAT availability in the NAc also correlate to the 

prevalence or severity of neuropsychiatric symptoms. Bupropion, a selective DAT and NET 

inhibitor, is the only pharmacological agent approved to treat SAD by the Food and Drug 

Administration (FDA) (Foley 2006). Future rodent studies could use bupropion to attempt to 

reverse photoperiod-induced depressive-like behavior and further investigate the mechanism of 

its therapeutic benefit.  
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Concluding Remarks 
 

 

To speculate freely, the potential evolutionary advantages for there to be a link between 

seasonal changes to the estrous cycle and NAc dopamine dynamics warrants discussion. Mating 

season for most mammals in the temperate regions occurs during the warmer seasons when 

photoperiod is longer (Everett). Based in part on our own findings, we hypothesize that 

modulation of the estrous cycle by longer photoperiods results in a concomitant enhancement of 

the estrous-dependent augmentation of NAc synaptic dopamine dynamics. As mentioned 

previously, NAc dopamine plays an incredibly important role in approach and avoidance 

behaviors, which are crucial to survival (Kutlu 2021, clark, faure, floresco; wenzel; oleson). 

Having NAc dopamine adapt to be more robust at the same time that an animal is fertile and 

primed to bear offspring would be evolutionarily advantageous and promote survival of both the 

mother and the offspring. Future studies could determine whether the effects of photoperiod and 

estrous cycle on NAc dopamine and behavior occur through distinct mechanisms, or if they are 

two components of a single mechanism where photoperiod effects are upstream of estrous cycle 

effects. 
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Perhaps most crucial is that this line of research would open the door for a paradigm shift 

in how we approach neuropsychiatric photoperiodism. The widely-accepted leading theories 

regarding neuropsychiatric photoperiodism focus on photoperiod as the driver of changes in 

mood. While we have not shown direct evidence for this here, if photoperiod is simply an 

informant to the true driver of seasonal changes in mood (i.e. estrous cycle and reproductive 

biology), then there is an enormous opportunity for the development of novel treatment 

approaches for the clinical management of neuropsychiatric photoperiodism. Such a paradigm 

shift might look like healthcare providers promoting reproductive health and wellness to girls 

and women, especially those living in extreme temperate latitudes, as a preventative measure 

against the development of neuropsychiatric photoperiodism. Of course, there still is no causal 

evidence linking (1) photoperiod effects on estrous cycle to NAc dopamine dynamics or (2) 

photoperiod effects on NAc dopamine dynamics to neuropsychiatric photoperiodism. Thus, 

while these speculative hypotheses offer an elegant and fascinating narrative explaining the 

evolutionary basis of sex-linked neuropsychiatric photoperiodism, I must emphasize that it is still 

purely speculation. 

Now that I have laid out my utopian conjecture on where this work may lead, I leave the 

reader with a summary of the concrete impact of the combined work here and the valuable 

insights it contributes to the field of neuroscience. Generally speaking we have demonstrated that 

a pervasive environmental cue interacts with fundamental biological factors to regulate 

dopamine system function at the synaptic and behavioral levels, making this work broadly 

applicable. These findings offer practical considerations for future research and push forward 

several fields within neuroscience, including domains such as (1) the mesolimbic dopamine 
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system, (2) biological rhythms, (3) sex as a biological variable. Accordingly, within each domain 

these findings have: 

(1) demonstrated that factors that are ubiquitously experienced (sex, age, and 

environmental light) interact to modulate basal accumbal DAT function and 

mesolimbic dopamine dynamics, and should be considered in future work examining 

this system,  

(2) provided the first account of photoperiod, a driver of biological rhythms, modulating 

a neuromodulatory system at the synaptic level, providing support for future research 

examining synaptic effects of photoperiod on other neuromodulatory systems and  

(3) revealed novel and important biological phenomena specific to females that support 

the need for including females in research. 

To conclude, the combined work of this dissertation uncovers previously unknown 

dimensionality in the interacting factors governing the serotonin and dopamine systems and 

behavior, ultimately bringing us closer to a more complete understanding of the brain. 

 


