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ABSTRACT

This dissertation describes research aimed at understanding how changes in brain
serotonin neurotransmission influence the expression of emotion- and cognition-related
behavior in mice. The serotonin-depleting effects of a novel serotonin synthesis inhibitor,
PEPA, were studied in adult and postnatal mice. The effects of PEPA were compared to
those resulting from administration of PCPA, which has been in use since the 1960s.
Reductions in serotonin were induced during the early postnatal period in mice
constitutively deficient in serotonin transporter (SERT) expression. Decreased brain
serotonin levels resulting from exposure to PEPA, but not PCPA, from P4-P21
normalized increased adult anxiety-related behavior in female mice constitutively lacking
SERT, presumably by reversing elevated extracellular serotonin levels during this key
developmental period. Postnatal PEPA vs. PCPA had a number of other differential
effects on adult social behavior and spatial learning and memory. In addition, the
interactions between kappa opioid receptor (κOR) activation and differential SERT
expression on dysphoria in adult mice was investigated. Dysphoria is a core component
of mood disorders, in which changes in serotonin neurotransmission have been
implicated. Conditioned place aversion to a κOR agonist was observed in mice lacking
SERT, calling into question the requisite nature of SERT in mechanisms of kappamediated dysphoria. Throughout this dissertation research, drug doses and behavioral
testing conditions were investigated to characterize and to improve methodologies.
Investigations building on the foundation provided by this research will provide
information on the roles of serotonin during developmental periods as they pertain to the
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expression of emotion- and cognition-related behaviors. Future studies will also be aimed
at understanding how the serotonin system influences, and is modulated by, the κOR
system to influence anxiety- and mood-related behavior.
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Preface
Select chapters of this dissertation will be submitted to peer-reviewed journals as
manuscripts at a later date. Some of these chapters also involved collaborations or shared
efforts. Details for these chapters are described below.

Chapter 2: This chapter will be submitted as a manuscript. Tracy Lee Gilman
performed all experiments. Experiment design and data analyses were collaborative
efforts between Tracy Lee Gilman, Dr. Anne M. Andrews and Dr. Kent E. Vrana. Daniel
J. Ramos assisted with experimental preparations, postnatal injections and tissue
collection. Drs. Kent E. Vrana, Dhimant Desai, Shantu Amin kindly synthesized the paraethynylphenylalanine for the postnatal experiments. Drs. Mao Ye and Michael E. Jung
synthesized para-ethynylphenylalanine for adult experiments. Assistance with HPLC
experiments was provided by Dr. Anne M. Andrews, Dr. Beatriz Campo-Fernandez,
Meng Zhao and Brendan Beikmann. Assistance with cervical dislocations for brain
dissections came from Dr. Stefanie C. Altieri, Dr. Anne M. Andrews, Dr. Yogesh Singh
and Brendan Beikmann.

Chapter 4. Ovariectomy surgeries were performed by Dr. Joanne Sohn, assisted
by Dr. Peter Castro. Description of the ovariectomy surgical procedure was provided by
Dr. Joanne Sohn.

Chapter 5: This chapter will be submitted as a manuscript. Tracy Lee Gilman
performed all HPLC and behavior experiments, with the exception of one forced swim
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test set performed by Dr. Stefanie C. Altieri. Experiment design and data analyses were
collaborative efforts between Tracy Lee Gilman and Dr. Anne M. Andrews. Jeffrey A.
Lee hand scored arm entries, head dips and rears in the elevated plus maze. He also
performed all perfusions for this study and collected all respective sacrifice weights and
brain samples. Diana Wang prepared HPLC solutions and analyzed all postnatal tissue
chromatograms. Juliette N. Brown is hand scoring sniffing behaviors in the social tests.
Yifang Nie assisted with determining latencies for the Lashley III maze reversal. Drs.
Stefanie C. Altieri and Anne M. Andrews performed cervical dislocations for brain
dissections. Drs. Mao Ye and Michael E. Jung synthesized para-ethynylphenylalanine.
Assistance with HPLC experiments was provided by Drs. Anne M. Andrews and
Hongyan Yang.

Chapter 7: Planning of experiments was a collaborative effort between Dr. Toni
Shippenberg, Dr. Anne M. Andrews, Dr. Chris Evans, Tracy Lee Gilman and Kris
Roberts. Experiments were performed under the guidance of Kris Roberts in the
laboratory of Dr. Chris Evans. The Evans lab provided the U50,488 drug, and all testing
was performed in their facility.

Chapter 8: This chapter will be submitted as a manuscript. Planning of
experiments was a collaborative effort between Dr. Toni Shippenberg, Dr. Anne M.
Andrews, Dr. Chris Evans, Tracy Lee Gilman and Kris Roberts. Experiments were
performed in collaboration with Kris Roberts in the laboratory of Dr. Chris Evans. All
testing was performed in the Evans lab facility.
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Chapter 10: Experiments in 2009 or before were performed by Tracy Lee
Gilman, occasionally while training Daniel J. Ramos or Walter Jackson, III. Experiments
after 2009 were completed by, or during training of, Jeffrey A. Lee and Yifang Nie. Blots
processed using enhanced chemifluorescence were imaged using the Biological
Chemistry Imaging Facility. Assistance optimizing western blotting protocols was
provided by Dr. Troy L. Ott and his graduate student Karen Racicot, as well as by Beth
Schlagnhaufer.

xxiii

Acknowledgements

Advisor and Mentor
First and foremost I must thank Dr. Anne M. Andrews for her six years of
mentorship. Under her guidance I have learned an incredible amount about academic
research. She has provided me with invaluable exposure to numerous facets of the
research world, including manuscript submissions, book chapter writing, grant
preparation, guest speaker scheduling, animal protocol initiation and maintenance, data
presentation, and of course experimental design and implementation. Beyond learning
these procedures, however, she has molded me to become a better scientist in terms of
my critical thinking, communication, patience and professionalism. Dr. Andrews has not
only supported and encouraged me in my efforts to become a more effective writer,
speaker and researcher but has also greatly influenced my personal development by
improving my approaches to social interactions, communication styles and life struggles.
Triaging priorities, maximizing potential outcomes and diplomatic problem solving are
just a few of the many tactics she has demonstrated by example that have and will
continue to benefit me in my career as well as my personal life. Dr. Andrews, my
sincerest gratitude to you for all you have done for me during my time in your lab. I am
sure I will continue to realize and recognize how my time under your tutelage has
benefitted me in a multitude of ways in the years to come.

xxiv

Lab Members and Colleagues
Dr. Beatriz Campo, I could not have completed my first large project without
your help and encouragement. Your presence is still sorely missed in the Andrews lab,
and your approach to challenges and life hardships were inspirational to say the least.
Without Dr. Stefanie Altieri, I could not have gained my footing in behavior
research nearly as fast. Beyond teaching me the protocols for the elevated plus maze and
open field test, as well as her help in piloting our lab’s forced swim test protocol, Stefanie
was a pillar of support for many of my experiments. She generously helped me with
numerous brain dissections by euthanizing the mice for me, and has given me invaluable
feedback on a multitude of manuscripts, applications, abstracts and presentations.
The queen of the HPLC system, Dr. Hongyan Yang, was a great asset in
streamlining our HPLC protocols and setup. She has helped me troubleshoot on countless
occasions, and has also been a great reflection for me of my own personality traits and
challenged me to improve my research and interpersonal skills.
Despite my best efforts, I was never able to steal Lauren Sawarynski away from
Yogesh to make her my undergrad. Lauren kept me company in the quiet lab mornings,
ate parts of my trail mix I hated, and always seemed able to read my mind. She is not
only a dear friend but a strong, intelligent, driven, and huge-hearted woman whom I am
proud to know.
Jeffrey A. Lee does perfusions better than anyone I know, and he has been a
tireless comrade during my marathon behavior sessions for the pTPHI-SERT study. He
also bravely conquered over one hundred hours of elevated plus maze videos for hand
scoring, and worked hard with Yifang Nie to get our western blotting to work for SERT.

xxv

Jeffrey has proven himself to be a sharp, reliable trooper able to quickly grasp scientific
concepts and procedures, and I could not have completed my behemoth study without
him.
Diana Wang helped me immensely with analyzing chromatograms of postnatal
tissue for the pTPHI-SERT study, and has given me a run for my money as a literature
whiz. Her multitasking skills are outstanding, and I can’t wait to see what else she is
capable of in the laboratory.
Juliette Brown is an immaculate planner and is still working on hand scoring
sniffing behaviors during social investigation tests. I have been amazed by how quickly
she has learned scoring and graphing, as well as broader neuroscience concepts and
topics. Though a younger undergrad, she can discuss at a graduate student level, and she
has helped open my eyes to my deficiencies in knowledge and teaching, for which I am
immensely grateful to her.
Oh Daniel Ramos, you put up with my constant grilling and experiment
challenges so patiently and with such a great attitude. We wrestled through your honors
thesis together, and I am determined to get our PEPA pilot work published. I know you
will be a fantastic doctor!!
Kris Roberts taught me how to do conditioned place aversion testing and, along
with Monique Smith and Drs. Anna Taylor and Amynah Pradhan, introduced me to the
Evans lab, Ultimate Frisbee and the world of opioids. They all gave me a second lab
family, a sympathetic ear when I was stressed, career and life advice, an exercise outlet
and a devil’s advocate position for designing experiments and analyzing data. Thank you
all, and your PI Dr. Chris Evans, for the great experience!

xxvi

Beth Schlagenhaufer and her husband helped me troubleshoot my western blots in
my earliest attempts to initiate the protocol in our lab.

Committee Members
My sincerest thanks to all of my committee members for being so accommodating
of my advanced defense date, in addition to all of the hours you spent reading my
dissertation and participating in my defense.
Dr. Kent Vrana, thank you for all of your patience with my nitpicking and
incessant perfectionism. Thank you also for all of your help initiating our work with
PEPA, and for all of the time you have dedicated to being on my committee and to our
lab as a collaborator.
Dr. Troy Ott and Karen Racicot were lights in the dark when I was struggling to
get our western blotting protocol off the ground. Dr. Ott, you have been a great source for
outside perspective on our field and my experiments, and as a fountain of knowledge
regarding statistics.
Dr. Sonia Cavigelli, you have had my attention since you gave a guest lecture
describing behavioral effects of in utero proximity to pups of different sexes. I am so
grateful to you for letting me know I passed my comprehensive exam when I returned to
the room in a near panicked state, and your repertoire of behavioral knowledge still
impresses me to this day.
Dr. David Vandenbergh taught one of my favorite courses during my graduate
school career, Pharmacological Influences on Health. Dr. Vandenbergh, you have helped
not only me but many other grad students in our lab become better scientists and writers.

xxvii

You have a clear knack for staying calm and phrasing questions efficiently yet
courteously, all skills that I am still working very hard on gaining, so my thanks to you
for setting such a great example.
The only reason I actually made it to grad school is Dr. Jon Sprague. Without his
guidance, support and mentoring I would not have entered nor stayed in grad school. He
provided the first job in my life where I ever wanted to wake up early just so I could start
work that much sooner. In Dr. Sprague’s lab I was introduced to so many skills that
would become the foundation of my graduate school efforts, and to this day I am always
looking around for a whiteboard to scribble on. Together with Andrea Peterson, Kara
Weaver and Dr. Emily McDuffee, I had an amazing undergraduate research experience
that I will always treasure.

Immediate Family
Terry and Don, no words can convey my gratitude toward you, nor my respect for
you. You have given me all I have, and made me all that I am. You always supported me
regardless of what I wanted to do, including all the times I wanted to quit school, change
majors or take more classes. You have helped me through the toughest times in my life
and were always there for me. I could not have done anything without you, and I can
never express enough how much I love you both.
Chris, you are so important to me and you have always had my back. You put up
with me for years growing up, and I am glad you have forgiven me for my terribleness
and have become a great friend. I love seeing how happy Bee makes you, and I wish you
two a long, solid, memorable and loving life together.

xxviii

Justin, you are my best friend. I never want to lose that, and I cherish the time we
spent together. You calmed me when I was upset and stressed, you cooked meals for me
when I was too tired to stand up, and you loved me despite my stubbornness and ‘night
terrors’. You are absolutely wonderful, and I expect you to take excellent care of our
babies Dajoji and Surem.

Friends & Extended Family
Polly Segal and Janice Kennedy, you are two of THE most incredible people
because you provide support to so many labs in such a number of unseen and
unappreciated ways. On top of this, you exceed your job obligations by not only getting
things done but being so amazingly patient, kind and cheerful in your interactions with
everyone who depends on you and takes you for granted. I cannot express how thankful I
am for you both, and I definitely think you should make quintuple your pay for all you
handle and accomplish!
My newest friend and running buddy whom I already know I will miss tons - Dr.
Liane Slaughter, you ROCK! You helped me get through some of the toughest times in
my last months as a grad student. You pushed me to take breaks and stretch my legs, and
you always listened to me complain and vent about the day’s troubles. It totally and
completely sucks that you did not come to LA 3 years ago, but I know we’ll continue
having fun hanging out right up until I leave!
Sarah Cleary, I blame you for introducing me to grad school and setting me on
this path, mwahahaha! You and your Ebola did this to me. Or was it the Plague? Thank
you for being such an incredible friend for – whoa – 10 years!! You have been a role

xxix

model to me in more ways than I can describe, and I can’t wait to get back up to
Minneapolis to visit you. Braiiiiiins...
My awesome friend Dawn Luyo, you are the shiznit. You put me up while
refusing rent money as I transitioned from the East coast to the West. You gave me
courage and fighting spirit when I was feeling scared and overwhelmed. You’ve always
stood up for yourself and I love and admire that about you. I have so many awesome
memories with you, from Sharkey’s to road trips to pinky swears to the Hash House to
Children’s cove. I admire you so much and love you to death. F*** bees!
I must also thank David Moore for being such a great friend when I was lost in a
new town, and for encouraging me to run even at my snail’s pace. My thanks also to Joe
Cichon for teaching me about cell culture, helping pass the time in lab and converting me
to Mac computers.
Last but CERTAINLY not least, I want to thank my extended Gilman and Greene
families for all of your unwavering encouragement and support throughout my entire life.
Grandma Greene, you are incredible and I have so many wonderful memories
with you, from birthday sleepovers and sledding behind Grampa’s tractor to having wine
and cheese with you at your condo. Thank you for your unconditional love and for
always being amazingly understanding when I lapse in talking to you. Cathy Bala, I still
remember shadowing you at your work, and the ability to see a knowledgeable woman in
the workforce be listened to and respected has always resounded with me. My thanks to
you and Rich for all you have done for me, and for giving me my two awesome Greene
cousins! Kevin and Anita Greene, though we’ve always lived states apart, you both

xxx

helped foster my early interest in science and biology and I am so grateful to both of you
for going the unconventional route with educational gifts!
Therese DiDato, I have always been fascinated by you and impressed with your
spunk and courage. Marie Gilman, you have the biggest heart of anyone I’ve ever known
and you’ve struggled through so much and you’re still standing strong. Pete and Lori
Gilman, I have countless wonderful memories of both of you, and whenever I stay with
you and Ashley I have an immense amount of fun and always feel like I’m right at home.
Thank you so much for always being so great to me and never letting me leave without
making sure my cheeks are fully sore from laughing so much. Becky and Dave
Stoughton, you two have always felt like second parents to me (without the discipline
part), and I so value your attitudes and perspectives on life and its challenges. Dave and
Rita Gilman, I love you both so much and can’t thank you enough for all you’ve done for
me. I still have the baking pans you bought me when I was 13, and goodness knows I
don’t make your pumpkin bread enough. Danny Gilman, I am so glad to see how happy
Kathy makes you, and you have done a fantastic job raising your three men (though I still
see them as boys in my head!). Nana Gilman, thanks to you and Poppy for raising all of
these crazy Gilmans and forever being the hub and rock of the family. Tanya and Matt
Griffiths, you two are super cool but nowhere near as amazing as the two most awesome
people ever that you made, Alex and Kayla. A billion thanks a day for those two could
never be enough. Ken Gilman and Ron Stoughton, thank you both for being the
incredible upstanding, gentlemanly, brave and genuine souls you are. Ashley, I think you
have been an adult since you were about 10, you are both smart and sensible which is
such a rare combination. I admire you for your attitude and your loyalty to those you

xxxi

love. And you’re just super cool. Huge thanks to all of my other crazy wonderful Gilman
cousins: Krissy, Stephen, Evelyn, Dave, Brianna, Jason, Paxton, Amanda G., Justin,
Isabel, Pauline, Lauren, Vanessa, Tess, Michelle (and husband), Amanda S., Rachel,
Landon, Sarah, Brian, Anita, Jake, Nick, Evan and Zack.

Funding & Support
The first three years of my graduate school work were supported by the Penn
State University Graduate Fellowship. Funding for experiments also came from the
NIMH and NARSAD. A Young Investigatory Travel Award Fellowship from the
Serotonin Club generously paid for my attendance to and participation in the 2010
Serotonin Club Montreal meeting in Quebec. Experiments for conditioned place aversion
were completed in collaboration with Dr. Chris Evan’s lab, with funding from NIDA and
the Hatos Center for Neuropharmacology. PEPA was generously synthesized by Dr. Kent
E. Vrana at the Penn State Hershey College of Medicine in collaboration with Drs.
Dhimant Desai and Shantu Amin. At UCLA, CNSI funded synthesis of PEPA by Drs.
Mao Ye and Michael E. Jung.

xxxii

Chapter 1

Introduction

Serotonin is a small, monoamine neurotransmitter released selectively by neurons
that express the enzyme tryptophan hydroxylase, which converts 5-hydroxytryptophan to
5-hydroxytryptamine (5-HT; serotonin). Both presynaptic neurons and postsynaptic
neurons transduce serotonin signals via binding of serotonin to plasma-membrane
serotonin receptors. This signaling process is terminated, in part, by reuptake of serotonin
into serotonergic neurons through serotonin transporters (SERT; for review, see
(Mohammad-Zadeh et al., 2008)). Drugs that block the function of SERT can alleviate
the symptoms of anxiety and depressive disorders (Cipriani et al., 2009; Donovan et al.,
2010), neuropsychiatric disorders that affect hundreds of millions of people across the
globe (Kessler et al., 2009; WHO, 2012).
Because pharmacologically inhibiting SERT function improves symptoms of
anxiety and depression, researchers generated mice genetically deficient in SERT to
investigate changes in behavior (Bengel et al., 1998; Lira et al., 2003; Zhao et al., 2006).
Unexpectedly, lifelong genetic SERT deficiency resulted in an increase in anxiety- and
depressive-related behaviors (Holmes et al., 2003; Lira et al., 2003; Zhao et al., 2006).
However, this discovery proved serendipitous as polymorphisms in the human SERT
gene were discovered and people with low SERT-expressing alleles also exhibit
increased anxiety and stress susceptibility (Caspi et al., 2010; Homberg and Lesch, 2011).
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Consequently, SERT-deficient mice can be used to uncover developmental and molecular
contributions to neuropsychiatric disorder susceptibility (Li, 2006; Kalueff et al., 2010).
Involvement of serotonin in brain development led to the hypothesis that
disruptions in serotonergic signaling during critical time periods might explain the
unanticipated behavioral effects of SERT loss (Gaspar et al., 2003; Homberg et al., 2010;
Fernandez and Gaspar, 2012). Indeed, transient postnatal pharmacologic reduction of
serotonin levels reversed impaired barrel cortex development and normalized irregular
REM sleep behaviors in SERT-deficient mice (Persico et al., 2001; Salichon et al., 2001;
Alexandre et al., 2006).
To explore this further, I optimized dosing for two different serotonin synthesis
inhibitors in postnatal mice (Chapters 2, 3). Using doses determined in these studies, I
then evaluated the behavioral effects of postnatal serotonin reductions on adult emotionand cognition-related behaviors (Chapter 5). Experiments were also carried out to
investigate how changes in behavior testing methods influence measures of sociability
(Chapter 4) and anxiety-related behaviors (Chapter 6). The most salient finding from
these efforts was the observation that postnatal serotonin synthesis inhibition normalized
the increased adulthood anxiety-like phenotype of female SERT-deficient mice
(Chapter 5). Thus, reducing serotonin levels during a critical period of brain development
can redirect the effects on reduced or absent SERT expression on adult anxiety-related
behavior in female mice.
The second portion of my dissertation research focused on evaluating the function
of the kappa opioid receptor system in SERT-deficient mice. Dysphoria, an unpleasant
reduction in mood, is a component of anxiety and depressive disorders, as well as drug
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withdrawal and relapse (Carlezon et al., 2009; Chavkin, 2013). Occurring, in part, by
activation of kappa opioid receptors, dysphoria can be induced in rodents by exposing
them to stress or administering kappa opioid receptor agonists (Skoubis et al., 2005; Land
et al., 2008). This dysphoric response is measured by avoidance of an environment
contextually paired with kappa agonist administration and is known as conditioned place
aversion (CPA).
First, I performed a pilot experiment comparing CPA produced by two different
kappa agonists in mice (Chapter 7). One of these compounds was then used in Chapter 8
to evaluate kappa-mediated aversion in SERT-deficient mice. Though previous work has
shown kappa aversion to be abolished in mice pretreated with a SERT inhibitor (Bruchas
et al., 2011), or in SERT-deficient mice (Schindler et al., 2012), we observed intact
aversion in mice lacking SERT. Our findings demonstrate that SERT is not required for
kappa-mediated aversion. Further work investigated whether SERT-deficient mice
responded in a potentiated manner to a kappa antagonist after exposure to a stressor
(Chapter 9). Continued characterization of SERT-deficient mice and their responses to
kappa agonists and antagonists will help to identify novel therapeutic targets for
neuropsychiatric disorders and to uncover shared molecular pathways between the
serotonin and kappa-opioid systems regarding stress responsiveness.
Finally, Chapter 10 chronicles my work towards optimizing western blotting
procedures to quantify integral membrane and cytoplasmic proteins. Western blotting can
be used in combination with the behavioral and neurochemical analyses described in this
dissertation to provide information on changes in protein levels occurring in animals
investigated in this thesis. The work presented here illustrates our advances in
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understanding how developmental serotonin levels influence lifelong emotionality, and
sets a foundation for improved characterization of kappa-serotonin system interactions in
stress responsiveness.
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Chapter 2

Neurochemical comparison of two tryptophan hydroxylase
inhibitors in adult and postnatal mice

Introduction
Tryptophan hydroxylase (TPH) is the rate-limiting enzyme in the synthesis of
serotonin from its proximal precursor, 5-hydroxytryptophan (Fig. 2.1A) (Matthes et al.,
2010). Serotonin synthesis is now known to occur via two TPH isoforms (Walther and
Bader, 2003). Tryptophan hydroxylase 1 (TPH1) functions mainly in nonneuronal cells in
the periphery, e.g., enterochromaffin cells. Tryptophan hydroxylase 2 (TPH2) is the
neuronal isoform found in the brain and enteric nervous system (Walther and Bader,
2003; Matthes et al., 2010). The TPH inhibitor, para-chlorophenylalanine (PCPA,
fenclonine; Fig. 2.1B), first reported by Koe and Weissman in 1966, reduces serotonin
levels centrally and peripherally in a number of mammalian species, including mice and
rats (Koe and Weissman, 1966; Engelman et al., 1967; Somerville and Whittle, 1967;
Cremata and Koe, 1968; Conner et al., 1970; Geller and Blum, 1970; Fibiger and
Campbell, 1971; Chase, 1972; Miczek et al., 1975).
Despite the fact that PCPA was also shown to inhibit phenylalanine hydroxylase
(Koe and Weissman, 1966; Lipton et al., 1967; Guroff, 1969), this phenylalanine analog
(Fig. 2.1C) rapidly became a standard pharmacologic tool in human (Engelman et al.,
1967; Cremata and Koe, 1968; Sjoerdsma, 1971; Chase, 1972; Sicuteri et al., 1973) and
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animal studies (Somerville and Whittle, 1967; Conner et al., 1970; Geller and Blum,
1970; Fibiger and Campbell, 1971; Miczek et al., 1975) on serotonin depletion. Today,
PCPA continues to be used frequently to reduce brain serotonin levels in adult rodents
(Eto et al., 2011; Tran and Keele, 2011; Cordeiro et al., 2012; Delaville et al., 2012;
Kawaura et al., 2012; Stein et al., 2012). Furthermore, PCPA has been administered to
rats and mice during early postnatal periods to study the effects of serotonin depletion on
brain development and subsequent behavior during adulthood (Mazer et al., 1997;
Persico et al., 2000; Persico et al., 2001; Salichon et al., 2001; Alexandre et al., 2006).
An analog of PCPA, para-ethynylphenylalanine (PEPA; Fig. 2.1D), has also been
shown to inhibit TPH and to reduce brain serotonin levels in adult rats (Stokes et al.,
2000; Zimmer et al., 2002). Importantly, PEPA does not inhibit phenylalanine
hydroxylase (Stokes et al., 2000). Inhibition of phenylalanine hydroxylase has the
possibility to confound studies aimed at understanding the role of serotonin in physiology
and behavior, particularly after postnatal administration, due to potential cognitive
deficits associated with increased phenylalanine levels (Kilbey and Harris, 1971; Vorhees
et al., 1981).
Since PEPA has not been studied in mice, we investigated its effects during adult
and early postnatal periods. We compared PEPA and PCPA regarding effects on survival,
body weight, and brain tissue serotonin levels. We hypothesized that PEPA would
produce comparable reductions in brain serotonin to PCPA but at 10- to 60-fold lower
doses, as previously shown in rats (Stokes et al., 2000; Zimmer et al., 2002). We
administered both compounds to adult mice via a dosing paradigm optimized for PCPA
by Cesana and colleagues (Cesana et al., 1993). This paradigm involves twice daily
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intraperitoneal (ip) injections for three consecutive days. We compared serotonin
reductions following a standard dose of PCPA (300 mg/kg, ip) (Cesana et al., 1993;
Basselin et al., 2009; Fox et al., 2010) to those resulting from two different doses of
PEPA previously used in rats (5 mg/kg and 30 mg/kg, ip; (Stokes et al., 2000; Zimmer et
al., 2002)).
For postnatal administration, we injected pups once daily from postnatal day 4
(P4) through P21, a time window previously described in the literature as critical for
serotonergic system modulation of adult emotional-related behavior (Farabollini et al.,
1988; Alexandre et al., 2006; Ansorge et al., 2008; Popa et al., 2008). We compared
100 mg/kg/day PCPA, which has been previously used in postnatal mice (Alexandre et
al., 2006) with a lower dose of PCPA (50 mg/kg/day. For PEPA, we selected doses of 1
or 10 mg/kg/day, approximately 3-fold less than acute doses reported in rats (Stokes et
al., 2000; Zimmer et al., 2002).

Methods
Animals
Nine-week old CD-1 mice were obtained from Charles River (Wilmington, MA)
for the experiment on TPH inhibitors in adult mice. This is the mouse strain investigated
in key studies by Koe and Weissman, and Cesana and colleagues (Koe and Weissman,
1966; Cesana et al., 1993). Drug administration began when mice were 12-weeks old.
Parent pairs for the postnatal experiment were bred in-house from adult C57BL/6J (C57)
mice obtained from the Jackson Laboratory (Bar Harbor, ME) or CD-1 mice obtained
from Charles River (Wilmington, MA). Both strains of mice were used previously in
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studies on the postnatal neurodevelopmental effects of PCPA (Persico et al., 2001;
Alexandre et al., 2006). Mice were maintained on a 12:12 h light/dark cycle with ad
libitum Access to food and water. All experiments complied with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Procedures involving
animals were approved by the University of California, Los Angeles Chancellor’s Animal
Research Committee or the Pennsylvania State University Institutional Animal Care and
Use Committee.
Adult treatments
Body weights were recorded prior to each injection. Drugs were administered in
vehicle (saline) at a volume of 10 mL/kg (Basselin et al., 2009; Fox et al., 2010) using
30-gauge needles (BD, Franklin Lakes, NJ). Dosing solutions were sterilized via a 0.22µm filters (Millipore, Billerica, MA) prior to injection. Adult mice were treated with
saline, 300 mg/kg PCPA (4-D,L-para-chlorophenylalanine methyl ester; Sigma, St.
Louis, MO), or 5 or 30 mg/kg PEPA (Table 2.1A). In preliminary experiments,
subcutaneous injection of 300 mg/kg PCPA was highly irritating to mice such that they
would scratch the injection site until bleeding occurred. These irritant effects have not
been reported previously and were not observed with subcutaneous administration of
PEPA at either dose in adult mice. Therefore, injections of PCPA and PEPA in adult
mice were performed via the ip route. Briefly, mice were injected twice daily, 10 h apart,
for three consecutive days (Cesana et al., 1993; Basselin et al., 2009; Fox et al., 2010).
Mice were euthanized by cervical dislocation followed by decapitation 18 h after the last
injection. Brains were quickly removed and dissected over wet ice, immediately frozen
on dry ice, and stored at -70°C prior to neurochemical analyses.
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Postnatal treatments
Previously used dosing schedules for postnatal PCPA administration vary widely
from a single injection (Persico et al., 2000), to injections every third day (Myoga et al.,
1995; Gutierrez-Ospina et al., 2002), to once daily injections (Pflieger et al., 2002).
Because postnatal serotonin synthesis inhibition has been used to evaluate changes in
neurodevelopment, we used a once daily paradigm employed by other groups examining
the later life effects of 100 mg/kg postnatal PCPA treatment (Farabollini et al., 1988;
Mazer et al., 1997; Alexandre et al., 2006). To avoid affecting the development of
somatosensory barrel cortex (Persico et al., 2001; Ansorge et al., 2008), we began
injections at P4. Postnatal mice (Table 2.1B) were treated once daily for 18 consecutive
days, from P4 through P21 (time of weaning). All dosing solutions were prepared in
vehicle (saline) and administered at 10 mL/kg (Persico et al., 2001) using 31-gauge
insulin needles (BD, Franklin Lakes, NJ).
Litters were designated as untreated (animal facility reared, AFR; C57 N=4, CD-1
N=1) or treated (C57 N=11; CD-1 N=7) or treated. Litters of AFR pups were not touched
except for weekly routine cage changes. Treated litters contained a minimum of one pup
that received saline and two pups that received drug. The exception was one C57 litter of
mice that were all treated with 1 mg/kg PEPA.
A plastic container was placed over a bed of warm, dry rice to maintain pup body
temperature. Litters were briefly removed from the home cage on P4 (and each dosing
day thereafter) and placed on a clean paper towel and home cage bedding within the
warmed plastic container. Pups were briefly weighed prior to receiving saline, 50 or
100 mg/kg PCPA, or 1 or 10 mg/kg PEPA. Every effort was made to complete this entire
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process as quickly as possible, generally in <15 min, and litters were returned to home
cages as soon as the last pup was injected.
A mild irritant effect was also observed in postnatal mice receiving subcutaneous
PCPA, although to a much lesser extent than observed in adult mice receiving a higher
dose of PCPA. Because there was no bleeding or scarring at the injection sites, and
restraint of postnatal mice for intraperitoneal injections is more stressful for pups,
subcutaneous administration of PCPA was continued for postnatal experiments. Notably,
no irritant effect of PEPA was observed in postnatal mice.
Litters were weaned 1 h after the last injection on P21. Mice were killed by
decapitation 2 h after the last injection. Brains were rapidly removed and regions
(brainstem, frontal cortex, hypothalamus, hippocampus and striatum) dissected over wet
ice, immediately frozen on dry ice, and stored at -70°C for subsequent neurochemical
analyses.
HPLC analysis
Brain samples were homogenized in 0.1 M perchloric acid by pulsed probe-tip
sonification. Aliquots of homogenates were reserved for protein assay. Homogenates
were then centrifuged at 4ºC for 10 min at 13,000 rpm (approx. 16,000 × g), and
supernatants were removed for analysis. Samples and standards were maintained at 4°C
in an Insight autosampler (EiCOM, San Diego, CA) until injection into an HTEC-500
system (EiCOM, San Diego, CA). Peaks were identified by comparison of retention
times of standards and standard addition to sample aliquots. Integration of peak areas
under the curve (AUC) was carried out using PowerChrom software (v. 2.5.1; eDAQ,
Colorado Springs, CO). Sample concentrations were determined via interpolation vs.
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standard calibration curves and normalization to an internal standard (5-hydroxyNω-methyltryptamine oxalate). All sample concentrations were converted to ng
neurotransmitter per mg protein. Protein was measured using a Pierce bicinchoninic acid
assay kit (Thermo Fisher Scientific, Waltham, MA) (adult tissue; (Smith et al., 1985)) or
Lowry assay (postnatal tissue; (Lowry et al., 1951)).
Adult brain samples
Mobile phase composition was modified from Mathews et al. (Mathews et al.,
2004) and consisted of 0.1 M monochloroacetic acid buffer, pH 2.6, containing 9%
acetonitrile, 0.035% octanesulfonic acid, 0.1% triethylamine, and 10 µM EDTA. The
mobile phase flow rate was 230 µL/min through a Phenomenex Luna C(18)2 2.0 mm I.D.
× 150 mm, 3 µm particle size column (Torrance, CA) maintained at 30 °C. Analytes were
detected at a pure graphite electrode (WE-PG; EiCOM, San Diego, CA) at +700 mV.
Postnatal striatum samples
To optimize the separation of dopamine, the mobile phase consisted of a 0.02 M
sodium acetate/0.0125 M citric acid buffer, pH 3.92, containing 20% methanol, 0.0270.028% heptanesulfonic acid, and 10 µM EDTA [modified from (Murai et al., 1988)].
The mobile phase flow rate was 150 µL/min through a Phenomenex Luna C(18)2 2.0 mm
I.D. × 150 mm, 3 µm particle size column (Torrance, CA) at 30 °C. Dopamine was
detected at a pure graphite electrode (WE-PG; EiCOM, San Diego, CA) at +830 mV.
Postnatal brain samples
For all postnatal brain regions except striatum, the mobile phase was the same as
described earlier for adult brain samples. Analytes were separated using a mobile phase
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flow rate of 500 µL/min through a Spherisorb ODS 3.0 mm I.D × 100 mm, 3 µm particle
size column (Waters Corp., Milford, MA) maintained at 22 °C. Detection of analytes
occurred at a graphite resin electrode (WE-3G; EiCOM, San Diego, CA) at +700 mV.
Chemicals
For experiments in adult mice, PEPA was synthesized by Dr. Mao Ye of the
California NanoSystems Institute and Dr. Michael E. Jung of the Department of
Chemistry & Biochemistry at UCLA. For postnatal studies, PEPA was synthesized by
Drs. Kent E. Vrana, Dhimant Desai, and Shantu Amin of the Penn State Hershey College
of Medicine. Methanol, acetonitrile, and triethylamine were obtained from EMD
(Billerica, MA). Octanesulfonic acid and perchloric acid were from Acros (Fair Lawn,
NJ). Sodium acetate was purchased from BDH (VWR, Arlington Heights, IL). All other
chemicals, including PCPA and materials for the Lowry protein assay, were obtained
from Sigma (St. Louis, MO).
Statistics
Survival data were analyzed, and all data were graphed, using GraphPad Prism
version 6.0b (GraphPad Software, La Jolla, CA). Statistical software SAS 9.3 (Cary, NC)
was used for three- and two-way analyses of variance (ANOVAs) and repeated measures
ANOVAs of weight data. Two- and one-way ANOVAs with post-hoc Tukey’s tests were
performed in GraphPad Prism to evaluate significant differences in weight and
neurochemical data. Data are presented as means ± standard errors (SEMs), with P<0.05
considered statistically significant.
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Results
Adult survival & weights
All adult CD-1 mice survived treatment with PCPA or PEPA. Regarding effects
on body weights during the 3-day treatment regimen, a significant time × treatment
interaction was observed (P<0.01) suggesting that the effects of time varied across
different treatments. In addition, significant main effects of time and sex were detected
(P<0.001) (Table S2.1). The time effect is likely due to daily fluctuations in mouse
weights between the morning (just after eating) and evening (fasting from sleep). There
was no main effect of treatment on weight (P>0.9), and this was confirmed when the data
were analyzed at each time point within sex (Table S2.2) (Fig. 2.2).
Adult neurochemistry
Levels of serotonin in control animals are listed in Table 2.2. No significant sex ×
treatment interactions were observed in the five brain regions examined. Treatment
effects were significant (detailed statistics in Table S2.3). Here, PCPA and the higher
dose of PEPA significantly reduced serotonin in both sexes in all brain regions (Fig. 2.3).
The lower dose (5 mg/kg) of PEPA, which was reported to reduce serotonin levels in rats,
did not significantly reduce brain serotonin in any region in mice, with the exception of
brainstem in male CD-1 mice (Fig. 2.3).
Significant sex × treatment interactions in hippocampus (P<0.02) and frontal
cortex (P<0.004) were detected for changes in the levels of the primary metabolite of
serotonin, 5-hydroxyindoleacetic acid (5-HIAA) (Table S2.4). Reductions in 5-HIAA
occurred after the lower PEPA dose in hippocampus and striatum in female and male
mice, as well as in the hypothalamus of female mice (Fig. S2.1A,C). PCPA and the high
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dose of PEPA significantly decreased 5-HIAA levels across brain regions in both sexes
(Fig. S2.1). As opposed to effects on serotonin, dopamine levels in striatum were not
significantly affected by PCPA or PEPA administration in adult mice (Fig. 2.4;
Table S2.5).
Postnatal survival & weights
Although all C57 mice survived postnatal saline injection from P4-P21, three of
four drug treatments resulted in some fatalities in this strain (Fig. 2.5). The only treatment
that did not produce lethality in C57 mice was the lower 50 mg/kg/day dose of PCPA.
The higher dose of PEPA had the greatest effect on survival, with only 4 of 10 mice
reaching P21 (Fig. 2.5). In contrast, all CD-1 mice survived all drug treatments.
In addition to effects on survival, early postnatal administration of PCPA or
PEPA affected body weight. Interactions of time × sex (P<0.005) and time × treatment
(P<0.001) were observed in postnatal CD-1 mice, as were time × treatment (P<0.001)
interactions in postnatal C57 mice (Table S2.6). Data for postnatal CD-1 and C57 mice
were separated by sex and the effects of treatment were evaluated at each time point
(Table S2.7).
Compared to same-sex saline-treated controls, female C57 mice treated with
100 mg/kg/day PCPA exhibited reduced postnatal weight gain (Fig. 2.6A). Male C57
mice treated with either dose of PCPA or 1 mg/kg/day PEPA displayed retarded postnatal
weight gain on the majority of treatment days (Fig. 2.6B). Whereas 50 mg/kg/day PCPA
impaired growth in male but not female C57 mice, this treatment in postnatal CD-1 mice
decreased weight gain in female and not male mice (Fig. 2.6C). Body weight gains in
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both sexes of CD-1 mice were significantly impaired by 10 mg/kg/day PEPA and
100 mg/kg/day PCPA (Fig. 2.6C,D).
Postnatal neurochemistry
Serotonin levels for control groups of postnatal mice are in Table 2.2. Interactions
between treatment × sex × strain were detected for all brain regions (P<0.001)
(Table S2.8). Significant interactions for treatment × sex and treatment × strain were also
detected for all brain regions (P<0.001) (Table S2.8), suggesting that treatments affected
sexes and strains differently. Strain × sex interactions were significant for frontal cortex
(P<0.01) and striatum (P<0.02; Table S2.8). To simplify subsequent analyses, data were
divided by strain and sex and analyzed within brain region to determine treatment effects.
The higher dose of PEPA (10 mg/kg) reduced serotonin levels in a manner
comparable to the higher dose of PCPA in both sexes of CD-1 mice and female C57 mice
(Figs. 2.7 & 2.9). Treatment with the higher dose of PEPA in C57 mice was discontinued
due to lethality in postnatal mice (Fig. 2.5). The lower dose of PEPA (1 mg/kg)
significantly reduced serotonin levels compared to saline-treated animals in frontal cortex
and hippocampus of female and male C57 mice (Fig. 2.7A,C) and these reductions were
significantly different than those associated with 10 mg/kg PEPA in the same brain
regions (Fig. 2.7A). Hypothalamus serotonin levels were also significantly decreased by
1 mg/kg PEPA in C57 males (Fig. 2.7C). In contrast, the only significant and dosedependent reduction by this dose in CD-1 mice was observed in male hippocampus
(Fig. 2.9C).
Both doses of PCPA reduced serotonin across brain regions in both sexes of C57
mice, with the exception of 50 mg/kg in female striatum (Fig 2.7B,D). Only a minor
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dose-dependent effect of PCPA was observed in female C57 hypothalamus (Fig. 2.7B).
All brain regions except striatum in female CD-1 mice exhibited differential serotonin
decreases after postnatal PCPA doses (Fig. 2.9B). In addition, male CD-1 mice
experienced dose-dependent reductions in serotonin after PCPA in hippocampus and
frontal cortex (Fig. 2.9D). The lower dose of PCPA failed to significantly reduce
serotonin in the striatum of both CD-1 sexes (Fig. 2.9B,D).
Treatment × strain x sex interactions for 5-HIAA were detected, as were two-way
interactions for treatment × strain and treatment × sex (P<0.001) (Table S2.9). As
observed with serotonin, these effects indicated that different treatments differentially
affected 5-HIAA levels depending upon sex and strain. After separating 5-HIAA data by
strain and sex, treatment effects were detected for C57 (Fig. S2.2) and CD-1 (Fig. S2.3)
5-HIAA levels in a manner similar to those detected for serotonin.
Repeated postnatal treatment with the serotonin synthesis inhibitor PEPA
significantly reduced dopamine levels in female C57 mice (Fig. 2.8; Table S2.10).
Otherwise, no significant changes in dopamine levels were observed in male C57 mice or
either sex of CD-1 mice relative to saline-treated animals (Figs. 2.8,2.10).
Evaluation of TPH2 C1473G polymorphism
A polymorphism in the brain-specific isoform of TPH (TPH2) has been reported
in mice (Zhang et al., 2004), though its effects on serotonin levels are not agreed upon
(Tenner et al., 2008; Berger et al., 2012). Previously, CD-1 mice have not been
characterized in terms of genotype for this polymorphism. To eliminate possible
confounding differences in serotonin synthesis resulting from the TPH2 C1473G
polymorphism in our experiments, we genotyped the sires and dams of all postnatal mice
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utilized. C57 mice exhibited the TPH2 “C” allele as expected (Tenner et al., 2008; Berger
et al., 2012) (Fig. S2.4). We found that CD-1 mice also express the “C” allele exclusively
(Fig. S2.5).
Discussion
Here, we sought to evaluate reductions in serotonin resulting from PEPA
exposure in comparison to PCPA in adult and postnatal mice. Our findings show that
administration of PEPA during early postnatal life or adulthood substantially reduced
brain serotonin levels in mice. Compared to PCPA, PEPA produced similar magnitude
serotonin reductions but at a 10-fold lower dose. This was true for adult male and female
CD-1 mice and postnatal C57 and CD-1 mice. Due to poor survival following treatment
with high dose of PEPA (10 mg/kg), comparison of this dose of PEPA with PCPA was
not possible for postnatal male C57 mice.
Earlier investigations of postnatal PCPA administration in rodents explored the
effects of reduced serotonin levels on retinal axon (Upton et al., 2002) and motor neuron
(Pflieger et al., 2002) development, as well as locomotor behavior (Myoga et al., 1995;
Pflieger et al., 2002) and hypothalamic vasoactive intestinal peptide mRNA levels
(Ugrumov et al., 1994). Some studies involving administration of PCPA to rodents
during early postnatal life examined PCPA effects on memory later in life (Hole, 1972;
Mazer et al., 1997), anxiety-like behavior (Farabollini et al., 1988), motor neuron
development (Cowburn and Payne, 1992), and REM sleep behavior (Alexandre et al.,
2006).
Although, the aforementioned studies employed a variety of PCPA doses and
timing in postnatal mice, none of these quantified the resulting serotonin depletions. Only
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a few groups that examined acoustic startle response (Sheets et al., 1989) or postnatal
barrel cortex development (Persico et al., 2000; Gutierrez-Ospina et al., 2002; Rebsam et
al., 2005) reported on postnatal brain tissue reductions in serotonin in response to PCPA
administration. For these studies, single (Sheets et al., 1989; Persico et al., 2000) or
intermittent PCPA dosing paradigms (Gutierrez-Ospina et al., 2002) were used. Others
focused only on the first week of postnatal life (Rebsam et al., 2005). Consequently, this
is the first report to our knowledge of the neurochemical effects of 18 consecutive days of
postnatal serotonin synthesis inhibition in mice, covering a critical period for emotionrelated neurodevelopment (Farabollini et al., 1988; Alexandre et al., 2006; Ansorge et al.,
2008; Popa et al., 2008).
In adult and postnatal CD-1 mice, the effects of both drugs were restricted to the
serotonin system, and neither had significant effects on striatal dopamine levels compared
to saline controls. In postnatal C57 females, however, the higher dose of PEPA produced
modest reductions in striatal dopamine. Both PEPA (Stokes et al., 2000) and PCPA (Koe
and Weissman, 1966) have been reported to have effects on tyrosine hydroxylase, the
rate-limiting enzyme for dopamine synthesis. Further investigation in postnatal C57 mice
would be needed to determine whether the modest reductions in dopamine are
attributable to PEPA-mediated inhibition of mouse tyrosine hydroxylase (or some other
mechanism).
The results presented here demonstrate that PEPA is preferable to PCPA for
reducing brain serotonin levels in adult and postnatal CD-1 mice at 10-fold lower doses.
Regarding postnatal C57 mice, the lower dose of PCPA appears preferable for producing
significant serotonin depletion while maximizing survival. Subjective observations
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indicate that subcutaneous administration of PEPA to postnatal mice is preferable to
PCPA due to the irritating characteristics of the latter.
Postnatal PCPA administration to mice constitutively deficient in serotonin
transporter (SERT) expression normalized disruptions in postnatal barrel cortex
development (Persico et al., 2001) and abnormal adult REM sleep deficits (Alexandre et
al., 2006). These two studies used different dosing periods in C57 (Persico et al., 2001)
and CD-1 (Alexandre et al., 2006) background strains. The use of different background
strains for these knockout mice make the findings presented here relevant for
incorporating postnatal serotonin synthesis inhibition into future experiments in SERTdeficient mice.
Postnatal PCPA and PEPA reduced weight gain to varying degrees depending on
dose, sex, and strain. This is likely due to reductions in central serotonin levels, as TPH2
knockout mice with constitutive reductions in central serotonin levels also show
decreased postnatal weight gain (Erickson et al., 2007; Savelieva et al., 2008; Alenina et
al., 2009; Hodges et al., 2009; Migliarini et al., 2012; Narboux-Neme et al., 2013). One
group reported that this discrepancy disappeared by adulthood (Hendricks et al., 2003).
Retardation of postnatal growth seems to be an unavoidable effect of reduced central
serotonin during postnatal growth, possibly due to hypoxia (Erickson et al., 2007; Hodges
et al., 2009).
While genetic models possess great utility in determining the fundamental
functions of key molecules throughout the lifespan of animals, their use can prove
difficult or impossible when attempting to identify key time periods. Some genetic
central serotonin deficiency models rely on crossing multiple lines of transgenic animals
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to achieve gene deletion (Zhao et al., 2006; Hodges et al., 2009; Kriegebaum et al., 2010;
Narboux-Neme et al., 2013). These and others are also usually limited to the one or two
strain backgrounds, often C57, on which the genetically engineered mice were initially
developed (Hendricks et al., 2003; Zhao et al., 2006; Gutknecht et al., 2008; Savelieva et
al., 2008; Alenina et al., 2009; Hodges et al., 2009; Kriegebaum et al., 2010; Migliarini et
al., 2012; Narboux-Neme et al., 2013). Postnatal pharmacologic serotonin synthesis
inhibition provides an alternate means of producing temporally defined, transient
reductions in serotonin to understand further of the roles of serotonin during postnatal
development.
For example, recent investigations into the role of the serotonin system in
susceptibility to mood and anxiety disorders have proposed that disruptions of the
serotonin system during critical periods of perinatal development [see (Andersen, 2003;
Gaspar et al., 2003; Nordquist and Oreland, 2010) for review] can confer lifelong
alterations in behavior and emotionality. Indeed, transient postnatal pharmacologic
inhibition of the serotonin transporter in rodents (Velazquez-Moctezuma and Diaz Ruiz,
1992; Hansen et al., 1997; Andersen et al., 2002; Ansorge et al., 2008; Popa et al., 2008),
serotonin 1A receptors (Borella et al., 1997; Vinkers et al., 2010), or tryptophan
hydroxylase via PCPA (Farabollini et al., 1988) resulted in adulthood alterations in
anxiety-like and depressive-like behaviors. Addition of PEPA to the pharmacologic
toolbox provides more potent inhibition of tryptophan hydroxylase while avoiding
potential confounding effects of simultaneous phenylalanine hydroxylase inhibition.
In summary, PEPA is an effective serotonin synthesis inhibitor in adult CD-1
mice at doses 1/10th those used commonly for PCPA. Furthermore, both drugs reduced
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tissue serotonin levels in postnatal mice in the C57 and CD-1 strains, although the latter
appears preferable for these types of investigations due to increased survival when
administered PEPA and higher dose PCPA treatments. Continued investigations will help
to characterize the adult and postnatal effects of PEPA in additional strains of mice, as
well as its utility when applied centrally for localized serotonergic depletion.
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Tables
Table 2. 1. Numbers of mice used in adult (A) and postnatal (B) experiments
A

Adult

B

Postnatal

CD-1

C57
F

CD-1

F

M

Saline

5

5

AFR

13

5 mg/kg PEPA

5

5

Saline

7

30 mg/kg PEPA

5

5

1 mg/kg PEPA

9

6

7

8

300 mg/kg PCPA

5

5

10 mg/kg PEPA

4

0

5

10

50 mg/kg PCPA

2

9

8

7

100 mg/kg PCPA

11

6

9

6

18

M

F

M

5

6

7

10

12

4

Table 2. 2. Serotonin levels in control mice
Serotonin

Adult

ng/mg protein

CD-1
Female

Hip
BS
FC
Hypo
Str

AFR
Saline
AFR
Saline
AFR
Saline
AFR
Saline
AFR
Saline

7.9 ± 0.3
12 ± 0.8
12 ± 0.5
16 ± 1.2
5.6 ± 0.4

Postnatal
CD-1
Male

7.0 ± 0.6
12 ± 0.6
10 ± 0.8
15 ± 0.9
6.1 ± 0.5

Female

C57
Male

3.3 ± 0.1
2.9 ± 0.2
3.8 ± 0.2
3.9 ± 0.2
3.7 ± 0.2
3.2 ± 0.2
6.8 ± 0.2*
5.9 ± 0.3
5.1 ± 0.3
5.1 ± 0.2

3.2 ± 0.2
3.1 ± 0.2
4.0 ± 0.2
4.0 ± 0.2
3.5 ± 0.2
3.4 ± 0.1
6.5 ± 0.3
6.4 ± 0.3
5.3 ± 0.3
5.3 ± 0.2

Female

3.5 ± 0.2
3.5 ± 0.2
5.7 ± 0.3
5.5 ± 0.5
2.8 ± 0.1
2.8 ± 0.4
8.3 ± 0.2
8.0 ± 0.2
5.0 ± 0.4
3.9 ± 0.7

Male

3.7 ± 0.3
3.9 ± 0.2
5.1 ± 0.5
5.6 ± 0.4
2.6 ± 0.2
2.6 ± 0.2
7.8 ± 0.3
8.3 ± 0.2
4.6 ± 0.5
5.2 ± 0.4

Data are presented as means ± SEMs of animal facility reared (AFR) and saline-treated
animals. Hip=hippocampus; BS=brainstem; FC=frontal cortex; Hypo=hypothalamus;
Str=striatum. *P<0.05 vs same-sex, same strain saline control in same brain region.
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Table 2. 3. Striatal dopamine levels in control mice
Dopamine

Adult

ng/mg protein

CD-1

Str

AFR
Saline

Postnatal
CD-1

Female

Male

250 ± 20

220 ± 20

Female

38 ± 3
34 ± 2

C57
Male

39 ± 2
36 ± 3

Female

52 ± 4
43 ± 2

Male

38 ± 6
43 ± 4

Data are presented as means ± SEMs. No significant differences were observed.
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Figures

Figure 2. 1. Serotonin synthesis and tryptophan hydroxylase inhibitors
Serotonin synthesis is diagrammed diagonally proceeding from the top left to bottom
right (A). Tryptophan hydroxylase, the rate-limiting enzyme in serotonin synthesis, can
be inhibited by PCPA (B) or PEPA (D). PCPA and PEPA are both based on the structure
of phenylalanine (C). Structures for the serotonin synthesis pathway were obtained from
the Sigma website (www.sigmaaldrich.com; accessed June 16, 2013). Structures for
phenylalanine, PCPA and PEPA were made using ChemDraw (PerkinElmer; Waltham,
MA).
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Adult CD-1 Mice

Weight (g)

40
30
20

Male

Female

Saline
5 mg/kg PEPA
30 mg/kg PEPA
300 mg/kg PCPA

Saline
5 mg/kg PEPA
30 mg/kg PEPA
300 mg/kg PCPA

10
0
4

10

16

22

28

34

40

46

52

58

Time After 1st Injection (h)
Figure 2. 2. Weights of adult CD-1 mice during treatment with PEPA or PCPA
Weights of mice in grams (g) measured just prior to each treatment (indicated by arrows).
Data are presented as means ± SEMs. No effect of treatments on weights within sexes
was observed.

22

Serotonin: Adult CD-1
% Change From Saline

Female

PEPA

PCPA
A

20

B

0
-20

###

###

##

-40
-60
-80

***

***

***

##

###

***

***

***

-100

***

5 mg/kg PEPA
30 mg/kg PEPA

Hip

BS

FC

Hypo

Str

% Change From Saline

***

***

300 mg/kg PCPA

Hip

BS

Brain Region

Male

***

FC

Hypo

Str

Brain Region

C

20

D

0
-20

#

###

-60

###

*

-40

##

###

**
***

***

***

-80

-100

***

***
***

***

***

5 mg/kg PEPA
30 mg/kg PEPA

Hip

BS

FC

Hypo

Str

Brain Region

***

300 mg/kg PCPA

Hip

BS

FC

Hypo

Str

Brain Region

Figure 2. 3. Reductions in serotonin levels in adult CD-1 mice relative to salineinjected controls
Percent reductions in serotonin as a result of PEPA (A,C) or PCPA (B,D) administration
relative to saline-injected controls in adult female (A,B) and male (C,D) CD-1 mice. Data
are presented as means ± SEMs. *P<0.05, **P<0.01, ***P<0.001 vs. saline-injected
controls within the same brain region. #P<0.05, ##P<0.01, ###P<0.001 vs. higher dose of
same drug within the same brain region.
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Striatal Dopamine: Adult CD-1

% Change From Saline

40
20
0
-20
-40

n.s.

-60
-80

5 mg/kg PEPA
30 mg/kg PEPA
300 mg/kg PCPA

-100
Female

Male

Figure 2. 4. Dopamine levels in adult mice relative to saline-injected controls
Percent change in dopamine as a result of PEPA or PCPA administration relative to
saline-injected controls in female and male mice. Data are presented as means ± SEMs.
No effects of treatment on dopamine levels were observed. n.s. = not significant.
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Postnatal C57BL/6J

100

% Survival

80
60
#

40
20
0

***

Saline (n=17)
1 mg/kg PEPA (n=17)
10 mg/kg PEPA (n=10)
50 mg/kg PCPA (n=11)
100 mg/kg PCPA (n=20)

0

3

6

9

12

Postnatal Day

15

18

21

Figure 2. 5. Survival of C57BL/6J mice following postnatal tryptophan hydroxylase
inhibitor treatment
Percent survival of C57BL/6J (C57) mice following postnatal treatment with saline,
PEPA or PCPA. Survival of postnatally treated CD-1 mice was 100% (not shown).
***P<0.001 vs. saline-injected controls; #P<0.05 vs. 1 mg/kg PEPA.
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Change from P4 Weight (g)

Female

C57BL/6J

CD-1
A

16

Saline
1 mg/kg PEPA
10 mg/kg PEPA
50 mg/kg PCPA
100 mg/kg PCPA

12

C

16

###

12

8

***

4
†

††

**

0

†† †
†† †† ††

9

12

15

* **

4

†

##
##
#

***

#

†

†

0

#

18

21

*** ***

**
** **
* **
6

9

12

Postnatal Day

Change from P4 Weight (g)

*

8

6

Male

**

B

16

Saline
1 mg/kg PEPA
10 mg/kg PEPA
50 mg/kg PCPA
100 mg/kg PCPA

12

15

18

21

Postnatal Day

D

16

###

12

***

8

###

*
8

*
4
0

*** ** **
* **
#

4
###

##

0

***

*
6

9

12

15

18

21

Postnatal Day

###

##

* **
* * ** **
* **
6

9

*** ***
###

##

12

15

18

21

Postnatal Day

Figure 2. 6. Change in weights from postnatal day 4 (P4) during treatment
Change in body weights of postnatal female (A,C) and male (B,D) C57BL/6J (A,B) and
CD-1 (C,D) mice in grams (g) measured just prior to each daily treatment. Data are
presented as means ± SEMs. *P<0.05, **P<0.01, ***P<0.001 vs. saline-injected
†

†	
  †

controls. #P<0.05, ##P<0.01, ###P<0.001 vs. lower dose of same drug. P<0.05, P<0.01
vs. 10 mg/kg PEPA. Thicker bars indicate significant differences from saline controls
during all time points covered by bar. Thinner bars indicate significant differences from
lower dose of same drug during all time points covered by bar. Bars are color-coded to
correspond to treatment groups.
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Serotonin: Postnatal C57BL/6J
% Change From Saline

Female

PEPA
20
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A

1 mg/kg PEPA
10 mg/kg PEPA

0
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Brain Region
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B

50 mg/kg PCPA
100 mg/kg PCPA
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***
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Str

Brain Region

C
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0
-20
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Figure 2. 7. Reductions in serotonin levels in postnatal C57BL/6J mice relative to
saline-injected controls
Percent reductions in serotonin as a result of PEPA (A,C) or PCPA (B,D) administration
relative to saline-injected controls in postnatal female (A,B) and male (C,D) C57BL/6J
mice. Data are presented as means ± SEMs. *P<0.05, **P<0.01, ***P<0.001 vs. salineinjected controls within the same brain region. #P<0.05, ###P<0.001 vs. higher dose of
same drug within the same brain region. No mice surviving to P21 after 10 mg/kg PEPA
treatment were male.
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Striatal Dopamine: Postnatal C57BL/6J
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Figure 2. 8. Dopamine levels in postnatal C57BL/6J mice relative to saline-injected
controls
Percent change in dopamine as a result of PEPA or PCPA administration relative to
saline-injected controls in postnatal female and male C57BL/6J mice. Data are presented
as means ± SEMs. **P<0.01 vs. saline-injected controls. #P<0.05, ##P<0.01 vs. higher
†	
  †

dose of same drug. P<0.01 vs. 100 mg/kg PCPA.
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Figure 2. 9. Reductions in serotonin levels in postnatal CD-1 mice relative to salineinjected controls
Percent reductions in serotonin as a result of PEPA (A,C) or PCPA (B,D) administration
relative to saline-injected controls in postnatal female (A,B) and male (C,D) CD-1 mice.
Data are presented as means ± SEMs. *P<0.05, **P<0.01, ***P<0.001 vs. salineinjected controls within the same brain region. #P<0.05, ##P<0.01, ###P<0.001 vs. higher
dose of same drug within the same brain region.
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Striatal Dopamine: Postnatal CD-1
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Figure 2. 10. Dopamine levels in postnatal CD-1 mice relative to saline-injected
controls
Percent change in dopamine as a result of PEPA or PCPA administration relative to
saline-injected controls in postnatal female and male CD-1 mice. Data are presented as
†

means ± SEMs. #P<0.05, ##P<0.01 vs. higher dose of same drug. P<0.05 vs. 100 mg/kg
PCPA.
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Supplemental methods
Genotyping
The methods used for genotyping the murine TPH2 C1473G polymorphism have
been reported previously (Zhang et al., 2004). Briefly, tail snips were obtained postmortem from sires and dams of the CD-1 and C57BL/6J mice used for postnatal
experiments. Tails were lysed to extract DNA, and PCR was performed on samples as
described previously (Zhang et al., 2004) to analyze for the presence of the “C” or “G”
polymorphism. Primers were generated by the Penn State University Nucleic Acid
Facility as follows: outside forward 5’ TTT GAC CCA AAG ACG ACC TGC TTG
CA 3’; outside reverse 5’ TGC ATG CTT ACT AGC CAA CCA TGA CAC A 3’;
C Reverse 5’ CAG AAT TTC AAT GCT CTG CGT GTG GG 3’; G Reverse 5’
CAG AAT TTC AAT GCT CTG CGT GTG GC 3’ (Zhang et al., 2004). Reagents
for PCR were obtained from Invitrogen (Grand Island, NY), buffer and gel materials
were from VWR (Radnor, PA), and DNA ladders were from Novagen (EMD Millipore,
Billerica, MA). Gels were imaged using a BioRad Gel Doc XR+ with Image Lab
software v2.0.1 build 18 (BioRad, Hercules, CA).
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Supplemental tables
Supplemental table 2. 1. F-values, degrees of freedom, and P-values for three-, two-,
and one-way ANOVAs of adult CD-1 weights
Weights
Time x Treatment x Sex
Time x Sex
Treatment x Sex
Time x Treatment
Time
Treatment
Sex

Adult CD-1
F(15,160)=0.45; P>0.9
F(5,160)=0.36; P>0.7
F(3,32)=1.1; P>0.4
F(15,160)=2.4; P<0.03
F(5,160)=52.6
F(3,32)=0.23; P>0.9
F(1,32)=455

P<0.001 unless otherwise stated.
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Supplemental table 2. 2. Statistical results from one-way ANOVAs of adult CD-1
weights at each treatment time
Treatment
T0
T10
T24
T34
T48
T58

CD-1 Female
F(3,19)=2.4; P>0.1
F(3,19)=1.5; P>0.3
F(3,19)=1.4; P>0.3
F(3,19)=1.3; P>0.3
F(3,19)=1.9; P>0.2
F(3,19)=2.1; P>0.1

CD-1 Male
F(3,19)=0.4; P>0.8
F(3,19)=0.2; P>0.9
F(3,19)=0.2; P>0.9
F(3,19)=0.2; P>0.9
F(3,19)=0.3; P>0.8
F(3,19)=0.3; P>0.8

No significant differences were observed with respect to treatment at any time point in
either sex.
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Supplemental table 2. 3. Statistical results from two- and one-way ANOVAs of adult
CD-1 serotonin levels
Serotonin
Treatment x Sex
Sex
Treatment

Hippocampus
F(3,30)=0.67;
P>0.6
F(1,30)=0.15;
P>0.7
F(3,30)=59.6

Brainstem
F(3,32)=1.1;
P>0.4
F(1,32)=1.7;
P>0.2
F(3,32)=91.8

Frontal Cortex
F(3,32)=2.4;
P<0.09
F(1,32)=0.38;
P>0.5
F(3,32)=43.3

P<0.001 unless otherwise stated.
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Hypothalamus
F(3,32)=0.71;
P>0.6
F(1,32)=0.01;
P>0.9
F(3,32)=68.6

Striatum
F(3,31)=0.37;
P>0.8
F(1,31)=0.90;
P>0.4
F(3,31)=51.2

Supplemental table 2. 4. Statistical results from two- and one-way ANOVAs of adult
CD-1 5-HIAA levels
5-HIAA
Treatment x Sex
Sex
Treatment
Female CD-1
Male CD-1

Hippocampus
F(3,30)=3.6;
P<0.02
F(1,30)=5.1;
P<0.03
F(3,30)=210
F(3,14)=229
F(3,16)=59.7

Brainstem
F(3,32)=1.5;
P>0.2
F(1,32)=19.1
F(3,32)=42.5
F(3,16)=21.1
F(3,16)=23.9

Frontal Cortex
F(3,32)=5.5;
P<0.004
F(1,32)=6.1;
P<0.02
F(3,32)=96.9
F(3,16)=48.9
F(3,16)=58.0

P<0.001 unless otherwise stated.
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Hypothalamus
F(3,32)=2.4;
P<0.09
F(1,32)=2.9;
P>0.1
F(3,32)=116
F(3,16)=85.8
F(3,16)=38.9

Striatum
F(3,31)=1.3;
P>0.3
F(1,31)=0.99;
P>0.3
F(3,31)=146
F(3,15)=56.7
F(3,16)=120

Supplemental table 2. 5. Statistical results from two- and one-way ANOVAs of adult
CD-1 striatal dopamine levels
Dopamine
Treatment x Sex
Sex
Treatment

Striatum
F(3,31)=1.1; P>0.4
F(1,31)=0.37; P>0.6
F(3,31)=0.28; P>0.8

No significant differences were observed.
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Supplemental table 2. 6. Statistical results from three-, two- and one-way ANOVAs
of postnatal CD-1 and C57BL/6J weight gain from P4
Weight Gain from P4
Time x Treatment x Sex
Time x Sex
Treatment x Sex
Time x Treatment
Time
Treatment
Sex

Postnatal CD-1
F(64,1056)=1.2; P>0.3
F(16,1056)=6.0; P<0.005
F(4,66)=2.2; P<0.08
F(64,1056)=29.4
F(16,1056)=2543
F(4,66)=36.3
F(1,66)=4.6; P<0.04

Postnatal C57BL/6J
F(48,880)=0.70; P>0.6
F(16,880)=1.0; P>0.4
F(3,55)=0.25; P>0.9
F(64,880)=28.3
F(16,880)=989
F(4,55)=32.34
F(1,55)=0.35; P>0.6

P<0.001 unless otherwise stated.
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Supplemental table 2. 7. Statistical results from one-way ANOVAs of postnatal
CD-1 and C57BL/6J weight changes from P4 on each treatment day
Weight Gain
from P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21

Female CD-1
F(4,40)=4.7; P<0.004
F(4,40)=6.4; P<0.0005
F(4,40)=9.4
F(4,40)=10.3
F(4,40)=13.2
F(4,40)=17.3
F(4,40)=18.4
F(4,40)=19.5
F(4,40)=22.5
F(4,40)=19.7
F(4,40)=22.2
F(4,40)=21.0
F(4,40)=21.0
F(4,40)=20.6
F(4,40)=18.3
F(4,40)=16.1
F(4,40)=13.8

Male CD-1

Female C57BL/6J

Male C57BL/6J

F(4,34)=12.0
F(4,34)=11.1
F(4,34)=15.4
F(4,34)=12.4
F(4,34)=15.0
F(4,34)=20.9
F(4,34)=22.3
F(4,34)=24.5
F(4,34)=22.0
F(4,34)=24.3
F(4,34)=21.4
F(4,34)=22.2
F(4,34)=26.3
F(4,34)=23.4
F(4,34)=26.2
F(4,34)=28.5
F(4,34)=29.7

F(4,32)=0.59; P>0.7
F(4,32)=0.77; P>0.6
F(4,32)=2.0; P>0.1
F(4,32)=4.8; P<0.005
F(4,32)=6.8; P<0.0006
F(4,32)=8.7
F(4,32)=12.2
F(4,32)=17.4
F(4,32)=17.6
F(4,32)=17.3
F(4,32)=17.3
F(4,32)=18.5
F(4,32)=16.7
F(4,32)=16.2
F(4,32)=11.3
F(4,32)=9.2
F(4,32)=8.5

F(3,30)=4.7; P<0.009
F(3,30)=9.7; P<0.0002
F(3,30)=13.7
F(3,30)=17.4
F(3,30)=23.1
F(3,30)=27.3
F(3,30)=34.2
F(3,30)=33.9
F(3,30)=37.6
F(3,30)=35.8
F(3,30)=41.8
F(3,30)=37.7
F(3,30)=42.8
F(3,30)=44.9
F(3,30)=34.0
F(3,30)=33.0
F(3,30)=35.7

P<0.001 unless otherwise stated.
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Supplemental table 2. 8. Statistical results from three-, two- and one-way ANOVAs
of postnatal C57 and CD-1 serotonin levels
Hypothalamus

Striatum

F(18,120)=25.5
F(9,129)=52.0
F(3,135)=1.2;
P>0.3
F(9,129)=34.0
F(4,134)=73.8
F(1,137)=3.2;
P<0.07
F(1,137)=0.04;
P>0.8
F(4,27)=23.3

Frontal
Cortex
F(18,121)=66.7
F(9,130)=135
F(3,136)=3.7;
P<0.01
F(9,130)=47.3
F(4,135)=101
F(1,138)=10.6;
P<0.002
F(1,138)=0.11;
P>0.7
F(4,28)=52.8

F(18,121)=57.0
F(9,130)=104
F(3,136)=1.1;
P>0.4
F(9,130)=70.4
F(4,135)=142
F(1,138)=3.0;
P<0.08
F(1,138)=0.00;
P>1.0
F(4,28)=62.0

F(3,27)=41.5
F(4,36)=28.0
F(4,30)=22.4

F(3,27)=80.3
F(4,36)=54.7
F(4,30)=180

F(3,27)=215
F(4,36)=47.4
F(4,30)=29.3

F(18,121)=7.4
F(9,130)=15.3
F(3,136)=3.5;
P<0.02
F(9,130)=9.3
F(4,135)=20.8
F(1,138)=8.7;
P<0.004
F(1,138)=0.00;
P>1.0
F(4,28)=4.8;
P<0.004
F(3,27)=11.5
F(4,36)=8.0
F(4,30)=7.3;
P<0.0003

Serotonin

Hippocampus

Brainstem

Treatment x Strain x Sex
Treatment x Strain

F(18,121)=89.8
F(9,130)=172
F(3,136)=0.28;
P>0.8
F(9,130)=110
F(4,135)=220
F(1,138)=0.00;
P>1.0
F(1,138)=0.05;
P>0.8
F(4,28)=109
F(3,27)=143
F(4,36)=70.8
F(4,30)=120

Strain x Sex
Treatment x Sex
Treatment
Strain
Sex
Female C57
Male C57
Female CD-1
Male CD-1

P<0.001 unless otherwise stated.
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Supplemental table 2. 9. Statistical results from three-, two- and one-way ANOVAs
of postnatal C57 and CD-1 5-HIAA levels
5-HIAA

Hippocampus

Brainstem

Frontal
Cortex

Hypothalamus

Striatum

Treatment x Strain x Sex

F(18,121)=157

F(18,120)=31.7

F(18,121)=75.9

F(18,121)=112

F(18,121)=91.7

Treatment x Strain

F(9,130)=315
F(3,136)=0.75;
P>0.5
F(9,130)=157
F(4,135)=355
F(1,138)=0.27;
P>0.6
F(1,138)=0.21;
P>0.7
F(4,28)=341
F(3,27)=237
F(4,36)=112
F(4,30)=185

F(9,129)=62.0
F(3,135)=7.2;
P<0.0002
F(9,129)=26.3
F(4,134)=59.4
F(1,137)=21.3

F(9,130)=155
F(3,136)=0.61;
P>0.6
F(9,130)=107
F(4,135)=242
F(1,138)=0.12;
P>0.7
F(1,138)=0.35;
P>0.6
F(4,28)=121
F(3,27)=158
F(4,36)=61.8
F(4,30)=78.9

F(9,130)=202
F(3,136)=0.67;
P>0.6
F(9,130)=133
F(4,135)=285
F(1,138)=1.5;
P>0.2
F(1,138)=0.01;
P>0.9
F(4,28)=115
F(3,27)=237
F(4,36)=143
F(4,30)=76.3

F(9,130)=186
F(3,136)=2.2;
P<0.09
F(9,130)=73.9
F(4,135)=159
F(1,138)=5.6;
P<0.02
F(1,138)=0.05;
P>0.8
F(4,28)=182
F(3,27)=77.3
F(4,36)=118
F(4,30)=107

Strain x Sex
Treatment x Sex
Treatment
Strain
Sex
Female C57
Male C57
Female CD-1
Male CD-1

F(1,137)=0.10;
P>0.8
F(4,27)=26.9
F(3,27)=42.5
F(4,36)=33.7
F(4,30)=18.3

P<0.001 unless otherwise stated.
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Supplemental table 2. 10. Statistical results from three-, two- and one-way ANOVAs
of postnatal C57 and CD-1 dopamine levels
Dopamine
Treatment x Strain x Sex
Treatment x Strain
Strain x Sex
Treatment x Sex
Treatment
Strain
Sex
Female C57
Male C57
Female CD-1
Male CD-1

Striatum
F(18,121)=5.8
F(9,130)=9.4
F(3,136)=6.2; P<0.0005
F(9,130)=6.2
F(4,135)=14.1
F(1,138)=10.6; P<0.001
F(1,138)=0.27; P>0.6
F(4,28)=4.6; P<0.006
F(3,27)=5.5; P<0.005
F(4,36)=5.2; P<0.002
F(4,30)=5.6; P<0.002

P<0.001 unless otherwise stated.
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Supplemental table 2. 11. Levels of 5-HIAA in control mice
5-HIAA
ng/mg protein
Hip
BS
FC
Hypo
Str

AFR
Saline
AFR
Saline
AFR
Saline
AFR
Saline
AFR
Saline

Adult

Postnatal

CD-1
Female
4.4 ± 0.1**
8.0 ± 0.5*
2.6 ± 0.1***
7.4 ± 0.4*
3.2 ± 0.3

Male
3.7 ± 0.2
6.3 ± 0.5
2.0 ± 0.1
6.1 ± 0.4
2.9 ± 0.1

CD-1
Female
3.1 ± 0.1
3.1 ± 0.2
3.3 ± 0.2
3.7 ± 0.2
1.6 ± 0.1
1.7 ± 0.1
4.9 ± 0.2
4.9 ± 0.2
2.1 ± 0.2
2.1 ± 0.1

Male
2.7 ± 0.1
2.6 ± 0.2
3.2 ± 0.2
3.5 ± 0.1
1.4 ± 0.1
1.6 ± 0.1
5.0 ± 0.3
5.9 ± 0.6
2.1 ± 0.2
2.3 ± 0.1

C57
Female
Male
3.2 ± 0.2*** 3.8 ± 0.2
4.1 ± 0.1
4.0 ± 0.2
5.7 ± 0.3
5.3 ± 0.4
6.5 ± 0.4
5.8 ± 0.4
1.7 ± 0.1
1.6 ± 0.1
1.9 ± 0.1
1.8 ± 0.1
6.3 ± 0.3
6.4 ± 0.6
6.9 ± 0.4
6.5 ± 0.3
3.4 ± 0.2
3.3 ± 0.4
3.9 ± 0.2
3.6 ± 0.3

Data are presented as means ± SEMs of animal facility reared (AFR) and saline-treated
mice. Hip=hippocampus; BS=brainstem; FC=frontal cortex; Hypo=hypothalamus;
Str=striatum. Adult data: *P<0.05, **P<0.01, ***P<0.001 vs. saline-treated males.
Postnatal data: ***P<0.001 vs. same-sex, same-strain saline control in same brain region.
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Supplemental figures

5-HIAA: Adult CD-1
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Supplemental figure 2. 1. Reductions in 5-HIAA levels in adult CD-1 mice relative to
saline-injected controls
Percent reductions in 5-HIAA as a result of PEPA (A,C) or PCPA (B,D) administration
relative to saline-injected controls in adult female (A,B) and male (C,D) CD-1 mice. Data
are presented as means ± SEMs. *P<0.05, **P<0.01, ***P<0.001 vs. saline-injected
controls within the same brain region.
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5-HIAA: Postnatal C57BL/6J
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Supplemental figure 2. 2. Reductions in 5-HIAA levels in postnatal C57BL/6J mice
relative to saline-injected controls
Percent reductions in 5-HIAA as a result of PEPA (A,C) or PCPA (B,D) administration
relative to saline-injected controls in postnatal female (A,B) and male (C,D) C57BL/6J
mice. Data are presented as means ± SEMs. **P<0.01, ***P<0.001 vs. saline-injected
controls within the same brain region. ##P<0.01, ###P<0.001 vs. lower dose of same drug
within the same brain region.
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5-HIAA: Postnatal CD-1
% Change From Saline
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Supplemental figure 2. 3. Reductions in 5-HIAA levels in postnatal CD-1 mice
relative to saline-injected controls
Percent reductions in 5-HIAA as a result of PEPA (A,C) or PCPA (B,D) administration
relative to saline-injected controls in postnatal female (A,B) and male (C,D) CD-1 mice.
Data are presented as means ± SEMs. **P<0.01, ***P<0.001 vs. saline-injected controls
within the same brain region. #P<0.05, ##P<0.01, ###P<0.001 vs. lower dose of same drug
†

within the same brain region. P<0.05 vs. 100 mg/kg PCPA within same brain region.
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Supplemental figure 2. 4. Genotyping for TPH2 C1473G polymorphism in
C57BL/6J mice
Sires and dams of C57BL/6J mice used in postnatal experiments were genotyped for the
TPH2 C1473G polymorphism. The positive control TPH2 product is 523 bp, whereas the
polymorphism-specific product is 307 bp. Shown is a representative gel image with PCR
results for the “C” polymorphism on the top and results for the “G” polymorphism on the
bottom. A positive control for the “G” polymorphism was DNA extracted from BALB/c
tail snips, and reactions ran with H2O instead of DNA were used as negative controls.
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Supplemental figure 2. 5. Genotyping for TPH2 C1473G polymorphism in CD-1
mice
Sires and dams of CD-1 mice used in postnatal experiments were genotyped for the
TPH2 C1473G polymorphism. The positive control TPH2 product is 523 bp, whereas the
polymorphism-specific product is 307 bp. Shown is a representative gel image with PCR
results for the “C” polymorphism on the top and results for the “G” polymorphism on the
bottom. A positive control for the “G” polymorphism was DNA extracted from BALB/c
tail snips, and reactions ran with H2O instead of DNA were used as negative controls.
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Chapter 3

Tryptophan hydroxylase inhibitor dose-finding
in serotonin transporter deficient mice

Introduction
Global reductions in serotonin levels can be achieved by inhibiting tryptophan
hydroxylase, the rate-limiting enzyme in serotonin synthesis (Koe and Weissman, 1966;
Cesana et al., 1993; Stokes et al., 2000; Zimmer et al., 2002). Serotonin depletion
paradigms are used to investigate the roles of serotonin in cellular mechanisms and
behavior. For example, postnatal inhibition of tryptophan hydroxylase using parachlorophenylalanine (PCPA) in mice constitutively deficient in the serotonin transporter
(SERT) has been shown to reverse abnormalities in barrel cortex development (Persico et
al., 2001; Salichon et al., 2001) and REM sleep behavior (Alexandre et al., 2006).
Previously, we investigated the ability of para-ethynylphenylalanine (PEPA), an
analog of PCPA that also inhibits tryptophan hydroxylase, to reduce brain serotonin
levels when administered to mice postnatally (see Chapter 2). Unlike PCPA, PEPA does
not inhibit phenylalanine hydroxylase (Stokes et al., 2000). This is an important
consideration when administering tryptophan hydroxylase inhibitors postnatally due to
off-target neurodevelopmental effects of phenylalanine hydroxylase inhibition, which
could include cognitive deficits and microcephaly (Vorhees et al., 1981). Like PCPA,
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PEPA reduces serotonin throughout the brain to levels comparable to those achieved by
PCPA, but at a 10-fold lower dose (see Chapter 2).
Previously, we characterized two doses of PEPA in postnatal C57BL/6J and CD-1
mice (1 mg/kg/day and 10 mg/kg/day). Only the higher PEPA dose effectively reduced
serotonin levels (30-80% reductions, depending on brain region). Here, we carried out a
pilot study to determine the effects of two intermediate doses of PEPA (2.5 mg/kg/day
and 5.0 mg/kg/day) administered postnatally to wildtype and SERT-deficient mice on a
CD-1 Í 129S6 background. We intended to evaluate the hypothesis that these
intermediate doses, in particular the 5 mg/kg/day dose, would measurably reduce
serotonin levels. We sought to compare these reductions to those previously observed for
1 mg/kg/day and 10 mg/kg/day PEPA. Furthermore, we hypothesized the SERT-deficient
mice might exhibit unanticipated adverse effects or lethality from PEPA not previously
observed in CD-1 mice, so we wanted to explore this possibility first at doses lower than
10 mg/kg/day.

Methods
Animals
Mice deficient in SERT (Bengel et al., 1998; Mathews et al., 2004) on a congenic
CD-1 Í 129S6 background were bred in-house. Heterozygous male and female mice
were paired and cages were monitored for day of birth (postnatal day 0 (P0)). Four litters
of mice were used for this experiment. One litter was unhandled except for standard cage
changes until the time of weaning at P21 (animal facility reared (AFR)). The other three
litters received saline/drug treatments. Mice received food and water ad libitum. The
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colony was maintained on a 12:12 light:dark cycle with lights on at 0700 h. All
experiments and procedures were approved by the University of California, Los Angeles
Chancellor’s Animal Research Committee and complied with the Guidelines for
Laboratory Animal Care and Use set forth by the National Institutes of Health.
Treatments
Postnatal injections were administered using 31-gauge insulin needles (BD,
Franklin Lakes, NJ). Saline (vehicle) was used to dilute PEPA (2.5 or 5.0 mg/10 mL
saline). All injection solutions were sterilized prior to administration via 0.22 µm filters
(Millipore, Billerica, MA). On P4, each litter was briefly removed from the home cage
and placed in a plastic container lined with a clean paper towel and bedding from the
home cage. The plastic container was placed over a bed of warm, dry rice to maintain
body temperature as pups were individually weighed, assigned to treatment groups, and
injected with vehicle (saline, 10 mL/kg) or drug (2.5 or 5.0 mg/kg PEPA). Every effort
was made to complete this process as quickly as possible, generally in <15 min, and
litters were returned to home cages as soon as the last pup was injected. Mice were
injected once daily from P4-P21 based on previous work indicating that this timeframe is
a critical period during which changes in serotonin system function have long-lasting
effects on rodent behavior (Farabollini et al., 1988; Velazquez-Moctezuma and Diaz
Ruiz, 1992; Borella et al., 1997; Hansen et al., 1997; Mazer et al., 1997; Andersen et al.,
2002; Alexandre et al., 2006; Ansorge et al., 2008; Popa et al., 2008; Vinkers et al.,
2010).
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Tissue collection
One hour after pups were returned to their home cages on P21, they were
separated as a litter and placed in a satellite room until dissections began 1 h later. Pups
were euthanized by cervical dislocation followed by decapitation. Brains were rapidly
removed and dissected over wet ice. Brain regions were placed in individual tubes, frozen
on dry ice, and stored at -70°C until analysis. Tail clips were collected after death and
stored at -20°C until submission to Transnetyx (Cordova, TN) for genotyping.
Tissue preparation and analyses
Pulsed probe-tip sonification was used to homogenize brain samples in 0.1 M
perchloric acid. Protein was measured from aliquots of homogenates using a Pierce
bicinchoninic acid assay kit (Thermo Fisher Scientific, Waltham, MA). Homogenates
were subsequently centrifuged at 4 ºC for 10 min at 13,000 rpm (approx. 16,000 × g), and
supernatants were removed for analysis. Samples and standards were maintained at 4 °C
in an Insight autosampler (EiCOM, San Diego, CA) until injection onto an HTEC-500
high-performance liquid chromatography (HPLC) instrument (EiCOM, San Diego, CA).
Sample peaks were identified by comparison with standard retention times and standard
addition to sample aliquots. Integration of peak areas under the curve (AUC) was
performed using PowerChrom software (v. 2.5.1; eDAQ, Colorado Springs, CO). Sample
concentrations were calculated using standard calibration curves after normalization to an
internal standard (5-hydroxy-Nω-methyltryptamine oxalate). All analyte levels are
presented as ng neurotransmitter per mg protein.
The mobile phase was modified from previous work (Mathews et al., 2004;
Benitez-Diaz et al., 2006), and consisted of 20% methanol, 0.70-0.85 mM octanesulfonic
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acid, 10 µM EDTA, and 0.01% triethylamine in 0.1 M NaH2PO4 buffer pH 3.8. Mobile
phase was delivered at flow rate of 150 µL/min. The stationary phase was a Phenomenex
Luna C(18)2 2.0 mm I.D. × 150 mm column, 3 µm particle size (Torrance, CA) maintained
at 30 °C. Analytes were detected using a pure graphite electrode (WE-PG; EiCOM, San
Diego, CA) at +800 mV vs. Ag/AgCl.
Chemicals
Sodium phosphate was obtained from BDH (VWR, Arlington Heights, IL),
methanol and triethylamine were from EMD (Billerica, MA), octanesulfonic acid and
perchloric acid were purchased from Acros (Fair Lawn, NJ), and EDTA was from Sigma
(St. Louis, MO). PEPA was synthesized by Dr. Mao Ye in the laboratory of Dr. Michael
E. Jung in the UCLA Department of Chemistry & Biochemistry via the California
NanoSystems Institute-funded synthesis program.
Data presentation and analyses
Data were graphed as means ± SEMs and analyzed using GraphPad Prism 6.0b
(GraphPad Software, La Jolla, CA). Student’s t-tests were used to compare wildtype
levels of serotonin, 5-hydroxyindole acetic acid (5-HIAA), and dopamine between AFR
and saline groups where data from both sexes were combined. No significant differences
were detected (data not shown), therefore, AFR and saline data within each genotype
were combined into a single “control” group. Analyte levels were then expressed as
percent of same genotype control and, for wildtype and heterozygous animals, data were
analyzed within each brain region using a one-way analysis of variance (ANOVA)
followed by Tukey post-hoc tests when applicable. Knockout data could not be
statistically analyzed due to N=1 in both the 2.5 and 5.0 mg/kg PEPA groups.
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Results
Unfortunately, no male SERT knockout mice were exposed to either dose of
PEPA due to the fact that assignment of mice to dose groups at P4 had to be carried out
without knowledge of sex or genotype. Also, the numbers of mice for this study,
particularly those in the AFR and saline control groups were too few for statistical
analyses when separated by sex (Table 3.1). Even when data from the sexes were
combined, only wildtype mice had large enough group sizes. This limited the
interpretation of weight and neurochemical data. Nonetheless, all wildtype and SERTdeficient mice survived postnatal PEPA treatments similar to CD-1 mice but unlike
C57BL/6 mice (Chapter 2). Administration of 2.5 or 5.0 mg/kg/day PEPA did not have
an overt effect on weaning weights in mice of any genotype (Fig. 3.1). Furthermore,
neither dose of PEPA appeared to produce large decrements in serotonin levels in any
brain region examined (Fig. 3.2), particularly relative to the magnitude of depletion
achieved by 10 mg/kg PEPA (see Chapter 2).
To facilitate further evaluation, neurochemistry data from both sexes were
combined, as were data for both genders across AFR and saline-treated control groups.
Neurochemical data were then normalized to the combined control group with respect to
genotype. Serotonin levels in wildtype mice were not significantly different with respect
to treatment in any brain region (Fig. 3.3A). Heterozygous SERT-deficient mice treated
with 2.5 mg/kg PEPA showed significant serotonin reductions only in the hypothalamus
(Fig. 3.3B). In homozygous SERT-deficient mice, both the 2.5 and 5.0 mg/kg doses of
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PEPA appeared to cause 20-40% depletions in serotonin across brain regions, however,
this is based on data from only one female mouse per dose.
Levels of the serotonin metabolite 5-HIAA were also measured by HPLC
(Fig. 3.4). Here, 5.0 mg/kg PEPA was associated with significant decreases in 5-HIAA
levels in all brain regions examined except striatum in wildtype mice and heterozygous
SERT-deficient mice. Significant 5-HIAA reductions were detected in the same four
brain regions of heterozygous SERT-deficient mice, as well as the hypothalamus and
striatum of wildtype mice at the lower 2.5 mg/kg dose (Fig. 3.4). Roughly similar
depletions in 5-HIAA occurred in the two female homozygous SERT-deficient mice
treated with PEPA. No significant changes were observed in striatal dopamine levels
after either dose of PEPA in all genotypes of mice (Fig. 3.5).

Discussion
Based on the results of this pilot study, we concluded that neither of the
intermediate doses of PEPA tested affected weaning weights, nor did they reduce
serotonin levels in postnatal SERT-deficient mice on a CD-1 Í 129S6 background. The
observed reductions of 5-HIAA levels in wildtype and heterozygous SERT mice could be
attributable to a compensatory reduction in serotonin metabolism, though further studies
would be needed to evaluate this hypothesis. The findings presented here, in conjunction
with the results described in Chapter 2, led us to choose the 10 mg/kg/day dose of PEPA
for further large behavioral studies in SERT-deficient mice described in Chapter 5.
In hindsight, it would have been beneficial to include an additional litter or two
produced from a heterozygous dam and knockout male in this study. This pairing would
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be expected to produce approximately 50% homozygous SERT-deficient offspring,
increasing the numbers of mice that would have received PEPA. Because the present
study suggests that homozygous SERT-deficient mice might be more sensitive to PEPA
in terms of serotonin depletions (Fig. 3.3C), having additional PEPA-treated mice of this
genotype, particularly male mice, would have made this conclusion firmer. Though the
overall number of mice for this study was small, we concluded from these findings that
the 2.5 or 5.0 mg/kg/day doses of PEPA are not sufficient to cause large reductions in
brain serotonin levels in wildtype or SERT-deficient mice in the background strain
investigated.
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Tables
Table 3. 1. Numbers of female and male mice per genotype in each treatment group
Sex
Female

Male

Genotype

AFR

Saline

+/+
+/-/+/+
+/-/-

1
0
2
2
1
2

2
3
2
1
0
2
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2.5 mg/kg
PEPA
3
2
1
1
3
0

5.0 mg/kg
PEPA
1
4
1
2
2
0

Figures

Female
Weaning Weight (g)

20 A

AFR
Saline
2.5
5.0

15
10
5
0

WT

Het

KO

Male
Weaning Weight (g)

20 B
15
10
5
0

WT

Het

KO

Figure 3. 1. Weaning weights of male and female wildtype and SERT-deficient mice
AFR = animal facility reared; 2.5 = 2.5 mg/kg/day PEPA; 5.0 = 5.0 mg/kg/day PEPA.
WT = wildtype; Het = heterozygous; KO = knockout.

67

Female
ng/mg protein

Wildtype

14
10
6

6

4

4

2

2

BS

FC

Hypo

0

Str

B

14

12

12

10

10

8

8

6

6

4

4

2

2

0

14

ng/mg protein

10
8

Hip

Hip

BS

FC

Hypo
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Figure 3. 2. Serotonin levels with respect to brain region in male and female
wildtype and SERT-deficient mice
Data are means ± SEMs, where applicable. AFR = animal facility reared; 2.5 = 2.5
mg/kg/day PEPA; 5.0 = 5.0 mg/kg/day PEPA. Hip = hippocampus; BS = brainstem; FC
= frontal cortex; Hypo = hypothalamus; Str = striatum.
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Figure 3. 4. Serotonin metabolite levels across brain regions in wildtype and SERTdeficient mice
Levels of serotonin metabolite (5-hydroxyindoleacetic acid, 5-HIAA) in mice treated
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SEMs.
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Chapter 4

Response to ovariectomized social target mice in the
sociability and preference for social novelty test

Introduction
The sociability and preference for social novelty test (SPSN) was developed by
Crawley and colleagues to measure changes in mouse social behavior related to aspects
of autism, schizophrenia, social anxiety, and other neurobehavioral disorders (Moy et al.,
2004; Nadler et al., 2004). This testing paradigm uses a rectangular arena with three
equally sized rectangular compartments connected on their long sides by two closeable
doors (one on each shared side). Testing is split into three phases: 1) a habituation phase
in which mice are given access to only the center chamber; 2) a sociability phase
(phase 2) when mice can explore either a social target (“stranger 1”) or empty cup placed
in opposing outer compartments; and 3) a preference for social novelty phase (phase 3)
where a “stranger 2” mouse is placed under the previously empty cup (Moy et al., 2004;
Nadler et al., 2004). Measurement of the time spent investigating social vs. non-social
objects (phase 2) and novel vs. familiar social targets (phase 3) are used to characterize
the social preferences and social awareness of mice, respectively.
By nature, male mice display territorial aggression (Wu and Shah, 2011). Male
mice constitutively lacking serotonin transporters (SERT) show altered behavior
associated with aggression including increased anxiety-like behavior, increased stress
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hormone release, and decreased neuroplasticity after losing in a territorial aggression
(resident-intruder) test (Jansen et al., 2010; Nietzer et al., 2011). Unlike most aggression
tests, the SPSN test confines social targets (“strangers”) to prevent physical attacks (Moy
et al., 2004; Nadler et al., 2004). Male mice lacking SERT have been shown to display
impaired sociability but not social preference in the SPSN test (Moy et al., 2009).
Previously, the SPSN test has been carried out using intact male mice as social
targets or “stranger” mice (Nadler et al., 2004; Moy et al., 2009). We hypothesized that
the use of ovariectomized (OVX) female mice as stranger mice might remove any samesex (e.g., social hierarchy) or opposite-sex (e.g., sexual behavior) influences of social
targets, in addition to allowing the use of a uniform social target when measuring social
behaviors in both male and female mice. Thus, we hypothesized male mice would
respond to OVX females with equivalent or more social investigation as compared to
intact male social targets. Additionally, social behavior in SERT-deficient mice has only
been explored using mice on a C57BL/6 background, in combination with C57BL/6J
target mice (Moy et al., 2009).
In many cases, differences in background strain have been shown modify
behavior. For example, our laboratory has observed that SERT-deficient mice on a mixed
CD-1 Í 129S6 background exhibit similar elevated anxiety-like behaviors compared to
SERT-deficient mice on a C57BL/6 background (unpublished observations). By contrast,
SERT-deficient mice on a congenic 129S6 background differ in that they have high
baseline anxiety-related behavior and do not show further increases anxiety-related
behavior associated with reduced or absent SERT expression (Holmes et al., 2003). Here,
we investigated the social behaviors of male SERT wildtype mice on a CD-1 Í 129S6
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background in conjunction with SERT wildtype strangers on the same background that
were either intact males, intact females, or OVX females.

Methods
Animals
Mice expressing normal levels of SERT (wildtype) were generated in-house by
crossing wildtype parents on a mixed congenic CD-1 Í 129S6 background (Bengel et
al., 1998; Mathews et al., 2004). The mouse colony was maintained on a 12:12 light:dark
cycle with lights on at 0600 h. Mice were given access to food and water ad libitum.
Male mice (strangers and test subjects) used for the SPSN test were 5-6 months of age.
Female mice (intact and OVX) were used at 3-months of age to maximize survival and
recovery after surgery as recommended by the University of California, Los Angeles
(UCLA) Division of Laboratory Animal Medicine (DLAM). All experiments and
procedures were approved by the Chancellor’s Animal Research Committee at UCLA
and were in compliance with the Guide for the Care and Use of Laboratory Animals
issued by the National Institutes of Health.
Ovariectomies
Ovariectomies were performed on mice under isoflurane anesthesia by UCLA
DLAM veterinarians. Briefly, after a dose of ketoprofen (50 mg/mL Ketofen (Zoetis,
Madison, NJ) diluted 10-fold in sterile saline and administered at 5 mg/kg, sc, a 1-1.5 cm
dorsal midline incision was made 1 cm caudal to the 13th rib. The ovaries were extracted
through the incision and the uterine horns were inspected for signs of pregnancy.
Ligatures were placed on the arteries leading to the ovaries. Hemostats were used to
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clamp the horns off beneath each ovary. Forceps were then used to remove the ovaries.
The uterine horns were repositioned in the abdominal cavity. Skin incisions were closed
with absorbable sutures. Mice were monitored twice daily after surgeries for 7 days and
given ketoprofen (5 mg/kg, sc) and saline (10 mL/kg, sc) as needed.
Though sterile surgical technique was used, two out of 8 mice died within 24 h of
surgery. One death was believed to be a consequence of prolonged anesthesia exposure,
while the other appeared to be due to infection originating from the incision site. The
remaining mice were allowed to recover for at least two weeks after surgery prior to
behavior testing.
Behavior
The boxes for SPSN testing measured 61 cm × 41 cm × 20 cm high and were
constructed from opaque acrylic. Boxes were divided by two clear removable partitions
into three equally sized chambers measuring 20 cm × 40.5 cm. Each partition contained a
clear sliding door that could be removed to reveal a 10 cm wide × 7 cm high opening that
permitted mice to travel between chambers.
Behavioral evaluation of test mice consisted of three phases, as described
previously (Moy et al., 2004; Nadler et al., 2004). The first phase was habituation, where
test mice were allowed to freely explore the center compartment for 10 min. In between
phases, mice were returned to their home cages. For phase 2 (sociability), a novel social
partner (stranger 1) was placed under a wire Galaxy cup (Spectrum, Streetsboro, OH) in
one of the outer chambers, while an empty wire Galaxy cup was positioned in the other
outer chamber. Beakers filled with water were placed on top of the cups to prevent test
mice from climbing on the Galaxy cups, and to prevent the stranger mice underneath
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from moving the cups. Test mice were allowed to explore all three chambers freely for
10 min. During the third phase (social preference), a second novel social partner
(stranger 2) was placed under the previously empty cup, while stranger 1 remained in
place. Stranger 2 mice were always the same type as stranger 1 (i.e., if stranger 1 was an
OVX female, then stranger 2 was an OVX female). Test mice were again allowed to
explore all three chambers for 10 min. Times spent in each chamber (center, stranger 1,
and empty cup/stranger 2) were measured using automated software (Viewer 2;
BIOBSERVE GmbH, St. Augustin, Germany). Between different test mice, cups were
thoroughly rinsed with water and dried and test boxes were cleaned with 70% ethanol and
allowed to completely dry.
Data analyses
Results were graphed and analyzed using GraphPad Prism 6.0b (GraphPad
Software, La Jolla, CA). Center chamber time and chamber preferences were compared
using two-way analysis of variance (ANOVA) followed by paired Student’s t-tests where
applicable. Significance threshold was set a priori at P<0.05.

Results
The center chamber is a neutral zone where test mice can retreat from interactions
with social partners (novel and familiar) or empty cups (novel objects). We first analyzed
time spent in the center chamber with respect to test phase and different types of social
partners to determine if retreat behavior was affected by either of these parameters. A
weakly significant main effect of test phase was observed (P<0.05; Table 1), whereby
test mice tended to spend more time in the center chamber during phase 3 (stranger 2 vs.
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stranger 1) compared to phase 2 (stranger 1 vs. empty cup). A weak trend (P<0.08)
toward a main effect of social target on center chamber time was also observed.
Individual pair-wise group comparisons did not reveal differences between times spent in
the center chamber during phase 2 vs. phase 3 of the SPSN test, though there was a trend
(P<0.08) toward differences between phases 2 and 3 when intact female social targets
were used (Fig. 4.1).
Next, the effects of social target type were assessed during the sociability phase
(phase 2) of the SPSN test. No significant effects of chamber or social target were
detected during this phase (Table 2; Fig. 4.2A). In contrast, a significant interaction
between social target × chamber (P<0.02) was observed in the social preference phase
(phase 3) of the SPSN test indicating that the different types of social targets influenced
social novelty behavior, i.e., time spent exploring (stranger 2) compared to a previously
encountered mouse (stranger 1) (Table 2). Here, individual group comparisons indicated
a trend (P<0.06) for test mice to spend more time with OVX stranger 1 mice vs. OVX
stranger 2 mice (Fig. 4.2B). A weaker trend (P<0.1) for intact female stranger 2 vs. intact
female stranger 1 was also detected (Fig. 4.2B).

Discussion
Previously, C57BL/6 wildtype and heterozygous SERT-deficient mice, but not
C57BL/6 homozygous SERT-deficient mice were shown to exhibit “normal” sociability
as evidenced by preferential investigation of a novel social target vs. an empty cup (Moy
et al., 2009). In that study, intact male C57BL/6 male SERT wildtype mice were used as
social targets. In the present investigation, wildtype SERT mice on a CD-1 Í 129S6
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background did not exhibit strong preferences to interact with social targets vs. empty
cups during the sociability phase (phase 2) of the SPSN. Lack of sociability occurred
regardless of the type of social target presented, i.e., ovarectomized female, intact female,
or intact male mice. This lack of sociability could be due to the older age of the test mice
investigated here, which were 5-6 months of age compared to 6-8 week-old test mice
used by Moy et al. (Hefner and Holmes, 2007; Moy et al., 2009). Furthermore,
differences in background strains could influence sociability behavior with C57BL/6
mice possibly exhibiting a higher overall degree of sociability compared to mice on a
congenic CD-1 Í 129S6 background.
Compared to sociability, C57BL/6 wildtype SERT mice were not previously
reported to exhibit a preference for social novelty indicated by increased time spent
investigating a novel social partner (stranger 2) vs. a previously encountered social
partner (stranger 1) (Moy et al., 2009). Here, we observed a similar lack of social novelty
preference in SERT wildtype mice on a CD-1 Í 129S6 background when presented with
intact male strangers vs. familiar intact male social partners. However, we observed a
trend toward a preference of SERT wildtype mice to spend more time interacting with
OVX females that had been previously encountered (stranger 1) during the sociability
testing phase (phase 2). This weak preference of male SERT wildtype mice for familiar
vs. unfamiliar OVX female mice is in contrast to the lack of preference previously
reported for SERT wildtype males (Moy et al., 2009). It also differs from reports in other
strains where mice exhibit a preference for the unfamiliar social target (Moy et al., 2004;
Nadler et al., 2004). Thus, we conclude that contrary to our initial hypothesis, OVX
females do not improve upon intact males as social targets in the SPSN. Furthermore, a
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weak non-significant trend suggesting preference for novel intact female social targets
further indicates that ovarectomy of female mice might completely change how male
mice interact with female social targets. These findings guided subsequent decisions to
use same-sex, intact mice as social partners/strangers for future SPSN testing (Chapter 5).
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Tables
Table 4. 1. Two-way ANOVA of time spent in the center chamber during sociability
(phase 2) and social preference (phase 3) portions of the sociability and preference
for social novelty test
Interaction
Social target
Test phase

Center time
F(2,16)=0.88; P>0.4
F(2,16)=2.1; P>0.2
F(1,16)=7.9; P<0.01
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Table 4. 2. Two-way ANOVAs for time spent in different chambers containing social
vs. nonsocial target combinations
Interaction
Social target
Chamber time

Stranger 1 vs. Empty Cup
F(2,16)=1.8; P>0.2
F(2,16)=2.1; P>0.2
F(1,16)=0.071; P>0.8

Stranger 2 vs. Stranger 1
F(2,32)=7.9; P<0.02
F(2,32)=0.57; P>0.2
F(1,32)=0.37; P>0.2
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Figure 4. 1. Times spent in the center chamber of the SPSN test
Center chamber times during the second (stranger 1 vs. empty cup) and third (stranger 1
vs. stranger 2) phases of the SPSN test are shown. Data are means ± SEMs for each
group; N=6-7 mice per group. OVX=ovariectomized female social targets; Female=intact
female social targets; Male=intact male social targets.
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Figure 4. 2. Sociability and novel social preferences in the SPSN test
Time spent in the outer chambers containing stranger 1 vs. an empty cup (A) or stranger 1
vs. stranger 2 (B) during the second and third phases, respectively of the SPSN test. Data
are means ± SEMs for each group; N=6-7 mice per group. OVX=ovariectomized female
social targets; Female=intact female social targets; Male=intact male social targets.
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Chapter 5

Behavioral and neurochemical consequences of
postnatal tryptophan hydroxylase inhibition in
serotonin transporter deficient mice.

Introduction
Serotonin transporters (SERT) are the primary targets of antidepressant drugs
used to treat the symptoms of depression (Cipriani et al., 2009) and anxiety disorders
(Donovan et al., 2010). Though these drugs alleviate anxiety and depression by inhibiting
SERT function, mice constitutively deficient in SERT paradoxically exhibit increased
anxiety-like behavior (Holmes et al., 2003) and elevated stress sensitivity (Li et al., 2004;
Jiang et al., 2009). In parallel, polymorphisms of the human SERT gene believed to result
in reduced SERT function have been correlated with increased trait anxiety and enhanced
sensitivity to stress (Caspi et al., 2010; Homberg and Lesch, 2011). Consequently, mice
with variable SERT expression have been proposed as models for humans with SERT
gene polymorphisms (Kalueff et al., 2010; Neumann et al., 2011).
It has been postulated that alterations in emotionality correlated with reduced
SERT function are due to altered extracellular serotonin levels in the brain particularly
during critical developmental periods (Gaspar et al., 2003; Homberg et al., 2010).
Specifically, transient disruption of the serotonergic system during the first three
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postnatal weeks in rodents alters later-life emotion- and cognition-related behaviors
(Mazer et al., 1997; Ansorge et al., 2008; Popa et al., 2008; Vinkers et al., 2010). From
these findings, it appears there exists a discrete developmental time window during which
constitutive reductions in SERT function might have maximal influence on the trajectory
of brain maturation in regions responsible for emotion and cognition.
We have demonstrated that SERT-deficient mice exhibit elevated extracellular
serotonin levels in adulthood (Mathews et al., 2004). This increase in serotonin in the
extracellular space as a consequence of constitutively reduced SERT function might
contribute to elevated emotionality observed SERT-deficient rodents (Kalueff et al.,
2010). To investigate this, we hypothesized that serotonin synthesis inhibition during
postnatal development to globally reduce serotonin levels would attenuate adulthood
disruptions in emotion-related behaviors exhibited by SERT-deficient mice.
Postnatal disruption of serotonin synthesis has been used to investigate
neuroanatomical and neurophysiological development. Mice deficient in monoamine
oxidase A, an enzyme responsible for metabolizing serotonin, and SERT-deficient mice
exhibit elevated extracellular serotonin levels in adulthood (Evrard et al., 2002; Mathews
et al., 2004). In addition, both mouse models show disrupted barrel cortex formation.
Postnatal administration of serotonin synthesis inhibitors to globally reduce serotonin
levels during postnatal days 0 (birth) through 3restored normal barrel cortex development
in MAO-A knockout and SERT knockout mice (Cases et al., 1996; Persico et al., 2001;
Salichon et al., 2001). Furthermore, abnormal REM sleep behaviors in SERT-deficient
mice were normalized by postnatal serotonin synthesis inhibition (Alexandre et al.,
2006). These findings support the hypothesis that normalization of emotion-related
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behaviors in SERT-deficient mice can be achieved by transient postnatal serotonin
synthesis inhibition.
The compound used in previous studies to reduce serotonin synthesis was parachlorophenylalanine (PCPA). By inhibiting the rate-limiting enzyme in serotonin
synthesis, tryptophan hydroxylase, PCPA reduces brain levels of serotonin by
approximately 80% (Koe and Weissman, 1966; Cesana et al., 1993). However, PCPA is
also a potent inhibitor of phenylalanine hydroxylase (Koe and Weissman, 1966; Lipton et
al., 1967). Postnatal administration of PCPA supplemented by phenylalanine has been
used to generate rodent models of phenylketonuria, which are associated with cognitive
deficits (Lipton et al., 1967; Vorhees et al., 1981). More recently, the effects of a novel
tryptophan hydroxylase inhibitor, para-ethynylphenylalanine (PEPA), were described in
adult rats (Stokes et al., 2000; Zimmer et al., 2002). Unlike PCPA, PEPA does not inhibit
phenylalanine hydroxylase. Furthermore, serotonin synthesis inhibition is achieved by
PEPA at 10- to 60-fold lower doses compared to PCPA in rats (Stokes et al., 2000;
Zimmer et al., 2002).
Here, we investigated the impact of transient postnatal serotonin synthesis
inhibition on adult emotion- and cognition-related behaviors in wildtype and SERTdeficient mice. To accomplish this, mice were treated postnatally with PCPA or PEPA,
with the latter allowing us to control for potential confounds resulting from the dual
enzyme inhibiting activities of PCPA. Beginning in adulthood (12-weeks of age),
behavior tests were begun to examine changes in emotion-, social-, and cognitive-related
measures. A second cohort of mice was treated postnatally and sacrificed the day of
weaning to evaluate brain serotonin reductions (see Supplemental Information). SERT-
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deficient mice exhibit altered tissue serotonin levels and serotonin synthesis rates (Kim et
al., 2005) (Bengel et al., 1998), thus, PEPA- and PCPA-induced serotonin depletions
needed to be evaluated with respect to genotype.

Methods
Animals and breeding
Wildtype (SERT+/+) and SERT-deficient (SERT+/-, SERT-/-) mice on a
congenic CD-1 × 126S6 background were bred in-house (Bengel et al., 1998; Mathews et
al., 2004). For breeding pairs, dams were always SERT+/-, while sire genotypes varied.
Single breeding pairs were housed together and sires remained in the cages with the pups
unless pair breeding was completed, in which case the sire was removed from the cage on
the day of birth (postnatal day 0, P0). Mice had access to food and water ad libitum, and
the colony room was maintained on a 12:12 light:dark cycle with lights on at 0300 h. At
weaning (P21), tail snips were collected for genotyping (Transnetyx, Cordova, TN), and
pups were separated by sex with 2-4 mice per cage (Fig. 5.1). All experiments complied
with the Guidelines for the Care and Use of Laboratory Animals from the National
Institutes of Health and were approved by the UCLA Chancellor’s Animal Research
Committee.
Postnatal dosing
Breeding cages containing pups for the unhandled control group (animal facility
reared, AFR) were monitored for the day of birth (postnatal day 0, P0) but were not
disturbed other than for routine weekly cage changes. Comparisons of weights and
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behaviors of AFR vs. saline-treated mice can be found in the supplemental material
(Tables S5.1-5.7; Figs. S5.1-7).
For saline- and drug-treated litters, dosing began on P4 and continued through
P21 (Fig. 5.1). Every treated litter contained saline- and drug-treated pups, with the
former controling for litter, injection, and maternal separation effects. Litters were either
treated with saline (10 mL/kg) and PEPA (10 mg/kg), or saline and PCPA (100 mg/kg),
with doses chosen based on previous work in CD-1 mice (see Chapter 2). Every pup
belonged to only one treatment group (Table 5.1).
Injections were performed once daily at 0500 h. Saline and drug injections were
administered using 31 gauge insulin needles (BD, Franklin Lakes, NJ), and prior to
injection, solutions were cold sterilized using 0.22 µm filters (Millipore, Billerica, MA).
Each day, litter were quickly removed from the home cage and placed in a plastic
container with home cage bedding. For the first 10 injection days, this plastic container
was placed over a bed of warmed, dry rice to prevent hypothermia until the pups had full
fur coats. Pups were individually weighed and injected, and when dosing of the whole
litter was complete, pups were returned to the home cage. Every effort was made to
minimize separation time between pups and their dam; the injection process never lasted
more than 15 min for any given litter.
Behavior tests
Mice were weighed prior to the beginning of every behavior test (except for
Lashley III maze reversal) and on the day of sacrifice. A minimum of 4 days between
individual behavior tests was observed for all mice (except for Lashley III maze reversal,
when mice had 1 rest day after the preceding Lashley III maze retention test) (Fig. 5.1).
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Male mice were always tested before female mice to avoid olfactory cues from the latter.
All behavioral apparatuses were cleaned with 70% ethanol and allowed to fully dry
between mice.
Mice were always acclimated to the testing room 1 h (light cycle testing) or 2 h
(dark cycle testing) prior to the beginning of behavior testing, the latter to permit the mice
to be in the testing room when the lights went off. Viewer3 software (BIOBSERVE
GmbH., St. Augustin, Germany) was used for automated analyses of selected measures in
the elevated plus maze, open field test, sociability/social novelty, and novel object
recognition and Lashley III maze. The remaining variables were scored by visual
inspection of video-recorded behavior.
Elevated plus maze
Mice were tested on the elevated plus maze (EPM) at P84 ± 1. All mice were
naïve to behavior testing for this test. Testing began 1 h after onset of the dark cycle
(1500 h) and was performed in the dark on a clear surface table covered by a translucent
white vinyl sheet illuminated from underneath with red light. The maze floor was
constructed of a single piece of opaque red acrylic raised 38.5 cm above the table. Closed
and open arms were each 30 cm long by 5 cm wide. Closed arms were enclosed by 15 cm
high clear acrylic walls to ensure even lighting across arms. Open arms had a 0.5 cm high
lip to prevent mice from falling. The center platform joining the open and closed arms
measured 5 × 5 cm.
Mice were placed on the center platform of the maze facing a closed arm and
allowed to explore the maze for 15 min. The following behavior parameters were
quantified in 5-min bins using automated tracking software: time spent and distance
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traveled in the closed arms, open arms, and center platform, and latency to first open arm
entry. Measures of rears, head dips (protected and unprotected), and open vs. closed arm
entries were made by a single observer blind to treatment and genotype.
Open field test
Testing in the open field test (OFT) was carried out at P90 ± 1 day. Testing began
1 h after onset of dark cycle (1500 h) and was performed under infrared lighting. Plastic
test boxes measured 50 × 50 × 40 cm high and had opaque acrylic floors. Mice were
placed in one corner of the open field and allowed to freely explore the arena for 1 h.
Total distance traveled, center distance traveled, and time spent in the center (22 × 22 cm
square) were measured in 5 min bins using automated tracking software.
Sociability/social novelty and novel object recognition
At P96 ± 1 day, social behaviors and the ability to recognize novel objects were
tested. Behavior experiments began 2 h after the onset of the light cycle (0300 h). Boxes
for these tests measured 61 cm × 41 cm × 20 cm high and were constructed from opaque
acrylic. Boxes were divided into three equally sized chambers measuring 20 cm× 40.5 cm
by two clear removable partitions. Each partition contained a clear sliding door that could
be removed to reveal a 10 cm wide × 7 cm high cutout to permit mice to travel between
chambers.
Evaluation of test mice consisted of five phases. In between phases, mice were
returned to their home cages. The first phase was habituation, where test mice were
allowed to freely explore only the center compartment for 10 min. Next, a novel stranger
mouse (stranger 1) was placed under a wire Galaxy cup (Spectrum, Streetsboro, OH) in
one of the outer chambers, and in the other outer chamber, a wire Galaxy cup was placed
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with no mouse underneath. Beakers filled with water were placed on top of the cups to
prevent mice from climbing on top of them and to prevent the mice underneath them
from moving the cups. Test mice were then allowed to explore all three chambers freely
for the remainder of the phases, with 10 min per phase. For the third phase, a second
novel stranger mouse (stranger 2) was placed under the previously empty cup.
After completion of the third phase, mice were returned to their cages for 30 min
and the test boxes were cleaned. Stranger 1 mice were once again placed under their
previous cups in the same location, and the other cup was left empty (i.e., stranger 2 mice
were not reintroduced) for phase four. Phase 5 consisted of removal of stranger 1 mice
and their corresponding cup, and a novel object was put in their place. The cup under
which stranger 2 was previously placed was left empty and undisturbed.
For all 5 phases of this test, distance traveled and time spent in each chamber was
measured by automated tracking software, as was time spent in direct proximity of social
and non-social targets. To account for time spent in the center chamber and to simplify
graphical representations of this test, an approach-avoidance chamber score described
previously (Page et al., 2009) was divided by time spent in the center chamber to
generate a measure of chamber preference normalized to center. Proximity preference
was calculated by simple subtraction of time spent in proximity to stranger 1/novel object
or empty cup/stranger 2. To discern between time in proximity and time interacting with
social/non-social targets, a blind observer scored time spent directly interacting with
targets.
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Forced swim test
Testing using forced swim spanned two consecutive days beginning at 1230 h on
P102 ± 1 day. Under normal lighting, mice were placed in beakers (11.6 cm × 26.4 cm
high; water depth of 16.7 cm) of room temperature water (22 ± 2°C) for 6 min. After
24 h, mice were once again placed in water-filled beakers for 6 min. After each forced
swim session, mice were gently dried with paper towels and placed in a clean temporary
cage that was placed halfway over a slide warmer set to approximately 37°C. Once mice
were completely dried, they were returned to their home cages.
Automated software (Forced Swim Test Analysis; BIOBSERVE GmbH., St.
Augustin, Germany) was used to evaluate durations of immobility, swimming, and
climbing in 1 min bins. The last four min of the test spent immobile were reported as
immobility time (Porsolt et al., 1978; Castagne et al., 2011). Latency to first immobility
(full second with no swimming or climbing behaviors (Castagne et al., 2011)) was
measured by a blind observer.
Lashley III maze
The Lashley III maze consisted of three phases, with testing beginning on
P113 ± 1 day. Dimensions of the maze were as described previously (Bressler et al.,
2010). Testing began 1 h after onset of the dark cycle (1500 h) under red-light conditions.
To prevent access to food being associated as an indirect reward for completion of the
maze, food was removed from home cages 30 min prior to testing the first mouse in each
cage. Food was returned to home cages 30 min after the last mouse in each cage
completed testing.
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For the first phase (training), mice were tested in the Lashley III maze once every
night for up to 7 consecutive nights until reaching criterion. Criterion is defined as
successfully navigating the maze with 0 or 1 errors on two consecutive nights (Blizard et
al., 2006; Bressler et al., 2010). Once each mouse reached criterion, their training phase
was considered complete, and they were scheduled for retention testing exactly 14 nights
after the final night that training for criterion was reached. During these 14 nights, mice
were not tested. If a mouse did not reach criterion by the 7th training night, they were
scheduled for retention 14 nights after the 7th training night.
On the night of retention testing (second phase), mice were tested once in the
maze. Two nights after retention testing, mice underwent the third phase (reversal). For
reversal training, the orientation of the maze was flipped 180° in the horizontal plane, and
mice were tested once per night for up to 7 consecutive nights until they again reached
criterion. Those mice not reaching reversal criterion were not tested past the 7th night of
phase three. All tests were video recorded and visually scored by an observer blind to
genotype, sex, and treatment. The path traveled and latencies to enter the maze, goal box,
and pseudo home cage were scored by hand.
Drugs
PEPA was synthesized by Drs. Mao Ye of the California NanoSystems Institute
and Michael E. Jung of the Chemistry & Biochemistry department at UCLA. PCPA
(4-chloro-D,L-phenylalanine methyl ester hydrochloride) was obtained from Sigma (St.
Louis, MO).

98

Graphs and statistics
All data are presented as the mean ± SEMs and were graphed using GraphPad
Prism 6.0b (La Jolla, CA). SAS statistical software (Cary, NC) was used to perform
three- and two-way analyses of variance (ANOVAs) with repeated measures on postnatal
and adult weight data. One-way ANOVAs were then used to evaluate weight data at
specific timepoints across treatments within each sex and genotype.
Behavioral data were evaluated for outliers using the ROUT method in Prism,
with Q=1% (Motulsky and Brown, 2006). Data sans outliers were then separated by sex
statistically analyzed using a two-way ANOVA in GraphPad Prism 6.0b. When a
significant interaction, or treatment and/or genotype effect was observed, respective data
sets were then evaluated with one-way ANOVAs for effects of treatment within genotype
(e.g., treatment differences in SERT+/- male mice) or effects of genotype within
treatment (e.g., genotype differences in PEPA-treated female mice). If these one-way
ANOVAs indicated significance, subsequent Tukey’s post hoc tests were used to
determine specific effects of treatment or genotype. Significance was set a priori at
P<0.05. Detailed statistical values from analyses are reported in the tables and
supplemental tables indicated in respective results sections.

Results
Postnatal survival
Though a few lethalities occurred as a result of postnatal tryptophan hydroxylase
inhibitor (pTPHI) administration, the overall percentages of pups surviving PEPA
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(99.98%) and PCPA (99.97%) were very high (Fig. 5.2). All saline-treated pups survived
postnatal injections.
Postnatal weights
Individual weights of treated pups were recorded on all postnatal injection days
(Fig. 5.3). Significant interaction effects of treatment × time were observed for all three
genotypes of mice (Table 5.2). Because this indicated that the effects of time varied with
respect to different treatment groups, postnatal weights were analyzed for each treatment
day separately. Trends for time × sex interaction effects and main effects of sex were also
observed in SERT+/+ mice (P<0.08, P<0.08, respectively) and SERT+/- mice (P<0.07,
P<0.1, respectively) (Table 5.2). Consequently, postnatal weight data were separated by
sex as well (Fig. 5.3).
Significant effects of treatment were present in male and female mice of all three
genotypes between P5-P10, with the exception of male SERT+/+ mice, which exhibited
significant treatment effects between P13-17 (Table 5.3). Treatment with PEPA
significantly reduced weights in female SERT+/+ mice for the majority of the treatment
period (Fig. 5.3A). In SERT+/+ female and male mice, PCPA treatment effects on weight
were restricted to a few days in the middle of treatment (Fig. 5.3A,B). Female SERT+/PCPA-treated mice showed reduced postnatal weights throughout the majority of the
treatment period compared to saline- and PEPA-treated pups (Fig. 5.3C). In contrast,
male SERT+/- mice showed decreased weights for most of the treatment period
associated with PEPA and PCPA treatment (Fig. 5.3D). Similarly, female SERT-/- mice
showed reduced weights during the middle of the period of treatment with PEPA, while
PCPA-induced weight reductions persisted for nearly the entire course of the postnatal
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treatment period (Fig 5.3E). Male SERT-/- exhibited lower weight gain associated with
PEPA or PCPA for most of the postnatal injection time frame (Fig. 5.3F).
Adult weights
After weaning on P21, mice were not weighed again until behavior testing
commenced at 12 weeks of age. Significant interaction effects of time × sex were noted
in knockout mice, while significant time × treatment effects were observed in SERT+/+
and SERT+/- mice (Table 5.4). Main effects of treatment and sex were also observed in
all three genotypes (Table 5.4). Because these effects indicated that male and female
mice gained adult weight differently over time and based on postnatal treatment, data
were once again separated by sex and analyzed at each time point (Table 5.5). However,
only male SERT+/- mice exhibited postnatal treatment-dependent differences in weight
in adulthood, which occurred at 6 of the 7 time points (Table 5.5). After post hoc
analyses, the first four adult time points revealed significantly increased weights of male
SERT+/- mice treated postnatally with PCPA compared to saline-treated male SERT+/mice (Fig. 5.4).
Anxiety-like behavior in the EPM
Interaction effects of genotype × treatment were observed in both sexes with
regard to anxiety-related measures of open arm time and percent arm time in the open
arms (Table 5.6). Female mice also showed a significant genotype × treatment interaction
for open arm latency (Table 5.6). Female saline-treated SERT-/- mice exhibited elevated
anxiety-related measures compared to female saline-treated SERT+/+ mice (Table 5.6;
Fig. 5.5A,C,E). By contrast, no genotype-related effects were detected in male salinetreated mice (Fig. 5.5B,D,F).
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A significant treatment effect was observed in the open arm time of female
SERT-/- mice (Table 5.6; Fig. 5.5C), and trends toward a treatment effect were further
noted in open arm latency (P<0.1) and percent arm time in the open arms (P<0.08) of
female SERT-/- mice. Evaluation of female SERT-/- open arm time indicated increased
open arm time in mice treated with PEPA (Fig. 5.5C). These trends also appear to
indicate reduction in anxiety-like measures of female SERT-/- mice in response to
postnatal PEPA treatment (Fig. 5.5A,E). This is further supported by the genotype effect
observed in saline-treated female mice being abolished in PEPA-treated female mice
(Table 5.6).
Treatment effects were also prominent in SERT+/- mice of both sexes regarding
open arm time and percent arm time in the open arms (Table 5.6). Post hoc tests indicated
that this is largely the result of increased anxiety-like behaviors associated with postnatal
PCPA administration (Fig. 5.5). Similarly, a significant genotype effect was observed in
both sexes of PCPA-treated mice in these two parameters. Increased anxiety-related
measures were indicated in PCPA-treated SERT+/- mice as evidenced by reduced open
arm time in both sexes, in addition to reduced percent arm time in the open arms in male
mice (Fig. 5.5C,D,F).
Exploratory behaviors in the EPM
Significant genotype × treatment interaction effects of open arm entries were
observed in both sexes (Table 5.7). Main effects of treatment were significant for female
mice in rears and percent of unprotected head dips, and trends for these measures were
also observed in male mice (P<0.07, P<0.1, respectively). Female saline-treated SERT-/-
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exhibited significantly fewer open arm entries and percent unprotected head dips
compared to female saline-treated SERT+/+ mice (Fig. 5.6A,E).
An effect of treatment was once again observed in female SERT-/- mice
(Table 5.7). Genotype effects did not reach significance in PEPA-treated animals, though
a trend still persisted in female SERT-/- open arm entries (P<0.09) (Table 5.7). Open arm
entries and percent of unprotected head dips were significant increased by postnatal
PEPA treatment as compared to saline- and PCPA-treatments in female SERT-/(Fig 5.6A,E). Consequently, it appears that pTPHI produces drug-dependent sex effects
differentially in SERT+/- and SERT-/- mice on anxiety-related and exploratory measures.
Also similar to anxiety-related measures, a significant treatment effect was
observed in SERT+/- mice (Table 5.7). PCPA-treated mice showed significant genotype
effects in male open arm entries and female percent of unprotected head dips. There was
also a trend (P<0.06) of a genotype effect in PCPA-treated female open arm entries
(Table 5.7). Overall exploratory behaviors were reduced in female SERT+/- mice treated
postnatally with PCPA, as were open arm entries by male PCPA-treated SERT+/-,
compared to saline-treated SERT+/- of the same sexes (Fig. 5.6A-C,E).
Locomotor activity in EPM
To determine whether these alterations in anxiety-related and exploratory
measures were associated with changes in locomotor activity in the EPM, we evaluated
total arm entries and total distance traveled. Significant main effects of treatment
occurred for total arm entries in female mice, and total distance traveled in both sexes
(Table 5.8). Evaluation of treatment effects within genotype revealed this same pattern of
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significance in SERT+/-, as well as significant treatment effects in female SERT-/(Table 5.8).
PEPA-treated SERT-/- female mice did not exhibit significantly increased
locomotor behaviors in the EPM, suggesting the reduced anxiety-like phenotype and
enhanced exploration exhibited by these mice is not attributable to elevated activity
levels. On the contrary, total distance traveled was reduced in SERT+/- of both sexes
treated with PCPA, as well as female PCPA-treated SERT-/- (Fig. 5.7C,D). Total arm
entries were also decreased in PCPA-treated female SERT+/- compared to saline-treated
SERT+/- female mice (Fig. 5.7A). Based on these data, it appears that the increased
anxiety-like and reduced exploratory behaviors of PCPA-treated heterozygotes might be
attributable to decreases in locomotor activity. A genotype effect on locomotion was only
detected in saline-treated male mice, where post hoc evaluation showed increased activity
displayed by SERT-/- vs. SERT+/+ (Fig. 5.7B).
OFT behaviors
Further support for the earlier conclusion regarding activity levels comes from
evaluation of behavior in the OFT. Main effects of treatment were significant for both
sexes in total distance traveled (Table 5.9). In addition, genotype effects were observed in
female mice for total distance traveled and percent distance traveled in the center
(Table 5.9). Effects of treatment on SERT+/- total distance traveled were significant for
both sexes, as was total distance traveled by male SERT-/- (Table 5.9). Trends for
treatment effects were also noted in SERT+/+ male mice (P<0.1) and female SERT-/(P<0.09). Genotype effects persisted in all three female treatments, with the exception of
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trends for saline total distance traveled (P<0.07) and PEPA percent distance traveled in
center (P<0.051).
Both sexes of SERT+/- mice receiving pTPHI displayed significantly reduced
total distance traveled compared to saline-treated SERT+/- of the same sex (Fig. 5.8A,B).
Treatment with pTPHIs further resulted in reduced activity of SERT-/- female mice
compared to wildtypes receiving the same drug treatment (Fig. 5.8A). Consequently,
these data confirm those from the EPM regarding a lack of increased activity in female
PEPA-treated SERT-/-, in addition to a decrease in activity of PCPA-treated SERT+/animals of both sexes.
Measures of percent distance traveled in the center of the OFT initially appear to
contrast with anxiety-related and exploratory measures of the EPM. Here, saline- and
PCPA-treated female SERT-/- exhibit decreased distance in the center area (PEPAtreated female mice show a P<0.051 trend) (Fig. 5.8C). By evaluating distance traveled
in the center as a percentage of total distance traveled, any changes in overall locomotor
activity (Fig. 5.8A) are accounted for. Consequently, avoidance of the center area by
PCPA-treated female SERT-/-, and the trend (P<0.051) for avoidance in PEPA-treated
SERT-/-, are indicative of increased anxiety-like behavior (Fig. 5.8C). These data, in
accordance with other findings from our lab (unpublished observations), suggest that the
EPM and OFT measure different types of anxiety-related behaviors.
Sociability
To rule out changes in olfactory ability confounding social tests, a separate cohort
of wildtype and SERT-deficient mice were tested for olfaction (Table S5.11A) (Moy et
al., 2004; Moy et al., 2009). In agreement with previous findings, no significant
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differences in olfactory ability were detected across genotype or sex (Table S5.11B)
(Moy et al., 2009).
A significant genotype × treatment interaction effect of sociability was only
detected for male mice regarding stranger 1 chamber preference (i.e., difference in time
spent in stranger 1 chamber over empty cup chamber, normalized to time spent in the
center). Interaction trends were also noted for male mice (P<0.09) and female mice
(P<0.09) in stranger 1 proximity preference (i.e., time spent in close proximity to
stranger 1 vs. empty cup), and female mice in stranger 1 chamber preference (P<0.1)
(Table 5.10). Overall these data indicate there was a trend for genotype-dependent effects
of treatment on sociability behavior in both sexes (Fig. 5.8). Significant main effects of
genotype were selectively observed in male mice for both parameters (Table 5.10).
This genotype effect was only present in male mice treated postnatally with PEPA
(Table 5.10). Subsequent post hoc testing showed significant differences between
SERT+/- and SERT-/- male PEPA-treated mice, with the latter exhibiting enhanced
sociability (Fig. 5.9B,D).
Preference for social novelty
A treatment × genotype interaction effect was significant for male mice with
respect to stranger 2 chamber preference, while an interaction trend (P<0.08) was
observed for female stranger 2 proximity preference (Table 5.11; Fig. 5.10C). Further
analyses of male stranger 2 chamber preference indicated that the only significant effect
was that of genotype within PEPA treatment (Table 5.11). Male SERT+/- had a trend for
treatment effect in this same parameter (P<0.1).
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Similar to what was observed for sociability, male SERT-/- mice treated
postnatally with PEPA exhibited increased chamber preference for social novelty
compared to PEPA-treated male SERT+/- (Fig. 5.10B). In contrast to sociability data,
however, there was no main genotype effect on stranger 2 proximity preference
(Table 5.11). For PEPA-treated male mice, this may be a consequence of increased
proximity time to stranger 2 vs. stranger 1 by SERT+/+ and SERT+/- (Fig. 5.10D)
Social memory
No significant interaction, genotype or treatment effects were observed for
stranger 1 chamber preference in either female or male mice (Table 5.12). Though not
significant, trends were noted for interaction effects in stranger 1 proximity preference
for female (P<0.08) and male (P<0.1) mice (Table 5.12; Fig. 5.11). A trend for a main
effect of treatment was also observed in female stranger 1 proximity preference
(P<0.07)(Table 5.12; Fig. 5.11).
Novel non-social investigation
In contrast to the PEPA-induced changes in male SERT-/- sociability and
preference for social novelty, only female mice exhibited significant differences
regarding novel non-social investigation (Fig. 5.12). Interaction (P<0.1) and treatment
(P<0.08) effects for novel object chamber preference normalized to center were trends,
while a significant main effect of genotype for this parameter was detected solely in
female mice (Table 5.13).
In parallel to what was observed for female PEPA-treated mice in anxiety-related
and exploratory behaviors, postnatal PEPA treatment equalized the novel object chamber
preference of female mice across genotypes (Fig. 5.12A). Significant genotype effects
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were noted in saline- and PCPA-treated female mice for novel object chamber preference
(Table 5.13). Female SERT-/- mice displayed an enhanced novel object chamber
preference compared to SERT+/+ and SERT+/-, and SERT+/- alone, for saline- and
PCPA treated mice respectively (Fig. 5.12A). Overall, these genotype effects appear to be
a consequence of changes in time spent in the center chamber, as novel object proximity
preferences did not reveal any significant interaction, genotype or treatment effects
(Fig. 5.12C).
Time spent immobile during the last 4 min of FST
Trends for interaction effects (P<0.1) on day 1 in male mice and day 2 in female
mice (P<0.06) were detected (Table. 5.14). Main effects of genotype were only
significant on day 2 for both sexes (Table 5.14). Subsequent analyses indicated a
significant effect of genotype in saline-treated female mice, along with a trend for
genotype (P<0.07) in saline-treated male mice (Table 5.14). Though a trend for genotype
(P<0.1) was detected in female PEPA-treated mice on day 2, overall it appeared that
pTPHI abolished any genotype effects on day 2 immobility time (Fig. 5.13).
Latency to immobility in FST
An interaction effect for genotype × treatment was only observed in female
latency to immobility on day 2 (Table 5.15). In male mice, a treatment effect was
detected on day 1 while a main effect of genotype was detected on day 2 (Table 5.15). A
significant effect was noted in male heterozygotes on day 1 (Table 5.15), with subsequent
evaluation revealing a significant reduction in latency to immobility in male SERT+/postnatally treated with PCPA (Fig. 5.14B).

108

For day 2, an effect of treatment on genotype was only significant for SERT+/+
female mice, though female SERT+/- (P<0.1) and SERT-/- (P<0.09) exhibited trends
(Table 5.15). However, post hoc analyses did not indicate any significant differences of
treatment across SERT+/+ female mice on day 2 (Fig. 5.14C). A significant effect of
genotype was only observed in PCPA-treated female mice (Table 5.15), in which
SERT-/- mice treated with PCPA exhibited significantly increased latency to immobility
compared to SERT+/+ and SERT+/- female mice of the same treatment (Fig. 5.14C).
Trends for genotype effect within treatment were detected for male saline (P<0.09) and
PCPA (P<0.06) mice (Table 5.15; Fig. 5.14D).
Learning in the Lashley III maze
Only female mice exhibited significant genotype × treatment interaction effects in
days to criterion and total errors to reach criterion in the Lashley III maze (Table 5.16).
Male mice demonstrated a trend (P<0.1) only in total errors (Table 5.16). Significant
effects of treatment within genotype were observed in female SERT+/- mice for days to
criterion and SERT-/- mice for total errors to reach criterion (Table 5.16). Only PEPAtreated SERT+/- and SERT-/- differed from same-genotype saline-treated female mice
for these respective measures (Fig. 5.15A,C). Female SERT-/- and SERT+/- also
exhibited treatment trends for days to criterion (P<0.054) and total errors to reach
criterion (P<0.1), respectively (Table 5.16).
Regarding genotype effects within treatment, genotype differences were revealed
in saline-treated female mice for both learning measures, as well as in PEPA-treated
female mice for total errors to reach criterion (Table 5.16). Saline-treated SERT-/- female
mice took fewer days to reach criterion than saline-treated SERT+/- female mice
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(Fig. 5.15A). In addition, saline-treated female SERT-/- had fewer total errors to reach
criterion when compared to saline-treated female SERT+/+ (Fig. 5.15C). Contrastingly,
female PEPA-treated SERT-/- displayed significant increased total errors to reach
criterion vs. SERT+/+ and SERT+/- female mice treated with PEPA (Fig. 5.15C). Days to
criterion in PEPA-treated female mice approached significance (P<0.06) for a genotype
effect within this treatment group (Table 5.16).
Spatial memory of the Lashley III maze
Regardless of whether mice reached criterion during Lashley training, number of
errors on the last training day were subtracted from the number of errors on the retention
testing day as a measure of memory. No significant interaction, genotype or treatment
effects were detected (Table 5.17; Fig. 5.16), suggesting spatial memory was not
disrupted in any of the mice examined.
Reversal learning of the Lashley III maze
In contrast to what was observed for initial training in the Lashley III maze,
significant interaction effects of treatment × genotype were only detected in male mice
(Table 5.18). Interaction trends for female mice were observed regarding days to criterion
(P<0.09) and total errors to reach criterion (P<0.1) (Table 5.18). Female mice exhibited
significant main effects of treatment in total errors to reach criterion, and genotype in
days to criterion (Table 5.18). Female mice had main trends for treatment (P<0.06) in
days to criterion, and genotype (P<0.1) in total errors to reach criterion (Table 5.18).
Male SERT-/- mice displayed significant effects in reversal learning measures
(Table 5.18). Female SERT-/- also showed a significant treatment effect for total errors to
reach criterion. Trends for treatment effects were observed in days to criterion for male
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SERT+/+ (P<0.1), as well as in total errors to reach criterion for female SERT+/(P<0.06) and male SERT+/+ (P<0.06) (Table 5.18). Male SERT-/- mice treated postnally
with PEPA were shown to have increased days to criterion and higher total errors to
reach criterion (Fig. 5.17B,D). In contrast, female PEPA and PCPA treatments
significantly reduced total errors to reach criterion compared to saline-treated female
mice selectively in SERT-/- (Fig. 5.17C).
Concerning genotype effects within treatments, significant genotype effects were
observed in both sexes treated with PEPA for days to criterion, in addition to male PEPAtreated mice for total errors to reach criterion (Table 5.18). An effect of genotype in
saline-treated animals was only significant for male days to criterion, while female days
to criterion was the only significant genotype effect for PCPA-treated animals. However,
a trend in PCPA-treated male total errors to reach criterion was noted (Table 5.18).
Genotype differences for saline-treated mice were only detected between male
SERT+/+ and SERT-/- in days to criterion (Fig. 5.17B). Postnatal treatment with PEPA
was shown to significantly increase days to criterion and total errors to reach criterion in
male SERT+/+ versus SERT+/- (Fig. 5.17B,D). Though PEPA treatment significantly
increased total errors to reach criterion in male SERT-/- vs. male SERT+/-, postnatal
PEPA exposure resulted in reduced days to criterion for female SERT-/- vs. female
SERT+/- (Fig. 5.17A,D). Postnatal PCPA treatment selectively reduced days to criterion
in female SERT-/- relative to female SERT+/+ (Fig. 5.17A).
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Discussion
In agreement with other research on SERT-deficient rodent models (Holmes et
al., 2003; Carroll et al., 2007; Olivier et al., 2008), we observed an enhanced anxiety-like
phenotype of female SERT-/- mice in the EPM. These increased anxiety-like and reduced
exploratory behaviors in the EPM of adult female SERT-/- mice were reversed by
postnatal treatment with PEPA, while the same measures in female SERT+/+ and
SERT+/- mice were unaffected by postnatal PEPA. In contrast, postnatal PCPA treatment
increased the anxiety-like and reduced exploratory behaviors in adult SERT+/- mice of
both sexes, while not affecting SERT+/+ or SERT-/- measures.
When locomotor activity in the EPM was examined, changes in female PEPAtreated SERT-/- could not be attributed to increased activity. However, locomotor
measures were reduced in PCPA-treated SERT+/- mice, offering a potential explanation
(or confound) for why anxiety-related and exploratory measures in the EPM were altered.
Additional investigation of locomotor behavior was performed using the OFT, in
which activity reductions in PCPA-treated SERT+/- were also observed. In contrast with
EPM data though, OFT measures of total activity in PEPA-treated female SERT-/indicated reductions. Saline-treated SERT+/+ and SERT-/- mice did not exhibit
genotype-dependent reduced locomotor activity but SERT-/- female mice did display
reduced distance traveled in the center, similar to previous reports in SERT-deficient
rodents (Carroll et al., 2007; Olivier et al., 2008).
Furthermore, the percent distance traveled in the center of the OFT was not
reduced in PCPA-treated SERT+/-, while a near significant trend for PEPA-treated
SERT-/- indicated a reduction in this measure. In other words, this parameter that is
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supposed to indicate anxiety-like behavior in the OFT contrasted with the findings for
these mice in the EPM. As our lab and others are recognizing, a likely explanation for
this apparent discontinuity in behavior is that multiple facets of anxiety-related behaviors
are measured by various tests containing different types of investigative conflicts
(unpublished observations) (Turri et al., 2001; Henderson et al., 2004; Bourin et al.,
2007). Postnatal PEPA treatment may therefore be reversing only select domains of
anxiety-related behaviors in female SERT-/-.
Unlike the EPM and OFT, the predominant effect of pTPHI on sociability and
preference for social novelty in SERT-deficient mice was observed in male mice.
Specifically, postnatal PEPA treatment of male SERT-/- produced a significant increase
in social behaviors compared to male SERT+/- treated postnatally with PEPA. Only
interaction trends were observed in female mice for social behaviors.
A variation of the three-chamber social test (Moy et al., 2004; Nadler et al., 2004)
was introduced by Page and colleagues to test mouse social memory (Page et al., 2009).
To do so, they introduced a 30 min intermission after phase 2 (stranger 1 vs. empty cup),
after which mice were placed in a repeated phase 2 situation. This was done to determine
whether mice would remember they had encountered stranger 1 previously, or if they
would behave as though they were encountering a novel mouse. These investigators
discovered that although male SERT+/+ mice exhibited recognition of the previously
encountered stranger 1 mouse as indicated by decreased preference to spend time in the
chamber containing stranger 1, male SERT+/- mice responded to the familiar stranger 1
with the same chamber preference as when they first encountered this mouse (Page et al.,
2009).
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To expand investigation of this phenomenon in SERT+/- as well as SERT-/- of
our background strain, we explored this test modification after the more common three
phases of this social testing paradigm (Moy et al., 2004; Nadler et al., 2004). However,
only trends were observed for proximity preference in this phase 4 of social testing.
Two groups have explored social behaviors of SERT+/+ and SERT-/- mice (Moy
et al., 2009; Moya et al., 2011), and two others have investigated SERT+/+ and SERT+/mice (Page et al., 2009; Jones et al., 2010). Despite the use of SERT-deficient mice on a
C57BL/6 background by all four groups, their findings are not in agreement. This could
be attributable to different lab environments, as well as differing ages of mice (Hefner
and Holmes, 2007), varying from 6 to 12 weeks of age ((Jones et al., 2010) did not report
an age). The age of our mice (approx. 14 wks), in addition to our different background
strain and testing environment might all contribute to the differences in findings reported
here.
Our final modification to this three-chamber test was the introduction of a novel
object to evaluate neophobia and novel object recognition. In contrast to a previous report
of neophobia in SERT knockout mice on a C57BL/6 background (Kalueff et al., 2007b),
we observed an increased chamber preference of saline-treated SERT-/- female mice for
a novel object. Furthermore, proximity preference by these saline-treated SERT-/- female
mice for the novel object was not significantly different from female saline-treated
SERT+/+ or SERT+/-. These data together suggest the SERT-/- spent less time in the
center chamber and more time actively investigating the novel object, possibly indicative
of a fixative or compulsive type of behavior. Elevated chamber preference for the novel
object was also detected in PCPA-treated SERT-/- female mice, indicating that similar to
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EPM behaviors, only postnatal PEPA treatment to SERT-/- female mice normalized the
phenotype. Consequently, further exploration of this test modification might provide
utility in characterizing differential aspects of anxiety-like behaviors.
Increased immobility in the forced swim test on the second testing day was
observed for saline-treated female SERT-/-, as was similar genotype trend in salinetreated male mice. These findings agree with previous reports of elevated immobility
times in SERT-/- rodents on the second forced swim day (Carroll et al., 2007; Olivier et
al., 2008). Despite loss of the genotype effects on immobility time in mice exposed to
pTPHI, no treatment effects were observed so it is difficult to conclude how this
equalization of immobility time is occurring.
In fact, the only significant effect of genotype within treatment was an increase in
latency to immobility in female SERT-/- treated postnatally with PCPA. Lack of a
parallel effect in saline- or PEPA treated SERT-/- female mice, or in total immobility
time, limits interpretation of these findings. Future experiments exploring the influence of
antidepressant drugs or environmental stressors on FST behavior might reveal potentially
hidden treatment effects.
To our knowledge, spatial learning has not previously been reported in SERTdeficient mice. To investigate this, we used a modification (Blizard et al., 2006; Bressler
et al., 2010) of a spatial learning test known as the Lashley III maze (Lashley, 1933).
Saline-treated female SERT-/- demonstrated improved performance in this test by
reduced days to criterion and lower total errors to reach criterion than other saline-treated
female mice. Discrimination learning in SERT-deficient rodents (Homberg et al., 2007;
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Brigman et al., 2010; Nonkes et al., 2012) and non-human primates with a functional
SERT polymorphism (Izquierdo et al., 2007) are reported as equivocal to controls.
Though postnatal PEPA treatment reduced days to criterion for female SERT+/-,
this treatment increased the total number of errors to reach criterion in female SERT-/-.
Continued exploration of serotonin system parameters and their interactions with the
estrogen system could prove informative for characterizing learning potentials. However,
no genotype or treatment effects were detected in male mice for Lashley III maze
learning.
Continuing our use of the Lashley III maze, we then explored the spatial
navigation memory of SERT-deficient mice exposed to different pTPHIs. To date, only
one study has examined spatial memory in these mice (albeit on a C57BL/6 background)
after a 3 d period in paradigms that do not require sequential navigation (Kalueff et al.,
2007a). Here we evaluated spatial navigation memory after a 14 d span in mice
regardless of whether they reached criterion. We observed no significant differences in
either sex with respect to genotype or treatment, suggesting that retention of spatial
navigation was high and did not vary among groups.
Finally, we reversed the orientation of the maze by 180° to determine the
cognitive flexibility of the mice studied here. Previous reports in rodents have indicated
SERT-deficiency improves reversal learning (Brigman et al., 2010; Nonkes et al., 2012),
though this contrasts with reports of impaired reversal learning in non-human primates
with a lower expressing SERT polymorphism (Izquierdo et al., 2007). Here, salinetreated male SERT-/- demonstrated improved reversal learning by reduced days to
criterion, and impairment of learning in SERT+/+ and SERT-/- (not SERT+/-) from
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postnatal PEPA treatment. Furthermore, in contrast to the impaired initial learning of the
Lashley III maze by female PEPA-treated SERT-/-, these mice now exhibited improved
behavioral flexibility demonstrated by reduced total errors to reach criterion compared to
saline-treated SERT-/- female mice. Female PEPA-treated SERT-/- showed decreased
days to criterion compared to PEPA-treated female SERT+/-, again contrasting with the
initial learning for the Lashley III maze. Female SERT-/- mice treated with PCPA also
exhibited lower total errors to reach criterion compared to saline-treated SERT-/- female
mice, as well as a reduction in days to criterion vs. PCPA-treated SERT+/+ female mice.
However, it is important to note that approximately 30% of PCA-treated SERT+/+
female mice did not reach reversal criterion.
So, despite an initial impairment in spatial learning for PEPA-treated SERT-/female mice, these mice exhibit improved reversal learning. On the other hand, while
postnatal PEPA treatment does not affect spatial learning in male mice initially, it impairs
their cognitive flexibility for reversal learning. Though understanding the impact of these
sex-dependent changes in learning and cognitive flexibility is beyond the scope of this
study, these findings indicate exciting new avenues of investigation into the influence of
postnatal neurochemical changes on later life learning skills.
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Tables
Table 5. 1. Numbers of mice for behavior tests
Treatment
Sex
Female
Male

Genotype
+/+
+/-/+/+
+/-/-

Treatment Totals

AFR
6
20-24
13-15
16
32-33
11-12

Saline
15-17
20-21
8
9-10
22-26
15

PEPA
13-17
24-26
10
7-8
28-31
7-11

PCPA
9-11
35-37
12
17-18
16-18
6

98-106

89-97

89-103

95-102
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Genotype
Totals
43-51
99-108
43-45
49-52
98-108
39-44

371-408

Table 5. 2. Statistical effects observed in postnatal weights
Postnatal Weights
Time x Treatment x Sex
Time x Sex
Treatment x Sex
Time x Treatment
Time
Treatment
Sex

Wildtype
F(34,1292)=1.4;
P>0.3
F(17,1292)=3.0;
P<0.08
F(2,76)=0.58;
P>0.6
F(34,1292)=10.4;
P<0.0001
F(17,1292)=955.3;
P<0.0001
F(2,76)=4.5;
P<0.01
F(1,76)=3.3;
P<0.08

Heterozygous
F(34,2652)=0.57;
P>0.6
F(27,2652)=2.9;
P<0.07
F(2,156)=0.46;
P>0.6
F(34,2652)=20.2;
P<0.0001
F(17,2652)=2121.3;
P<0.0001
F(2,156)=16.7;
P<0.0001
F(1,156)=2.1;
P<0.1
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Knockout
F(34,952)=0.99;
P>0.4
F(17,952)=1.5;
P>0.2
F(2,56)=0.59;
P>0.6
F(34,952)=24.6;
P<0.0001
F(17,952)=789.7;
P<0.0001
F(2,56)=17.2;
P<0.0001
F(1,56)=0.69;
P>0.4

Table 5. 3. Timepoint statistics for postnatal weights
Day
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21

Wildtype
Female
Male
F(2,43)=1.6;
F(2,33)=0.24;
P>0.2
P>0.8
F(2,43)=0.98; F(2,33)=0.27;
P>0.4
P>0.8
F(2,43)=0.53; F(2,33)=0.07;
P>0.6
P>0.9
F(2,43)=0.00; F(2,33)=0.33;
P>1.0
P>0.7
F(2,43)=0.55; F(2,33)=0.65;
P>0.6
P>0.5
F(2,43)=1.6;
F(2,33)=1.4;
P>0.2
P>0.3
F(2,43)=3.5;
F(2,33)=1.9;
P<0.04
P>0.2
F(2,43)=4.1;
F(2,33)=2.8;
P<0.02
P<0.08
F(2,43)=5.2;
F(2,33)=3.3;
P<0.009
P<0.05
F(2,43)=7.0;
F(2,33)=3.3;
P<0.002
P<0.05
F(2,43)=10.4;
F(2,33)=3.8;
P<0.0002
P<0.03
F(2,43)=11.1;
F(2,33)=3.7;
P<0.0001
P<0.04
F(2,43)=11.1;
F(2,33)=4.0;
P<0.0001
P<0.03
F(2,43)=7.6
F(2,33)=3.3;
P<0.002
P<0.05
F(2,43)=6.7;
F(2,33)=2.7;
P<0.003
P<0.08
F(2,43)=4.9;
F(2,33)=2.3;
P<0.01
P<0.1
F(2,43)=4.3;
F(2,33)=1.9;
P<0.02
P>0.2
F(2,43)=3.9;
F(2,33)=1.5;
P<0.03
P>0.2

Heterozygous
Female
Male
F(2,84)=2.6;
F(2,72)=0.84;
P<0.08
P>0.4
F(2,84)=3.5;
F(2,72)= 0.82;
P<0.04
P>0.4
F(2,84)=4.6;
F(2,72)=1.2;
P<0.01
P>0.3
F(2,84)=5.6;
F(2,72)=2.3;
P<0.005
P<0.1
F(2,84)=6.9;
F(2,72)=4.1;
P<0.002
P<0.02
F(2,84)=8.9;
F(2,72)=5.8;
P<0.0003
P<0.005
F(2,84)=10.0;
F(2,72)=6.6;
P<0.0001
P<0.002
F(2,84)=10.3;
F(2,72)=9.5;
P<0.0001
P<0.0002
F(2,84)=10.2;
F(2,72)=9.6;
P<0.0001
P<0.0002
F(2,84)=11.9; F(2,72)=12.1;
P<0.0001
P<0.0001
F(2,84)=13.1; F(2,72)=12.2;
P<0.0001
P<0.0001
F(2,84)=14.7; F(2,72)=15.1;
P<0.0001
P<0.0001
F(2,84)=13.7; F(2,72)=15.4;
P<0.0001
P<0.0001
F(2,84)=12.4; F(2,72)=13.9;
P<0.001
P<0.0001
F(2,84)=10.5; F(2,72)=11.4;
P<0.0001
P<0.0001
F(2,84)=9.6;
F(2,72)=10.6;
P<0.0002
P<0.0001
F(2,84)=5.1;
F(2,72)=8.7;
P<0.008
P<0.0004
F(2,84)=7.2;
F(2,72)=8.1;
P<0.001
P<0.0007
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Knockout
Female
Male
F(2,27)=1.8;
F(2,29)=0.75;
P>0.2
P>0.5
F(2,27)=1.6;
F(2,29)=0.31;
P>0.2
P>0.7
F(2,27)=2.8;
F(2,29)=0.17;
P<0.08
P>0.8
F(2,27)=5.4;
F(2,29)=1.0;
P<0.01
P>0.4
F(2,27)=9.3;
F(2,29)=2.6;
P<0.0009
P<0.09
F(2,27)=10.8;
F(2,29)=5.2;
P<0.0004
P<0.01
F(2,27)=13.3;
F(2,29)=6.2;
P<0.0001
P<0.006
F(2,27)=21.0;
F(2,29)=7.4;
P<0.0001
P<0.003
F(2,27)=23.1;
F(2,29)=9.9;
P<0.0001
P<0.0005
F(2,27)=23.6;
F(2,29)=9.8;
P<0.0001
P<0.0006
F(2,27)=26.4; F(2,29)=11.3;
P<0.0001
P<0.0002
F(2,27)=27.7; F(2,29)=12.8;
P<0.0001
P<0.0001
F(2,27)=28.6; F(2,29)=13.1;
P<0.0001
P<0.0001
F(2,27)=24.2; F(2,29)=11.3;
P<0.0001
P<0.0002
F(2,27)=19.1;
F(2,29)=8.6;
P<0.0001
P<0.001
F(2,27)=15.1;
F(2,29)=7.4;
P<0.0001
P<0.003
F(2,27)=12.4;
F(2,29)=6.6;
P<0.0001
P<0.004
F(2,27)=9.0;
F(2,29)=5.5;
P<0.001
P<0.009

Table 5. 4. Statistical effects observed in adult weight
Adult Weights
Time x Treatment x Sex
Time x Sex
Treatment x Sex
Time x Treatment
Time
Treatment
Sex

Wildtype
F(14,456)=0.48;
P>0.8
F(7,456)=1.9;
P<0.1
F(2,76)=0.30;
P>0.7
F(14,456)=2.5;
P<0.02
F(7,456)=168.6;
P<0.0001
F(2,76)=2.0;
P<0.1
F(1,76)=29.4;
P<0.0001

Heterozygous
F(14,924)=0.44;
P>0.9
F(7,924)=2.3;
P<0.07
F(2,154)=0.62;
P>0.5
F(14,924)=2.2;
P<0.04
F(7,924)=452.5;
P<0.0001
F(2,154)=3.4;
P<0.04
F(1,154)=103.8;
P<0.0001

121

Knockout
F(14,336)=1.7;
P<0.1
F(7,336)=2.8;
P<0.04
F(2,56)=0.35;
P>0.7
F(14,336)=1.1;
P>0.4
F(7,336)=289.5;
P<0.0001
F(2,56)=0.12;
P>0.9
F(1,56)=19.2;
P<0.0001

Table 5. 5. Timepoint statistics for adult weights
Test Day
EPM
OFT
SSN
FST
LaT
LaR
Sac

Wildtype
Female
Male
F(2,43)=1.8; F(2,33)=0.33;
P>0.2
P>0.7
F(2,43)=1.3; F(2,33)=0.38;
P>0.3
P>0.7
F(2,43)=1.5; F(2,33)=0.73;
P>0.2
P>0.5
F(2,43)=1.5; F(2,33)=0.60;
P>0.2
P>0.6
F(2,43)=2.5; F(2,33)=0.67;
P<0.1
P>0.5
F(2,43)=2.4;
F(2,33)=1.3;
P<0.1
P>0.3
F(2,43)=1.9; F(2,33)=0.95;
P>0.2
P>0.4

Heterozygous
Female
Male
F(2,82)=0.63; F(2,72)=4.6;
P>0.5
P<0.01
F(2,82)=0.65; F(2,72)=4.7;
P>0.5
P<0.01
F(2,82)=0.69; F(2,72)=3.5;
P>0.5
P<0.03
F(2,82)=0.47; F(2,72)=3.5;
P>0.6
P<0.04
F(2,82)=0.52; F(2,72)=3.2;
P>0.6
P<0.05
F(2,82)=0.66; F(2,72)=2.5;
P>0.5
P<0.09
F(2,82)=0.61; F(2,72)=3.1;
P>0.5
P<0.05
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Knockout
Female
Male
F(2,27)=0.44; F(2,29)=0.00;
P>0.6
P>1.0
F(2,27)=0.28; F(2,29)=0.01;
P>0.8
P>1.0
F(2,27)=0.18; F(2,29)=0.09;
P>0.8
P>0.9
F(2,27)=0.10; F(2,29)=0.06;
P>0.9
P>0.9
F(2,27)=0.41; F(2,29)=0.10;
P>0.7
P>0.9
F(2,27)=0.65; F(2,29)=0.04;
P>0.5
P>1.0
F(2,27)=1.5;
F(2,29)=0.11;
P>0.2
P>0.9

Table 5. 6. Statistics on anxiety-like behaviors in the elevated plus maze
Anxiety-like
Behaviors in
EPM
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Open Arm Latency

Open Arm Time

% Arm Time in Open Arms

Female

Male

Female

Male

Female

Male

F(4,152)=2.5;
P<0.04
F(2,152)=0.073;
P>0.9
F(2,43)=2.1;
P<0.1
F(2,82)=1.2;
P>0.3
F(2,27)=2.1;
P<0.1
F(2,152)=1.5;
P>0.2
F(2,43)=5.5;
P<0.006
F(2,51)=0.4;
P>0.7
F(2,58)=0.74;
P>0.5

F(4,132)=0.62;
P>0.6
F(2,132)=0.19;
P>0.8

F(4,140)=3.0;
P<0.02
F(2,140)=3.8;
P<0.03
F(2,42)=1.3;
P>0.3
F(2,74)=7.9;
P<0.0008
F(2,24)=5.0;
P<0.02
F(2,140)=7.2;
P<0.001
F(2,42)=5.1;
P<0.01
F(2,49)=1.9;
P>0.2
F(2,49)=9.2;
P<0.0004

F(4,127)=3.0;
P<0.02
F(2,127)=0.93;
P>0.4
F(2,33)=1.1;
P>0.4
F(2,65)=7.8;
P<0.0009
F(2,29)=0.19;
P>0.8
F(2,127)=2.2;
P<0.1
F(2,47)=1.4;
P>0.3
F(2,46)=1.0;
P>0.4
F(2,34)=6.6;
P<0.004

F(4,149)=2.8;
P<0.03
F(2,149)=0.71;
P>0.5
F(2,43)=1.2;
P>0.3
F(2,80)=3.3;
P<0.04
F(2,26)=2.8;
P<0.08
F(2,149)=5.2;
P<0.007
F(2,42)=6.1;
P<0.005
F(2,51)=0.18;
P>0.8
F(2,56)=3.7;
P<0.03

F(4,127)=3.5;
P<0.01
F(2,127)=0.60;
P>0.5
F(2,33)=0.90;
P>0.4
F(2,65)=8.5;
P<0.0005
F(2,29)=0.23;
P>0.8
F(2,127)=2.3;
P<0.1
F(2,47)=0.96;
P>0.4
F(2,46)=0.34;
P>0.7
F(2,34)=9.9;
P<0.0004

------F(2,132)=1.1;
P>0.3
-------
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Table 5. 7. Statistics on exploratory behaviors in the elevated plus maze
Exploratory
Behaviors in
EPM
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Open Arm Entries

Rears

% Unprotected Head Dips

Female

Male

Female

Male

Female

Male

F(4,146)=4.0;
P<0.004
F(2,146)=4.6;
P<0.01
F(2,43)=1.6;
P>0.2
F(2,79)=6.1;
P<0.003
F(2,24)=5.3;
P<0.01
F(2,146)=1.9;
P>0.2
F(2,42)=3.4;
P<0.04
F(2,51)=2.6;
P<0.09
F(2,53)=2.9;
P<0.06

F(4,128)=2.5;
P<0.05
F(2,128)=0.28;
P>0.8
F(2,33)=0.94;
P>0.4
F(2,66)=6.3;
P<0.003
F(2,29)=0.034;
P>1.0
F(2,128)=2.4;
P<0.09
F(2,47)=0.81;
P>0.4
F(2,46)=0.75;
P>0.5
F(2,35)=6.0;
P<0.006

F(4,151)=1.1;
P>0.4
F(2,151)=6.0;
P<0.003
F(2,43)=0.71;
P>0.5
F(2,81)=7.3;
P<0.001
F(2,27)=2.0;
P>0.2
F(2,151)=0.30;
P>0.7

F(4,133)=0.37;
P>0.8
F(2,133)=2.7;
P<0.07

F(4,127)=1.9;
P<0.1
F(2,127)=2.0;
P<0.1

---

---

---

---

---

---

F(4,136)=1.5;
P>0.2
F(2,136)=3,7;
P<0.03
F(2,43)=0.44;
P>0.6
F(2,69)=8.9;
P<0.0004
F(2,24)=6.0;
P<0.008
F(2,136)=9.7;
P<0.0001
F(2,42)=4.5;
P<0.02
F(2,48)=1.4;
P>0.3
F(2,46)=8.2;
P<0.0009
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------F(2,133)=1.2;
P>0.3

------F(2,127)=1.1;
P>0.3
-------

Table 5. 8. Statistics for locomotor activity in the elevated plus maze.
Locomotor Activity
in EPM
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Total Arm Entries
Female
Male
F(4,148)=2.4;
F(4,132)=1.4;
P<0.06
P>0.2
F(2,148)=7.5;
F(2,132)=1.1;
P<0.0008
P>0.3
F(2,43)=1.4;
--P>0.3
F(2,80)=5.7;
--P<0.005
F(2,25)=10.2;
--P<0.0006
F(2,148)=0.70; F(2,132)=4.4;
P>0.5
P<0.01
F(2,47)=3.4;
--P<0.04
F(2,47)=1.9;
--P>0.2
F(2,38)=1.4;
--P>0.3

Distance Traveled
Female
Male
F(4,148)=2.0; F(4,129)=1.7;
P<0.1
P<0.1
F(2,148)=7.2; F(2,129)=4.4;
P<0.001
P<0.01
F(2,42)=3.0;
F(2,30)=0.57;
P<0.06
P>0.6
F(2,81)=5.3;
F(2,70)=5.2;
P<0.007
P<0.008
F(2,25)=5.4;
F(2,29)=2.1;
P<0.01
P<0.1
F(2,148)=1.1; F(2,129)=3.1;
P>0.4
P<0.05
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---

---

---

---

---

---

Table 5. 9. Statistics for behavior in the open field test
Open Field
Behavior
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Total Distance Traveled
Female
Male
F(4,142)=2.1;
F(4,124)=0.39;
P<0.09
P>0.8
F(2,142)=3.8;
F(2,124)=9.5;
P<0.02
P<0.0001
F(2,36)=0.32;
F(2,31)=2.5;
P>0.7
P<0.1
F(2,79)=7.9;
F(2,68)=5.9;
P<0.0008
P<0.004
F(2,27)=2.6;
F(2,25)=4.3;
P<0.09
P<0.03
F(2,142)=6.9;
F(2,124)=0.46;
P<0.001
P>0.6
F(2,40)=2.9;
--P<0.07
F(2,45)=3.6;
--P<0.04
F(2,57)=4.4;
--P<0.02

% Distance Traveled in Center
Female
Male
F(4,144)=0.81;
F(4,124)=1.1;
P>0.5
P>0.4
F(2,144)=0.14; F(2,124)=0.0065;
P>0.9
P>1.0
---

---

---

---

---

---

F(2,144)=13.6;
P<0.0001
F(2,40)=6.9;
P<0.003
F(2,46)=3.2;
P<0.05
F(2,58)=4.8;
P<0.01

F(2,124)=2.6;
P<0.08
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Table 5. 10. Statistics for sociability behaviors
Sociability
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Chamber Preference
Normalized to Center
Female
Male
F(4,152)=2.0;
F(4,128)=3.5;
P<0.1
P<0.01
F(2,152)=0.67;
F(2,128)=1.7;
P>0.5
P>0.2
F(2,32)=0.58;
--P>0.6
F(2,69)=0.71;
--P>0.5
F(2,27)=2.2;
--P<0.1
F(2,152)=0.80;
F(2,128)=3.3;
P>0.5
P<0.04
F(2,46)=0.62;
--P>0.5
F(2,43)=5.4;
--P<0.008
F(2,39)=0.12;
--P>0.9

Proximity Preference
Female
F(4,152)=2.1;
P<0.09
F(2,152)=0.25;
P>0.8

Male
F(4,134)=2.1;
P<0.09
F(2,134)=1.9;
P<0.1

---

---

---

---

---

---

F(2,152)=1.4;
P>0.3

F(2,134)=3.6;
P<0.03
F(2,48)=1.2;
P>0.3
F(2,47)=5.4;
P<0.008
F(2,39)=0.76;
P>0.5

-------
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Table 5. 11. Statistics for preference for social novelty behaviors
Preference for
Social Novelty
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Chamber Preference
Normalized to Center
Female
Male
F(4,147)=0.22;
F(4,127)=2.7;
P>0.9
P<0.03
F(2,147)=0.051; F(2,127)=0.37;
P>1.0
P>0.7
F(2,32)=0.44;
--P>0.6
F(2,68)=2.3l;
--P<0.1
F(2,27)=1.6;
--P>0.2
F(2,147)=0.34;
F(2,127)=1.5;
P>0.7
P>0.2
F(2,45)=0.82;
--P>0.4
F(2,44)=3.8;
--P<0.03
F(2,38)=1.0;
--P>0.4

Proximity Preference
Female
F(4,150)=2.1;
P<0.08
F(2,150)=1.3;
P>0.3

Male
F(4,133)=0.69;
P>0.6
F(2,133)=1.2;
P>0.3

---

---

---

---

---

---

F(2,150)=0.92;
P>0.4

F(2,133)=0.86;
P>0.4

---

---

---

---

---

---
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Table 5. 12. Statistics for social memory behaviors
Social Memory
Interaction
Treatment
Genotype

Chamber Preference
Normalized to Center
Female
Male
F(4,146)=1.6;
F(4,130)=0.80;
P>0.2
P>0.5
F(2,146)=0.86; F(2,130)=0.44;
P>0.4
P>0.6
F(2,146)=0.56;
F(2,130)=1.3;
P>0.6
P>0.3

Proximity Preference
Female
F(4,152)=2.1;
P<0.08
F(2,152)=2.8;
P<0.07
F(2,152)=0.079;
P>0.9
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Male
F(4,134)=2.0;
P<0.1
F(2,134)=0.42;
P>0.7
F(2,134)=1.4;
P>0.3

Table 5. 13. Statistics for non-social investigative behaviors
Novel Non-social
Investigation
Interaction
Treatment
Genotype
Saline
PEPA
PCPA

Chamber Preference
Normalized to Center
Female
Male
F(4,145)=1.8;
F(4,127)=1.0;
P<0.1
P>0.4
F(2,145)=2.6;
F(2,127)=1.8;
P<0.08
P>0.2
F(2,145)=6.8;
F(2,127)=1.1;
P<0.002
P>0.3
F(2,40)=13.6;
--P<0.0001
F(2,47)=0.11;
--P>0.9
F(2,58)=3.9;
--P<0.03

Proximity Preference
Female
F(4,148)=1.1;
P>0.4
F(2,148)=0.73;
P>0.5
F(2,148)=0.58;
P>0.6

Male
F(4,133)=0.57;
P>0.7
F(2,133)=1.0;
P>0.4
F(2,133)=1.5;
P>0.2

---

---

---

---

---

---
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Table 5. 14. Statistics for time spent immobile in the forced swim test
Immobility Time
in FST
Interaction
Treatment
Genotype
Saline
PEPA
PCPA

Day 1: Last 4 min
Female
Male
F(4,138)=0.13;
F(4,130)=1.7;
P>1.0
P<0.1
F(2,138)=1.4;
F(2,130)=1.0;
P>0.2
P>0.4
F(2,138)=1.1;
F(2,130)=0.40;
P>0.3
P>0.7
---

---

---

---

---

---

Day 2: Last 4 min
Female
Male
F(4,142)=2.4;
F(4,124)=0.67;
P<0.06
P>0.6
F(2,142)=1.9;
F(2,124)=0.76;
P>0.2
P>0.5
F(2,142)=3.8;
F(2,124)=3.9;
P<0.02
P<0.02
F(2,39)=5.2;
F(2,44)=2.8;
P<0.01
P<0.07
F(2,48)=2.2;
F(2,44)=1.6;
P<0.1
P>0.2
F(2,55)=1.8;
F(2,36)=1.9;
P>0.2
P>0.2
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Table 5. 15. Statistics for latency to immobility in the forced swim test
Latency to
Immobility
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Day 1
Female
Male
F(4,146)=0.84;
F(4,131)=1.4;
P>0.5
P>0.2
F(2,146)=1.1;
F(2,131)=5.4;
P>0.3
P<0.006
F(2,33)=1.7;
--P>0.2
F(2,69)=5.8;
--P<0.005
F(2,29)=1.6;
--P>0.2
F(2,146)=1.5;
F(2,131)=1.4;
P>0.2
P>0.2
---

---

---

---

---

---

Day 2
Female
Male
F(4,135)=4.2; F(4,117)=1.2;
P<0.003
P>0.3
F(2,135)=3.3; F(2,117)=1.9;
P<0.04
P>0.2
F(2,38)=3.8;
--P<0.03
F(2,73)=2.4;
--P<0.1
F(2,24)=2.7;
--P<0.09
F(2,135)=3.2; F(2,117)=3.4;
P<0.04
P<0.04
F(2,39)=0.83;
F(2,40)=2.5;
P>0.4
P<0.09
F(2,43)=0.61; F(2,39)=0.73;
P>0.5
P>0.5
F(2,53)=9.1;
F(2,38)=3.0;
P<0.0004
P<0.06
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Table 5. 16. Statistics for learning measures in the Lashley III maze
Lashley Training
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Days to Criterion
Female
Male
F(4,126)=4.2;
F(4,120)=0.87;
P<0.003
P>0.5
F(2,126)=0.80;
F(2,120)=0.16;
P>0.5
P>0.9
F(2,33)=0.70;
--P>0.5
F(2,70)=3.9;
--P<0.02
F(2,23)=3.3;
--P<0.05
F(2,126)=0.065; F(2,120)=0.66;
P>0.9
P>0.5
F(2,36)=4.7;
--P<0.01
F(2,46)=3.0;
--P<0.06
F(2,44)=0.67;
--P>0.5

Total Errors
Female
Male
F(4,125)=5.2;
F(4,119)=0.27;
P<0.0006
P>0.9
F(2,125)=0.99;
F(2,119)=2.0;
P>0.4
P<0.1
F(2,33)=0.94;
--P>0.4
F(2,69)=2.0;
--P<0.1
F(2,23)=4.0;
--P<0.03
F(2,125)=1.7;
F(2,119)=0.30;
P>0.2
P>0.7
F(2,35)=3.3;
--P<0.05
F(2,46)=7.4;
--P<0.002
F(2,44)=1.4;
--P>0.3
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Table 5. 17. Statistics for memory measures in Lashley III maze
Lashley Retention
Interaction
Treatment
Genotype

Δ in Errors After 14 d
Female
Male
F(4,132)=0.75; P>0.6 F(4,106)=0.59 P>0.7
F(2,132)=1.4; P>0.3
F(2,106)=0.19; P>0.8
F(2,132)=0.93; P>0.4 F(2,106)=1.1; P>0.3
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Table 5. 18. Statistics for reversal learning measures in Lashley III maze
Lashley Reversal
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

Days to Criterion
Female
Male
F(4,130)=2.0;
F(4,124)=2.6;
P<0.09
P<0.04
F(2,130)=2.8;
F(2,124)=7.8;
P<0.06
P<0.0006
F(2,38)=2.0;
--P<0.1
F(2,61)=0.038;
--P>1.0
F(2,25)=7.3;
--P<0.003
F(2,130)=3.6;
F(2,124)=6.7;
P<0.03
P<0.002
F(2,39)=0.14;
F(2,44)=4.4;
P>0.9
P<0.02
F(2,46)=4.0;
F(2,46)=5.7;
P<0.02
P<0.006
F(2,45)=4.3;
F(2,34)=1.0;
P<0.02
P>0.4

Total Errors
Female
Male
F(4,128)=1.9;
F(4,116)=3.6;
P<0.1
P<0.009
F(2,128)=4.1;
F(2,116)=11.2;
P<0.02
P<0.0001
F(2,33)=0.49;
F(2,31)=3.1;
P>0.6
P<0.06
F(2,71)=3.0;
F(2,58)=0.092;
P<0.06
P>0.9
F(2,24)=8.5;
F(2,27)=4.6;
P<0.002
P<0.02
F(2,128)=2.0;
F(2,116)=6.9;
P<0.1
P<0.002
F(2,38)=1.0;
--P>0.4
F(2,45)=7.9;
--P<0.001
F(2,33)=2.1;
--P<0.1
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Figures

Figure 5. 1. Timeline for treatment and behavior testing
P=postnatal day. TPHI=tryptophan hydroxylase inhibitor

136

Percent survival

100
98

Saline
PEPA
PCPA

96
94
92
90
0

3

6

9
12
15
Postnatal Day

18

21

Figure 5. 2. Survival of mice treated postnatally with TPHIs for behavior studies
Minimal lethalities resulted from postnatal PEPA (10 mg/kg/d; 2 deaths; N=106) or
PCPA (100 mg/kg/d; 3 deaths; N=108) treatments. All saline treated pups (N=97)
survived postnatal injections.

137

Postnatal Weights
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Figure 5. 3. Postnatal weights
Body weight was measured once daily from P4 through P21. Female (A,C,E) and male
(B,D,F) postnatal weights of SERT+/+ (A,B), SERT+/- (C,D), and SERT-/- (E,F) mice
are shown. *P<0.05, **P<0.01, and ***P<0.001 vs. saline-treated mice of the same sex
and same genotype on the same treatment day. Black (*) for PEPA-treated animals, blue
(*) for PCPA-treated animals. #P<0.05, ##P<0.01 indicates significant differences
between PEPA- and PCPA-treated animals within sex and genotype on the same
treatment day.
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Adult Weights
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Figure 5. 4. Adult weights
Body weights were recorded at the beginning of each behavior test (except Lashley III
maze reversal) and on the day of sacrifice. Female (A,C,E) and male (B,D,F) adult
weights for SERT+/+ (A,B), SERT+/- (C,D) and SERT-/- (E,F) mice are shown. *P<0.05
and **P<0.01 vs. saline-treated mice of the same sex and genotype on the same day.
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Anxiety-like Behaviors
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Figure 5. 5. Anxiety-like behavior in the elevated plus maze
Measures of latency to enter the open arms (A,B), time spent in the open arms (C,D) and
percent arm time spent in open arms (E,F) were evaluated in female (A,C,E) and male
(B,D,F) mice. *P<0.05, **P<0.01, and ***P<0.001 vs. the indicated genotype within the
same treatment. #P<0.05 and ###P<0.001 vs. saline treatment of same genotype. ◊P<0.05,
◊◊

P<0.01 vs. other TPHI treatment of same genotype.
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Exploratory Behaviors
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Figure 5. 6. Exploratory behavior in the elevated plus maze
Number of open arm entries (A,B), rears (C,D) and percent of unprotected head dips
(E,F) were measured in female (A,C,E) and male (B,D,F) mice. *P<0.05, **P<0.01, and
***P<0.001 vs. indicated genotype within same treatment. #P<0.05, ##P<0.01, ###P<0.001
vs. saline treatment of same genotype. ◊P<0.05 vs. other TPHI treatment of same
genotype.
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Locomotor Activity
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Figure 5. 7. Locomotor activity in the elevated plus maze
Total number of arm entries (A,B) and total distance traveled (C,D) were evaluated in
female (A,C) and male (B,D) mice. *P<0.05 vs. indicated genotype within same
treatment. #P<0.05, ##P<0.01 vs. saline treatment of same genotype. ◊P<0.05, ◊◊◊P<0.001
vs. other TPHI treatment of same genotype.
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Open Field Behavior
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Figure 5. 8. Behaviors in the open field test
Locomotor activity was measured by total distance traveled (A,B), while anxiety-like
behavior was evaluated by percent distance traveled in the center area (C,D) in female
(A,C) and male (B,D) mice. *P<0.05, **P<0.01 vs. indicated genotype within same
treatment. #P<0.05, ##P<0.01, ###P<0.001 vs. saline treatment of same genotype.
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Sociability
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Figure 5. 9. Sociability behaviors
Investigation of stranger 1 and an empty cup was measured by chamber preference after
normalizing to time spent in center chamber (A,B), and preference for time spent in
proximity of stranger 1 versus an empty cup (C,D) in female (A,C) and male (B,D) mice.
**P<0.01 vs. indicated genotype within same treatment.
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Preference for Social Novelty
Stranger 2 vs Stranger 1
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Figure 5. 10. Preference for social novelty
Investigation of stranger 2 and stranger 1 was measured by chamber preference after
normalizing to time spent in center chamber (A,B), and preference for time spent in
proximity of stranger 2 versus stranger 1 (C,D) in female (A,C) and male (B,D) mice.
*P<0.05 vs. indicated genotype within same treatment.
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Social Memory
Stranger 1 vs Empty Cup
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Figure 5. 11. Social memory behaviors
Investigation of the previously encountered stranger 1 and empty cup after a 30 min
intermission was measured by chamber preference after normalizing to time spent in
center chamber (A,B), and preference for time spent in proximity of stranger 1 versus
empty cup (C,D) in female (A,C) and male (B,D) mice. No significant interaction,
treatment or genotype effects were detected.
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Novel Non-social Investigation
Novel Object vs Empty Cup
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Figure 5. 12. Novel non-social investigation
Investigation of a novel non-social object and the previously encountered empty cup was
measured by chamber preference after normalizing to time spent in center chamber
(A,B), and preference for time spent in proximity of the novel non-social object versus
empty cup (C,D) in female (A,C) and male (B,D) mice. *P<0.05, **P<0.01, ***P<0.001
vs. indicated genotype within same treatment.
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Figure 5. 13. Time spent immobile in the forced swim test as measure of learned
helplessness
The forced swim test was used to measure how long mice ceased active escape attempts
(time spent immobile). This test was performed on two consecutive days. The top graphs
show day 1 (A,B) and the bottom graphs show day 2 (C,D) in female (A,C) and male
(B,D) mice. *P<0.05 vs. indicated genotype within same treatment.
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Figure 5. 14. Latency to immobility in the forced swim test as a measure of
behavioral despair
The forced swim test was used to measure how soon mice cease active escape attempts
(latency to immobility). This test was performed on two consecutive days. The top graphs
show day 1 (A,B) and the bottom graphs show day 2 (C,D) in female (A,C) and male
(B,D) mice. **P<0.01, ***P<0.001 vs. indicated genotype within same treatment.
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P<0.01 vs. saline treatment of same genotype.
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Figure 5. 15. Learning in the Lashley III maze
In the top graphs (A,B), number of days to reach training criterion is shown with the solid
bars, excluding the percentage of mice that did not reach training criterion (textured
bars). These data correspond to the left and right y-axes, respectively. Lack of textured
bars indicates that all mice in that group reached training criterion by day 7. The number
of total errors made by mice reaching training criterion are shown in the bottom graphs
(C,D). Data are segregated by sex, with female mice on the left (A,C) and male mice on
the right (B,D). *P<0.05, **P<0.01 vs. indicated genotype within same treatment.
#

P<0.05 vs. saline treatment of same genotype.
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Figure 5. 16. Spatial memory of the Lashley III maze
Change in errors made by all mice, regardless of whether they reached training criterion,
was calculated by subtracting the errors made on the last day reaching criterion from the
number of errors made during a retention test exactly 14 days later. Consistent
performance in the maze after 14 days would thus equal zero, while a reduction in errors
would generate a negative value and an increase in errors would produce a positive value.
No significant interaction, treatment or genotype effects were detected in either female
(A) or male (B) mice.
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Lashley Reversal
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Figure 5. 17. Reversal learning using the Lashley III maze
In the top graphs (A,B), number of days to reach reversal criterion is shown with the solid
bars, excluding the percentage of mice that did not reach reversal criterion (textured
bars). These data correspond to the left and right y-axes, respectively. Lack of textured
bars indicates that all mice in that group reached reversal criterion by day 7. The number
of total errors made by mice reaching reversal criterion are shown in the bottom graphs
(C,D). Data are segregated by sex, with female mice on the left (A,C) and male mice on
the right (B,D). *P<0.05, **P<0.01 vs. indicated genotype within same treatment.
#

P<0.05, ##P<0.01 vs. saline treatment of same genotype.
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Supplemental methods
Tissue collection and processing
Postnatal mice were sacrificed by cervical dislocation followed by rapid
decapitation. Brains were quickly removed and dissected over wet ice, frozen on dry ice,
and stored at -70°C. Homogenization of different brain regions was accomplished suing
pulsed probe-tip sonification in 0.1 M perchloric acid. Homogenate aliquots were taken
for a Pierce bicinchoninic acid assay (Thermo Fisher Scientific, Waltham, MA)(Smith et
al., 1985) to assess individual sample protein concentrations. Following protein assay,
homogenates were centrifuged for 10 min at 4°C at 13,000 rpm (approx. 16,000 × g), and
supernatants were obtained for high performance liquid chromatography (HPLC)
analysis.
Standards and samples were maintained at 4 °C in an Insight autosampler
(EiCOM, San Diego, CA), injected onto an HTEC-500 HPLC (EiCOM, San Diego, CA),
and detected by at an EiCOM pure graphite working electrode (WE-PG; San Diego, CA).
Peaks were identified by comparison with retention times of standards and verified
through standard addition to sample aliquots. Peak area under the curve (AUC)
integration was performed using PowerChrom software (v2.6.14; eDAQ, Colorado
Springs, CO). Sample concentrations were calculated via extrapolation vs. standard
curves and normalized to an internal standard (5-hydroxy-Nω-methyltryptamine oxalate).
Sample concentrations were converted to ng analyte per mg protein.
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HPLC conditions
Mobile phase was made as previously described (Mathews et al., 2004),
consisting of 9% acetonitrile (v/v), 0.033-0.05% octanesulfonic acid (wt/v),
0.1% triethylamine (v/v), and 10 µM EDTA in 0.1 M monochloroacetic acid at pH=2.60.
Hypothalamus and hippocampus samples were run at 250 µL/min through a Phenomenex
Luna C(18)2 3µm 2.0 mm I.D. × 150 mm column (Torrance, CA) held at 30°C. Brainstem,
frontal cortex and striatum samples were run at 22°C through a Spherisorb ODS 3µm
3.0 mm I.D × 100 mm column (Waters Corp., Milford, MA) at 500 µL/min. All samples
and standards were detected at +700 mV.
Chemicals
All chemicals, unless stated otherwise, were obtained from Sigma (St. Louis,
MO). Octanesulfonic acid and perchloric acid were obtained from Acros (Fair Lawn, NJ),
while acetonitrile and triethylamine were from EMD (Billerica, MA).
Olfactory test
A separate cohort of SERT-deficient mice were tested for olfaction using methods
slightly modified from those described previously (Moy et al., 2004; Moy et al., 2009).
Briefly, a few days before testing Froot Loops (Kellogg’s; Battle Creek, MI) were
introduced in the home cages of mice to be tested. Unlike previous methods where food
was removed from home cages 16-20 h prior to testing, mice did not have their food
removed until 1-2 h before testing. Mice were first placed in bins (35 cm × 23 cm ×
17.5 cm high) containing 3 cm deep Sani-chip bedding (Harlan Teklad; Placentia, CA)
for 5 min to become acclimated to the environment. They were then briefly returned to
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their home cages while a Froot Loop was buried 1 cm under the surface of the bedding in
a corner of the bin. Mice were then returned to the bin and allowed to explore for 15 min.
All testing was video recorded for later visual scoring for latency to uncover the buried
Froot Loop by a blind observer. In between mice bedding was discarded and bins were
cleaned with 70% ethanol and allowed to fully dry before placing fresh bedding in the
bins. Once all mice in a cage completed olfactory testing, food was immediately returned
to the cage.
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Supplemental tables
Supplemental Table 5. 1. Statistical effects (A) and timepoint statistics (B) of control
animal weights
A
Weaning & Behavior Weights
Time x Treatment x Sex
Time x Sex
Treatment x Sex
Time x Treatment
Time
Treatment
Sex

B
Wean
EPM
OFT
SSN
FST
LaT
LaR
Sac

Wildtype
F(7,322)=0.59;
P>0.5
F(7,322)=18.8;
P<0.0001
F(1,46)=0.89;
P>0.4
F(7,322)=2.0;
P>0.2
F(7,322)=824.7;
P<0.0001
F(1,46)=0.41;
P>0.5
F(1,46)=16.6;
P<0.0002

Heterozygous
F(7,707)=1.3;
P>0.3
F(7,707)=50.8;
P<0.0001
F(1,101)=0.00;
P>1.0
F(7,707)=1.9;
P>0.2
F(7,707)=2161.8;
P<0.0001
F(1,101)=0.24;
P>0.6
F(1,101)=53.9;
P<0.0001

Knockout
Female
Male
F(1,21)=0.82; F(1,24)=4.4;
P>0.4
P<0.05
F(1,21)=2.5; F(1,24)=0.03;
P<0.1
P>0.9
F(1,21)=1.4; F(1,24)=0.11;
P>0.2
P>0.7
F(1,21)=2.2; F(1,24)=0.04;
P>0.2
P>0.8
F(1,21)=1.5; F(1,24)=0.14;
P>0.2
P>0.7
F(1,21)=2.1; F(1,24)=0.06;
P>0.2
P>0.8
F(1,21)=2.9; F(1,24)=0.65;
P<0.1
P>0.4
F(1,21)=4.1;
F(1,24)=2.5;
P<0.06
P<0.1
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Knockout
F(7,315)=0.46;
P>0.7
F(7,315)=15.4;
P<0.0001
F(1,45)=0.53;
P>0.5
F(7,315)=11.1;
P<0.0001
F(7,315)=1740.6;
P<0.0001
F(1,45)=1.5;
P>0.2
F(1,45)=13.7;
P<0.0006

Supplemental Table 5. 2. Statistics on anxiety-related (A) and exploratory (B)
behaviors of control animals in the elevated plus maze
A
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

B
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

Open Arm Latency
Female
Male
F(2,82)=3.7;
F(2,102)=0.96;
P<0.03
P>0.4
F(1,82)=14.5;
F(1,102)=0.59;
P<0.0003
P>0.4
T(22)=0.40;
--P>0.7
T(41)=2.0;
--P<0.05
T(19)=4.5;
--P<0.0002
F(2,82)=4.1;
F(2,102)=0.81;
P<0.0199
P>0.4
F(2,39)=0.010;
--P>1.0
F(2,43)=5.5;
--P<0.006
Open Arm Entries
Female
Male
F(2,86)=1.3;
F(2,103)=0.15;
P>0.3
P>0.9
F(1,86)=0.59;
F(1,103)=0.071;
P>0.4
P>0.8

Open Arm Time
Female
Male
F(2,86)=2.2;
F(2,102)=1.1;
P<0.1
P>0.4
F(1,86)=0.47; F(1,102)=0.16;
P>0.5
P>0.7

% Arm Time in Open Arms
Female
Male
F(2,86)=1.4;
F(2,104)=0.16;
P>0.2
P>0.9
F(1,86)=3.8;
F(1,104)=0.25;
P<0.06
P>0.6

---

---

---

---

---

---

---

---

---

---

---

---

F(2,86)=4.3;
P<0.02
F(2,44)=0.70;
P>0.5
F(2,42)=5.1;
P<0.01

F(2,102)=3.2;
P<0.05
F(2,55)=2.5;
P<0.09
F(2,47)=1.4;
P>0.3

F(2,86)=5.9;
P<0.004
F(2,44)=0.90;
P>0.4
F(2,42)=6.1;
P<0.005

F(2,104)=2.1;
P<0.1

Rears
Female
Male
F(2,84)=1.6;
F(2,104)=0.26;
P>0.2
P>0.8
F(1,84)=2.9;
F(1,104)=2.2;
P<0.09
P<0.1

-----

% Unprotected Head Dips
Female
Male
F(2,86)=2.0;
F(2,99)=0.64;
P<0.1
P>0.5
F(1,86)=0.62;
F(1,99)=9.2;
P>0.4
P<0.003
T(24)=1.1;
--P>0.3
T(53)=1.8;
--P<0.08
T(22)=2.4;
--P<0.02
F(2,86)=2.2;
F(2,99)=1.1;
P<0.1
P>0.4

---

---

---

---

---

---

---

---

---

---

---

---

F(2,86)=3.9;
P<0.02
F(2,44)=1.0;
P>0.4
F(2,42)=3.4;
P<0.04

F(2,103)=1.5;
P>0.2

F(2,84)=0.29;
P>0.7

F(2,104)=2.7;
P<0.07

---

---

---

---

---

---

---

---

---

---
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Supplemental Table 5. 3. Locomotor activity of control animals in the elevated plus
maze

Interaction
Treatment
Genotype
AFR
Saline

Total Arm Entries
Female
Male
F(2,87)=0.28;
F(2,104)=0.24;
P>0.8
P>0.8
F(1,87)=0.88;
F(1,104)=0.98;
P>0.4
P>0.3
F(2,87)=0.69;
F(2,104)=10.9;
P>0.5
P<0.0001
F(2,57)=8.5;
--P<0.0006
F(2,47)=3.4;
--P<0.04

Distance Traveled
Female
Male
F(2,87)=0.46;
F(2,103)=0.65;
P>0.6
P>0.5
F(1,87)=0.058;
F(1,103)=0.027;
P>0.8
P>0.9
F(2,87)=1.1;
F(2,103)=6.3;
P>0.4
P<0.003
F(2,57)=4.9;
--P<0.01
F(2,46)=2.2;
--P<0.1
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Supplemental Table 5. 4. Behaviors of control animals in open field test

Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

Total Distance Traveled
Female
Male
F(2,79)=0.54; F(2,103)=0.88;
P>0.6
P>0.4
F(1,79)=4.3;
F(1,103)=4.5;
P<0.04
P<0.04
T(20)=0.32;
T(23)=0.55;
P>0.8
P>0.6
T(39)=1.8;
T(56)=0.87;
P<0.09
P>0.4
T(20)=2.3
T(24)=2.4;
P<0.03
P<0.02
F(2,79)=4.9;
F(2,103)=1.2;
P<0.01
P>0.3
F(2,39)=3.2;
--P<0.05
F(2,40)=2.9;
--P<0.07

% Distance in Center
Female
Male
F(2,81)=1.2;
F(2,103)=0.98;
P>0.3
P>0.4
F(1,81)=7.8;
F(1,103)=2.0;
P<0.007
P>0.2
T(20)=0.52;
--P>0.6
T(41)=3.3;
--P<0.002
T(20)=1.7;
--P<0.1
F(2,81)=18.3; F(2,103)=11.8;
P<0.0001
P<0.0001
F(2,41)=13.1;
F(2,57)=1.6;
P<0.0001
P<0.0008
F(2,40)=6.9;
F(2,46)=4.1;
P<0.003
P<0.02
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Supplemental Table 5. 5. Social and non-social investigative behaviors of control
animals

Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

Interaction
Treatment
Genotype
AFR
Saline

Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

Sociability Normalized
Female
Male
F(2,82)=5.8;
F(2,98)=1.5;
P<0.005
P>0.2
F(1,82)=5.6;
F(1,98)=1.7;
P<0.02
P>0.2
T(22)=0.98;
--P>0.3
T(42)=0.81;
--P>0.4
T(18)=1.8;
--P<0.09
F(2,82)=4.7;
F(2,98)=2.1;
P<0.01
P<0.1
F(2,39)=5.8;
--P<0.006
F(2,43)=2.8;
--P<0.07

Sociability Proximity
Female
Male
F(2,85)=1.9;
F(2,105)=1.9;
P>0.2
P>0.2
F(1,85)=0.72; F(1,105)=3.1;
P>0.4
P<0.08

Social Novelty Proximity
Female
Male
F(2,83)=0.44;
F(2,102)=0.55;
P>0.6
P>0.6
F(1,83)=0.013; F(1,102)=0.032;
P>0.9
P>0.9
F(2,83)=0.92;
F(2,102)=2.2;
P>0.4
P<0.1

Memory Normalized
Female
Male
F(2,83)=0.81; F(2,100)=0.2;
P>0.4
P>0.8
F(1,83)=0.67; F(1,100)=1.3;
P>0.4
P>0.3
F(2,83)=1.6;
F(2,100)=6.2;
P>0.2
P<0.003
F(2,56)=3.6;
--P<0.03
F(2,44)=3.2;
--P<0.05

---

---

---

---

--Non-social Normalized
Female
Male
F(2,78)=11.3;
F(2,101)=3.0;
P<0.0001
P<0.06
F(1,78)=16.0;
F(1,101)=0.94;
P<0.0001
P>0.3
T(21)=0.73;
--P>0.5
T(38)=0.082;
--P>0.9
T(19)=3.5;
--P<0.002
F(2,78)=8.1;
F(2,101)=9.2;
P<0.0006
P<0.0002
F(2,38)=0.53;
F(2,55)=7.6;
P>0.6
P<0.001
F(2,40)=13.6;
F(2,46)=2.9;
P<0.0001
P<0.06

---

---

---

---

---

---

F(2,85)=1.6;
P>0.2

F(2,105)=3.6;
P<0.03
F(2,57)=0.91;
P<0.03
F(2,48)=1.2;
P>0.3

-----

Non-social Proximity
Female
Male
F(2,83)=1.4;
F(2,103)=2.2;
P>0.3
P<0.1
F(1,83)=6.1;
F(1,103)=4.3;
P<0.02
P<0.04
T(22)=1.0;
T(24)=3.9;
P>0.3
P<0.0007
T(44)=1.1;
T(57)=2.5;
P>0.3
P<0.02
T(19)=2.0;
T(24)=0.81;
P<0.06
P>0.4
F(2,83)=0.28; F(2,103)=1.6;
P>0.8
P>0.2
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---

---

---

---

Social Novelty Normalized
Female
Male
F(2,81)=0.15;
F(2,98)=1.8;
P>0.9
P>0.2
F(1,81)=0.11;
F(1,98)=4.4;
P>0.7
P<0.04
T(22)=0.49;
--P>0.6
T(55)=0.60;
--P>0.6
T(21)=2.0;
--P<0.05
F(2,81)=0.12;
F(2,98)=0.76;
P>0.9
P>0.5
---

---

---

---

Memory Proximity
Female
Male
F(2,85)=1.0;
F(2,104)=0.45;
P>0.4
P>0.6
F(1,85)=1.8;
F(1,104)=0.22;
P>0.2
P>0.6
F(2,85)=1.1;
F(2,104)=7.1;
P>0.3
P<0.001
F(2,56)=3.3;
--P<0.05
F(2,48)=4.4;
--P<0.02

Supplemental Table 5. 6. Learned helplessness (A) and behavioral despair (B)
behaviors of control animals in the forced swim test
A
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

B
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

Day 1 Immobility
Female
Male
F(2,79)=0.35;
F(2,102)=0.26
P>0.7
P>0.8
F(1,79)=1.5;
F(1,102)=5.8;
P>0.2
P<0.02
T(24)=0.91;
--P>0.4
T(54)=1.6;
--P<0.1
T(24)=1.6;
--P<0.1
F(2,79)=0.74;
F(2,102)=2.3;
P>0.5
P<0.1
---

---

---

---

Day 1 Latency
Female
Male
F(2,84)=0.11;
F(2,104)=2.6;
P>0.9
P<0.08
F(1,84)=0.033;
F(1,104)=0.58;
P>0.9
P>0.4
---

---

---

---

---

---

F(2,84)=4.9;
P<0.01
F(2,44)=3.0;
P<0.06
F(2,40)=2.1
P<0.1

F(2,104)=0.088;
P>0.9
-----

Day 2 Immobility
Female
Male
F(2,78)=0.63;
F(2,98)=0.82;
P>0.5
P>0.4
F(1,78)=1.3;
F(1,98)=0.31;
P>0.3
P>0.6
---

---

---

---

---

---

F(2,78)=6.9;
P<0.002
F(2,39)=3.7;
P<0.03
F(2,39)=5.2
P<0.01

F(2,98)=1.6;
P>0.2
-----

Day 2 Latency
Female
Male
F(2,75)=1.4;
F(2,91)=1.5;
P>0.3
P>0.2
F(1,75)=9.5;
F(1,91)=3.9;
P<0.003
P<0.05
T(19)=2.4;
--P<0.03
T(39)=1.6;
--P<0.1
T(17)=1.2;
--P>0.2
F(2,75)=0.097;
F(2,91)=3.2;
P>0.9
P<0.04
F(2,51)=0.79;
--P>0.5
F(2,40)=2.5;
--P<0.09
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Supplemental Table 5. 7. Learning and memory (A) and reversal learning (B) of
control animals in the Lashley III maze
A
Interaction
Treatment
Genotype

B
Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

Training Days to Criterion
Female
Male
F(2,74)=2.8;
F(2,94)=0.50;
P<0.07
P>0.6
F(1,74)=0.0042; F(1,94)=0.040;
P>0.9
P>0.8
F(2,74)=2.9;
F(2,94)=0.098;
P<0.06
P>0.9

Training Total Errors
Female
Male
F(2,73)=2.0;
F(2,92)=0.81;
P<0.1
P>0.4
F(1,73)=0.098; F(1,92)=0.45;
P>0.8
P>0.5
F(2,73)=2.0;
F(2,92)=0.99;
P<0.1
P>0.4

Reversal Days to Criterion
Female
Male
F(2,74)=4.1;
F(2,88)=4.6;
P<0.02
P<0.01
F(1,74)=1.6;
F(1,88)=2.0;
P>0.2
P>0.2
T(20)=1.2;
T(27)=0.28;
P>0.3
P>0.8
T(38)=1.3;
T(42)=2.2;
P>0.2
P<0.04
T(16)=4.5;
T(19)=2.4;
P<0.0004
P<0.03
F(2,74)=2.4;
F(2,88)=4.0;
P<0.1
P<0.02
F(2,35)=5.9;
F(2,44)=4.4;
P<0.006
P<0.02
F(2,39)=0.14;
F(2,44)=4.4;
P>0.9
P<0.02

Reversal Total Errors
Female
Male
F(2,72)=1.5;
F(2,84)=1.5;
P>0.2
P>0.2
F(1,72)=3.8;
F(1,84)=1.5;
P<0.05
P>0.2
---

---

---

---

---

---

F(2,72)=0.12;
P>0.9

F(2,84)=0.31;
P>0.7

---

---

---

---
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Retention
Female
Male
F(2,73)=0.45;
F(2,89)=0.24;
P>0.6
P>0.8
F(1,73)=0.020;
F(1,89)=1.9;
P>0.9
P>0.2
F(2,73)=0.44;
F(2,89)=0.051;
P>0.6
P>1.0

Supplemental Table 5. 8. Number of mice in cohort used for postnatal
neurochemical analyses
Treatment
Sex
Female
Male

Genotype
+/+
+/-/+/+
+/-/-

Treatment Totals

AFR
2
5-6
4
2
4
3

Saline
3
6
3
3
4
6

PEPA
1
5
8
4
5
3

PCPA
7
10
2
2
14
2

20-21

25

26

37
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Genotype
Totals
13
26-27
17
11
27
14

108-109

Supplemental Table 5. 9. Statistics on serotonin (A), 5-HIAA (B) and catecholamine
(C) levels of postnatal neurochemistry cohort
A

Hippocampus

Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype
Saline
PEPA
PCPA

B

Hippocampus

Interaction
Treatment
Wildtype
Heterozygous
Knockout
Genotype

Brainstem
F(4,78)=4.1;
P<0.005
F(2,78)=135
; P<0.0001
F(2,17)=70;
P<0.0001
F(2,41)=79;
P<0.0001
F(2,20)=40;
P<0.0001
F(2,78)=2.8;
P<0.07
F(2,22)=0.00
; P>1.0
F(2,22)=24;
P<0.0001
F(2,34)=2.5;
P<0.1

Brainstem
F(4,78)=1.3;
P>0.3
F(2,78)=139
; P<0.0001
F(2,17)=77;
P<0.0001
F(2,41)=124
; P<0.0001
F(2,20)=21;
P<0.0001
F(2,78)=0.92
; P>0.4

Serotonin
Frontal Cortex
F(4,79)=2.0
P<0.1
F(2,79)=150;
P<0.0001
F(2,17)=134;
P<0.0001
F(2,41)=107;
P<0.0001
F(2,21)=30;
P<0.0001
F(2,79)=2.2;
P<0.1
------5-HIAA
Frontal Cortex
F(4,79)=1.6;
P>0.2
F(2,79)=202;
P<0.0001
F(2,17)=30;
P<0.0001
F(2,41)=143;
P<0.0001
F(2,21)=159;
P<0.0001
F(2,79)=1.4;
P>0.2

C
Interaction
Treatment
---

---

Wildtype

---

---

Heterozygous

---

---

Knockout
Genotype

Hypothalamus
F(4,79)=4.4;
P<0.003
F(2,79)=161;
P<0.0001
F(2,17)=48;
P<0.0001
F(2,41)=78;
P<0.0001
F(2,21)=86;
P<0.0001
F(2,79)=11;
P<0.0001
F(2,22)=0.00;
P>1.0
F(2,23)=48;
P<0.0001
F(2,34)=9.8;
P<0.0004

Striatum
F(4,79)=2.8;
P<0.03
F(2,79)=81;
P<0.0001
F(2,17)=83;
P<0.0001
F(2,41)=36;
P<0.0001
F(2,21)=46;
P<0.0001
F(2,79)=2.8;
P<0.06
F(2,22)=0.00;
P>1.0
F(2,23)=12;
P<0.0003
F(2,34)=0.12;
P>0.9

Hypothalamus
F(4,79)=0.48;
P>0.8
F(2,79)=63;
P<0.0001
F(2,17)=43;
P<0.0001
F(2,41)=55;
P<0.0001
F(2,21)=6.9;
P<0.005
F(2,79)=1.2;
P>0.3

Striatum
F(4,79)=0.83;
P>0.5
F(2,79)=1050
; P<0.0001
F(2,17)=676;
P<0.0001
F(2,41)=537;
P<0.0001
F(2,21)=251;
P<0.0001
F(2,79)=3.0;
P<0.06

NE
Hypothalamus
F(4,79)=0.30;
P>0.9
F(2,79)=12;
P<0.0001
F(2,17)=3.2;
P<0.06
F(2,41)=8.6;
P<0.0007
F(2,21)=2.4;
P<0.1
F(2,79)=0.28;
P>0.8

DA
Striatum
F(4,79)=1.2;
P>0.3
F(2,79)=1.5;
P>0.2
------F(2,79)=0.23;
P>0.8

Note: Chromatogram analysis of hippocampus tissue has not been completed.
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Supplemental Table 5. 10. Statistics on serotonin (A), 5-HIAA (B) and
catecholamine (C) levels of control animals in postnatal neurochemistry cohort
A

Hippocampus

Interaction
Treatment

F(2,40)=2.5;
P<0.1
F(1,40)=2.1;
P>0.2

Serotonin
Frontal
Cortex
F(2,40)=0.75;
P>0.5
F(1,40)=1.2;
P>0.3

F(2,40)=59;
P<0.0001
F(2,18)=23;
P<0.0001
F(2,22)=44;
P<0.0001

F(2,40)=60;
P<0.0001
F(2,18)=20;
P<0.0001
F(2,22)=46;
P<0.0001

Brainstem

Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

B

Hippocampus

Interaction
Treatment

Brainstem
F(2,37)=3.1;
P<0.06
F(1,37)=3.1;
P<0.09

Wildtype
Heterozygous
Knockout
Genotype
AFR
Saline

F(2,37)=21;
P<0.0001
F(2,16)=14;
P<0.0004
F(2,21)=6.1;
P<0.008

5-HIAA
Frontal
Cortex
F(2,37)=9.3;
P<0.0005
F(1,37)=15;
P<0.0004
T(8)=5.0;
P<0.001
T(15)=1.3;
P>0.2
T(14)=2.3;
P<0.04
F(2,37)=67;
P<0.0001
F(2,16)=37;
P<0.0001
F(2,21)=26;
P<0.0001

C
Interaction
Treatment
Genotype
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Hypothalamus

Striatum

F(2,39)=4.7;
P<0.02
F(1,39)=6.4;
P<0.02
T(8)=2.3;
P<0.05
T(17)=0.22;
P>0.8
T(14)=1.9;
P<0.08
F(2,39)=76;
P<0.0001
F(2,17)=238;
P<0.0001
F(2,22)=31;
P<0.0001

F(2,40)=1.1;
P>0.3
F(1,40)=13;
P<0.0008
T(8)=3.0;
P<0.02
T(18)=1.9;
P<0.07
T(14)=4.7;
P<0.0003
F(2,40)=24;
P<0.0001
F(2,18)=6.3;
P<0.008
F(2,22)=22;
P<0.0001

Hypothalamus

Striatum

F(2,36)=2.2;
P<0.1
F(1,36)=0.48;
P>0.5

F(2,36)=21;
P<0.0001
F(2,15)=25;
P<0.0001
F(2,21)=5.0;
P<0.02

F(2,37)=3.3;
P<0.05
F(1,37)=1.4;
P>0.2
T(8)=3.2;
P<0.01
T(15)=0.60;
P>0.6
T(14)=2.7;
P<0.02
F(2,37)=45;
P<0.0001
F(2,16)=18;
P<0.0001
F(2,21)=32;
P<0.0001

NE
Hypothalamus
F(2,39)=0.32;
P>0.7
F(1,39)=3.2;
P<0.08
F(2,39)=0.35;
P>0.7

DA
Striatum
F(2,40)=1.4;
P>0.3
F(1,40)=0.20;
P>0.7
F(2,40)=0.72;
P>0.5

Supplemental Table 5. 11. Olfaction test results (A) and statistical analyses (B)
A
Female

Male

Genotype

N

+/+
+/-/+/+
+/-/-

8
10
5
11
19
15

Latency to
Uncover Food (s)
395±113
321±104
309±153
301±97
397±71
660±78

B
Interaction
Sex
Genotype

Data in (A) are presented as mean ± SEMs.
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Latency to Uncover Food
F(2,62)=2.1; P<0.1
F(1,62)=1.8; P>0.2
F(2,62)=0.96; P>0.4

Supplemental figures

Control Animal Weights

Weight (g)

Female

Male

55
50
45
40
35
30
15
10

55
50
45
40
35
30
15
10

*

WeanEPM OFT SSN FST LaT LaR Sac

WeanEPM OFT SSN FST LaT LaR Sac

Timepoint

Timepoint
WT AFR
WT Saline

Het AFR
Het Saline

KO AFR
KO Saline

Supplemental Figure 5. 1. Control animal weights
The only significant difference detected was between male knockouts that were AFR or
postnatally administered saline, with the former demonstrating a higher weight than the
latter (T(23)=2.2; *P<0.04)
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Elevated Plus Maze
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Anxiety-like Behaviors
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Exploratory Behaviors
B
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Open Arm Time (s)
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Open Arm Latency (s)

Control Animals

100
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Supplemental Figure 5. 2. Anxiety-like and exploratory behaviors in control mice
Measures of latency to enter the open arms (A), time spent in the open arms (B), percent
arm time spent in open arms (C), open arm entries (D), rears (E), and percent of
unprotected head dips (F) evaluated in female and male control mice. AFR=animal
facility reared. *P<0.05, **P<0.01 vs. indicated genotype within same treatment.
#

P<0.05, ###P<0.001 vs. AFR of same sex, same genotype.
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Locomotor Activity in Elevated Plus Maze
Control Animals

***

Total Arm Entries

15

**
10
5
0

+/+ +/- -/-

+/+ +/- -/-

+/+ +/- -/-

+/+ +/- -/-

AFR

Saline

AFR

Saline

Female

Distance traveled (cm)

A
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Saline

AFR
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Female

Male

Supplemental Figure 5. 3. Locomotor activity of control mice in elevated plus maze
Measures of total arm entries (A) and total distance traveled (B) in female and male
control mice. AFR=animal facility reared. *P<0.05, **P<0.01, ***P<0.001 vs. indicated
genotype within same treatment.
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Open Field Behavior
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Supplemental Figure 5. 4. Open field behavior of control mice
Measures of total distance traveled (A) and percent distance traveled in the center (B) in
female and male control mice. AFR=animal facility reared. *P<0.05, **P<0.01,
***P<0.001 vs. indicated genotype within same treatment. #P<0.05, ##P<0.01 vs. AFR of
same sex, same genotype.
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Social and Non-social Investigative Behaviors
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Supplemental Figure 5. 5. Social and non-social investigative behaviors in control
mice
Measures of chamber preference normalized to center (A,C,E,G) and proximity
preference (B,D,F,H) for sociability (A,B), preference for social novelty (C,D), social
memory (E,F) and novel non-social investigation (G,H) in female and male control mice.
AFR=animal facility reared. *P<0.05, **P<0.01, ***P<0.001 vs. indicated genotype
within same treatment. #P<0.05,, ##P<0.01 ###P<0.001 vs. AFR of same sex, same
genotype.
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Learned Helplessness and Behavioral Despair
Control Animals
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Supplemental Figure 5. 6. Learned helplessness and behavior despair of control
mice
Measures of time spent immobile during the last 4 min (A,B) and latency to first
immobility (C,D) on days 1 (A,C) and 2 (B,D) of the forced swim test in female and male
control mice. AFR=animal facility reared. *P<0.05 vs. indicated genotype within same
treatment. #P<0.05 vs. AFR of same sex, same genotype.
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Lashley III Maze
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Supplemental Figure 5. 7. Lashley III maze measures in control mice
Measures of days to reach criterion (left y-axis; A,D), percent NOT reaching criterion
(right y-axis; A,D), total errors to reach criterion (B,E) and change in errors after 14 d (C)
in female and male control mice. AFR=animal facility reared. *P<0.05, **P<0.01 vs.
indicated genotype within same treatment. #P<0.05, ###P<0.001 vs. AFR of same sex,
same genotype.
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Supplemental Figure 5. 8. Serotonin and 5-HIAA neurochemistry
A cohort of mice separate from those used for behavior were treated postnatally with
TPHIs and sacrificed at P21 to evaluate brain neurotransmitter levels. Percent change in
serotonin (A,B,C) or 5-HIAA (D,E,F) levels at P21 in hippocampus (Hip), brainstem
(BS), frontal cortex (FC), hypothalamus (Hypo) and striatum (Str) relative to salinetreated animals. Sexes were combined, and data shown are for wildtype (A,D),
heterozygous (B,E) and knockout (C,F) mice after postnatal treatment with 10 mg/kg
PEPA or 100 mg/kg PCPA. *P<0.05, **P<0.01, ***P<0.001 vs saline control within
same brain region. #P<0.05, ##P<0.01, ###P<0.001 vs PCPA treatment within same brain
region. aP<0.05, aaP<0.01, aaaP<0.001 vs wildtype animals of same treatment within same
brain region. cccP<0.001 vs knockout animals of same treatment within same brain
region.
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Supplemental Figure 5. 9. Catecholamine levels in neurochemistry cohort of mice
Levels of norepinephrine in the hypothalamus (A) and dopamine in the striatum (B) were
examined in a cohort of mice treated with pTPHIs separate from those used for behavior.
*P<0.05, ***P<0.001 vs. saline control within same genotype. #P<0.05 vs. PCPA
treatment within same genotype. No significant differences in dopamine levels as a result
of treatment were observed.
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Supplemental Figure 5. 10. Serotonin and 5-HIAA levels in control mice
Neurotransmitter levels of control animals were not significantly different between the
sexes (data not shown), and were thus pooled for comparisons across genotype and
treatment. Levels of serotonin (A,B,C) and 5-HIAA (D,E,F) are shown in wildtype
(A,D), heterozygous (B,E) and knockout (C,F) mice. *P<0.05, **P<0.01, ***P<0.001 vs.
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wildtype levels of the same treatment in the same brain region. ◊P<0.05, ◊◊P<0.01,
◊◊◊

P<0.001 vs. heterozygote levels of the same treatment in the same brain region.
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Chapter 6

Comparing two testing conditions for
elevated plus maze behaviors

Introduction
The elevated plus maze (EPM) is commonly used to assess anxiety-like behavior
in rodents. In this maze, mice are presented with aspects of novelty and conflict (Handley
and Mithani, 1984; Walf and Frye, 2007; Komada et al., 2008). Previously our laboratory
used an EPM constructed with black floor material. We used video recording from a
slightly elevated side view under low lighting to record behavior for later visual scoring.
As the number of EPM tests we needed to perform increased, we began to employ an
automated behavioral tracking software that uses visual contrast to detect the location and
movement of mice in the EPM. However, the coat color of the serotonin transporter
(SERT) deficient mice we study varies from albino to black, with variations of grey and
brown in between.
While albino mice could be easily detected by the software on the black-floored
EPM, tracking was impaired when testing mice with darker coat colors. After changing
the lighting arrangement and constructing a new EPM with a red floor, we were able to
optimize conditions for the tracking software to detect mice of any coat color. This also
involved placing the EPM on a table covered with a translucent white vinyl sheet to
provide uniform lighting from beneath the maze, while still making it appear as though
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the maze was on solid flooring. This is in contrast to the black-floored maze, which was
placed on the floor with indirect lighting from above.
We assessed whether changing these conditions influenced expression of SERTdeficient mouse anxiety-like behavior in the EPM. For example, contrast between the
floor below the maze and the floor of the maze has been found to influence rodent EPM
behavior (Lapiz-Bluhm et al., 2008). We compared red floor EPM behavior in untreated
control mice from Chapter 5 to a separate cohort of mice subjected to black floor EPM
conditions, with the behavior room and experimenter being held constant. This allowed
us to test our hypothesis that changing the maze floor, and the floor below the maze,
would not affect anxiety-related behaviors in SERT-deficient mice.

Methods
Animals
Wildtype (SERT+/+) and SERT-deficient (SERT+/-, SERT-/-) mice on a
congenic CD-1 × 126S6 background were bred in-house (Bengel et al., 1998; Mathews et
al., 2004) from SERT+/- dams paired with sires of different genotypes. Mice had ad
libitum access to food and water, and the colony room was maintained on a 12:12
light:dark cycle with lights on at 0500 h. At weaning (postnatal day 21) tail snips were
collected for genotyping (Transnetyx, Cordova, TN), and littermates were separated by
sex with 2-4 mice per cage. Testing on the EPM was performed on mice naïve to
behavior testing at 12-13 weeks of age (Table 6.1). Mice were moved into the behavior
room 1 h before the onset of the dark phase, and testing began 1 h after the onset of the
dark phase so that mice were acclimated to the testing room at the time of the light
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change. All experiments complied with the guidelines for laboratory animal care and use
from the National Institutes of Health and were approved by the UCLA Chancellor’s
Animal Research Committee.
Black floor EPM
Testing was performed under dim lighting. The maze was placed on the floor near
a corner of the room. The floor was a pale green color. The maze floor was constructed of
a single piece of black acrylic and was raised 38.5 cm above the floor. Both closed and
open arms were 30 cm long by 5 cm wide. Closed arms were enclosed by 15 cm high
clear acrylic walls to ensure even lighting across arms. The open arms had a 0.5 cm high
lip around their edges to prevent mice from falling. The center platform joining the open
and closed arms measured 5 cm × 5 cm. Mice were placed on the center platform facing a
closed arm and allowed to explore for 5 min. Video recordings of each mouse were made
from a side view for later visual scoring of latency to enter an open arm, and time spent
in the open and closed arms.
Red floor EPM
Testing was performed with a red light underneath the table. The maze was placed
on the table which was covered by a translucent white vinyl sheet. This table was placed
in the same corner of the room as the black EPM. The maze was constructed with the
exact same dimensions as the black EPM, but instead had an opaque red acrylic floor.
Mice were placed on the center platform of the maze facing a closed arm and allowed to
explore the maze for 15 min. Automated tracking software (Viewer3; BIOBSERVE
GmbH, St. Augustin, Germany) was used to measure time spent in the closed arms, open
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arms, and center platform, in addition to the latency to enter the open arms. Data were
collected in 5-min bins. Only data from the first 5 min were used for comparisons here.
Data analyses
Data were graphed and analyzed using GraphPad Prism 6.0b (GraphPad Software,
La Jolla, CA). All data were first evaluated using two-way analysis of variance
(ANOVA). One-way ANOVAs were subsequently used to compare genotypes within sex
and within maze, followed by post hoc Tukey’s tests where applicable. Student’s t-tests
were used where making comparisons within sex and within genotype parameters across
the two mazes. Significance was set a priori at P<0.05.

Results
Evaluation of SERT-deficient mice behavior in each EPM setup
Overall, we did not detect genotype effects in either EPM (Table 6.2; Fig. 6.1),
except for closed arm time in the red EPM (Fig. 6.1H). An interaction between sex and
genotype (P<0.04) was detected for open arm time in the black EPM (Fig. 6.1C),
suggesting that genotype differentially affects elevated plus maze behaviors. However,
subsequent analyses only indicated a trend of genotype in female mice (P<0.06) and
trends for sex differences in of heterozygous (P<0.1) and knockout (P<0.09) mice. There
was also an interaction trend (P<0.1) for percent time spent in the open arms for female
mice in the black EPM (Fig. 6.1E).
Comparison of behavioral measures across EPM setups within each sex
When EPM parameters were compared within female of male mice across the two
mazes (Table 6.3; Fig. 6.2), a genotype effect was only detected in female open arm time
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(P<0.03; Fig. 6.2C). Maze effects were observed in both sexes for open arm times,
though subsequent Student t-tests only indicated a significant difference across mazes
between female heterozygous mice (Fig. 6.2C). Trends for open arm time between mazes
were noted for female wildtype mice (P<0.1) and male knockout mice (P<0.07). In
addition, maze effects (P<0.001) were detected for closed arm times for male and female
mice (Table 6.3; Fig. 6.2G,H). Closed arm times in the red EPM were reduced in both
sexes for wildtype and heterozygous mice (Fig. 6.2G,H). Overall measures of open arm
latency and percent arm time spent in the open arm were not different across mazes,
though a trend for a maze effect in male percent arm time in the open arms was noted
(P<0.1) (Fig.6.2).
Time in the center area within and across EPM setups
When time spent in the center platform of the EPM was evaluated (Fig. 6.3), a
trend toward an interaction effect (P<0.1) was noted in the black EPM maze (Table 6.2;
Fig 6.3A). Furthermore, significant maze effects were detected for female and male mice,
as was a genotype trend (P<0.1) in female mice (Table 6.3). Further evaluations indicated
that time spent in the center of the red EPM was significantly increased in female
wildtype and heterozygous mice, as well as male mice of all three SERT genotypes
(Fig. 6.3C,D).

Discussion
Historically, our group has observed SERT genotype-dependent differences in
female mice to a greater extent than male mice (unpublished observations). Discrepancies
in rodent SERT-deficient anxiety-related phenotypes due to background strain or
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different laboratory environments have been observed in the literature (Holmes et al.,
2003; Lira et al., 2003; Ren-Patterson et al., 2005; Carroll et al., 2007; Olivier et al.,
2008; Jansen et al., 2010). In fact, evaluation of many different rodent behaviors is
subject to subtle environmental conditions despite rigorous attempts at uniformity
between laboratories (Crabbe et al., 1999; Lewejohann et al., 2006; Mandillo et al., 2008;
Richter et al., 2011). This could explain the attenuation of our SERT-deficient phenotype
at UCLA compared to previous observations at Penn State.
The relatively low numbers of wildtype female mice studied in both mazes, and
knockout female mice in the black EPM, might also contribute to the lack of detection of
a genotype effect. Notably, a genotype effect was observed in closed arm time of both
sexes when the red EPM was used. This might be attributable to the reduced time spent in
the closed arms by wildtype and heterozygous mice of both sexes when the red EPM was
used. Use of the red maze correspondingly seemed to increase the amount of time spent
in the center area.
Regardless, the primary indicators of anxiety-like behavior such as open arm
time, latency to enter the open arm, and percent of time spent in the open arms (Walf and
Frye, 2007) were largely not different across mazes. Consequently, use of the red-floored
EPM under red light conditions on a table covered by a white translucent sheet did not
appear to alter measures of anxiety-related behavior in comparison to a black-floored
EPM placed on the floor under dim light conditions.
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Tables
Table 6. 1. Numbers of mice used for the black and red EPM tests.
Sex
Female

Male

Genotype
+/+
+/-/+/+
+/-/-

Black
8
13
5
11
21
15

Red*
7
25
15
16
32
12

*Mice were the animal facility reared (AFR) group from Chapter 5.
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Table 6. 2. Statistical evaluation of behaviors in black and red elevated plus mazes.

Interaction
Sex
Genotype

Interaction
Sex
Genotype

% Arm Time
in Open Arms
F(2,67)=2.2;
P<0.1
F(1,67)=0.42;
P>0.5
F(2,67)=0.86;
P>0.4

Open Arm
Latency
F(2,67)=0.20;
P>0.8
F(1,67)=0.26;
P>0.6
F(2,67)=1.1;
P>0.3

Black EPM
Open Arm
Time
F(2,67)=3.3;
P<0.04
F(1,67)=0.18;
P>0.7
F(2,67)=0.83;
P>0.4

Closed Arm
Time
F(2,67)=0.97;
P>0.4
F(1,67)=0.44;
P>0.5
F(2,67)=0.44;
P>0.6

% Arm Time
in Open Arms
F(2,101)=0.41;
P>0.7
F(1,101)=0.33;
P>0.6
F(2,101)=1.8;
P>0.2

Open Arm
Latency
F(2,100)=0.97;
P>0.4
F(1,100)=0.76;
P>0.4
F(2,100)=0.31;
P>0.7

Red EPM
Open Arm
Time
F(2,101)=0.016;
P>1.0
F(1,101)=0.017;
P>0.9
F(2,101)=0.74;
P>0.5

Closed Arm
Time
F(2,101)=0.087;
P>0.9
F(1,101)=0.38;
P>0.5
F(2,101)=6.5;
P<0.002
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Center Time
F(2,67)=2.3;
P<0.1
F(1,67)=0.0012;
P>1.0
F(2,67)=1.3;
P>0.3

Center Time
F(2,101)=0.061;
P>0.9
F(1,101)=0.050;
P>0.8
F(2,101)=1.2;
P>0.3

Table 6. 3. Statistical comparisons of behaviors between black and red elevated plus
mazes.

Interaction
Genotype
Maze

Interaction
Genotype
Maze

% Arm Time
in Open Arms
F(2,67)=0.48;
P>0.6
F(2,67)=2.3;
P<0.1
F(1,67)=0.10;
P>0.8

Open Arm
Latency
F(2,67)=0.21;
P>0.8
F(2,67)=0.60;
P>0.5
F(1,67)=0.066;
P>0.8

Females
Open Arm
Time
F(2,67)=1.1;
P>0.3
F(2,67)=3.7;
P<0.03
F(1,67)=4.6;
P<0.04

Closed Arm
Time
F(2,67)=0.83;
P>0.4
F(2,67)=2.1;
P<0.1
F(1,67)=17.68;
P<0.0001

% Arm Time
in Open Arms
F(2,101)=1.6;
P>0.2
F(2,101)=0.34;
P>0.7
F(1,101)=2.8;
P<0.1

Open Arm
Latency
F(2,100)=1.8;
P>0.2
F(2,100)=0.21;
P>0.8
F(1,100)=0.45;
P>0.5

Males
Open Arm
Time
F(2,101)=0.76;
P>0.5
F(2,101)=0.043;
P>1.0
F(1,101)=6.7;
P<0.01

Closed Arm
Time
F(2,101)=1.8;
P>0.2
F(2,101)=2.5;
P<0.09
F(1,101)=21.3;
P<0.0001
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Center Time
F(2,67)=1.9;
P>0.2
F(2,67)=2.2;
P<0.1
F(1,67)=25.04
P<0.0001

Center Time
F(2,101)=0.025;
P>1.0
F(2,101)=0.97;
P>0.4
F(1,101)=37.67;
P<0.0001
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Figure 6. 1. Comparison of elevated plus maze (EPM) parameters across serotonin
transporter (SERT) genotypes.
Latency to enter the open arms (A,B), time spent in open arms (C,D), percent arm time
spent in open arms (E,F) and time spent in closed arms (G,H) were measured in the black
(A,C,E,G) and red (B,D,F,H) EPMs. WT = wildtype; Het = heterozygous; KO =
knockout. *P<0.05 vs WT of same sex.
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Figure 6. 2. Comparison of EPM parameters across mazes.
Latency to enter the open arms (A,B), time spent in open arms (C,D), percent arm time
spent in open arms (E,F) and time spent in closed arms (G,H) were measured in female
(A,C,E,G) and male (B,D,F,H) mice. WT = wildtype; Het = heterozygous; KO =
knockout.**P<0.01, ***P<0.001 vs black EPM in same sex and genotype.
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Figure 6. 3. Time spent in the center of the EPM.
Time spent in the center platform as a function of genotype in the black (A) and red (B)
EPMs. Time spent in the center platform in female (C) and male (D) mice compared
across mazes within sex and genotype. WT = wildtype; Het = heterozygous; KO =
knockout.**P<0.01, ***P<0.001 vs black EPM in same sex and genotype.
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Chapter 7

Evaluating conditioned place aversion
by two kappa opioid receptor agonists
in CD-1 mice

Introduction
Kappa opioid receptor (κOR) agonists induce dysphoria, an unpleasant reduction
in mood, in humans (Pfeiffer et al., 1986) and rodents (Shippenberg and Herz, 1988;
Skoubis et al., 2001). In rodents, dysphoria can be measured using a conditioned place
aversion (CPA) paradigm, in which mice or rats are conditioned to associate the
dysphoric effects of a κOR agonist with one environment, and the effects of vehicle with
an adjacent environment (Shippenberg and Herz, 1988; Skoubis et al., 2001). After
conditioning, rodents are allowed to travel freely between the two environments on the
testing day in the absence of drug or vehicle administration. The time they spend in the
κOR agonist-paired vs. the vehicle-paired environments is a measure of aversion.
In mice, the κOR agonist U50,488 (Von Voigtlander and Lewis, 1982) has been
used to produce CPA (Skoubis et al., 2001; Skoubis et al., 2005; Bruchas et al., 2011;
Schindler et al., 2012). An analog of U50,488, U69,593 (Fig. 7.1), has also been used to
produce CPA in rats (Shippenberg and Herz, 1988; Tejeda et al., 2013). However,
U69,593 has not previously been used to generate CPA in mice. Here, we investigated
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CPA to U69,593 at two different doses vs. the effects of a standard dose of U50,488 in
CD-1 mice.

Methods
Animals
Adult male CD-1 mice were purchased from Charles River Laboratories
(Wilmington, MA) and housed in a satellite room maintained on a 12:12 light:dark cycle
with lights on at 0700 h. Except for one singly housed male (due to fighting), all mice
were housed in groups of 2-4. Mice were provided ad libitum access to food and water.
All experiments were performed in accordance with the Guide for the Care and Use of
Laboratory Animals by the National Institutes of Health and were approved by the
University of California, Los Angeles Chancellor’s Animal Research Committee.
Conditioned place aversion
Two weeks after animals arrived from the vendor, they were placed in the
conditioning chamber with free access to both sides to assess side biases (Day 0;
Fig. 7.2). Groups were then balanced for side preferences and each mouse was assigned
to one of four treatment groups: control, 2 mg/kg U50,488, 0.16 mg/kg U69,593, or
0.32 mg/kg U69,593. Doses for U50,488 (2 mg/kg, sc) (Skoubis et al., 2001) and
U69,593 (0.16 or 0.32 mg/kg, sc) (Shippenberg and Herz, 1988; Tejeda et al., 2013) were
based on previously published doses in mice and rats, respectively. All saline, vehicle,
and drug injections were given in a volume of 10 mL/kg. Saline was used to dissolve
U50,488. However, because U69,593 is not soluble in saline, it was dissolved in
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propylene glycol (Shippenberg and Herz, 1988) and subsequently diluted into saline at a
1:3 dilution (final v/v was 25% propylene glycol in saline).
Conditioning lasted for six daily sessions (Skoubis et al., 2001; Skoubis et al.,
2005), during which mice received saline on Days 1, 3 and 5, and vehicle or drug on
Days 2, 4, and 6 (Fig. 7.2). Saline and vehicle/drug sides were visually and tactilely
distinct with black and white horizontal or vertical stripes on the walls and paired
directional floor gratings. After each injection, mice were restricted to the respective
saline or vehicle/drug side for 30 min. Each side was the same size (16.9 cm × 12.5 cm ×
18.8 cm H) and was connected by a sliding door (5.0 cm × 6.3 cm H) that remained
closed on conditioning days but was opened on Day 0 (side preference day) and Day 7
(context-dependent testing day).
On the Day 7, mice were allowed to freely explore both sides for 15 min and the
time spent on each side was measured using Ethovision software (Noldus, Leesburg,
VA). On all days, conditioning chambers and floor gratings were cleaned with water and
completely dried between mice. Baseline (Day 0), conditioning, and testing were all
performed between 0800-1130 h under dim lighting in the presence of a low volume fan,
which provided constant background noise.
Chemicals
The more potent enantiomer of U50,488 (Rothman et al., 1989), trans-(-)-3,4dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]-benzeneacetamide hydrochloride,
was obtained from Tocris (Minneapolis, MN). We obtained U69,593 ((+)-(5α,7α,8β)-Nmethyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-benzeneacetamide) from Sigma
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Aldrich (St. Louis, MO). Propylene glycol was purchased from Alfa Aesar (Ward Hill,
MA).
Data analyses
Data were graphed and analyzed using GraphPad Prism 6.0b (GraphPad Software,
La Jolla, CA). One-way analyses of variance (ANOVAs) were used to compare treatment
groups, with significance determined a priori at P<0.05.

Results
Place aversion was calculated by subtracting the time spent in the vehicle/drugpaired side on Day 0 from the time spent in the same side on Day 7 (Fig. 7.2). Since
conditioned place aversion to κOR agonists approached but did not reach significance
(F(3,27)=2.7; P<0.06; Fig. 7.3), we did not carry out further individual group
comparisons. No significant differences were observed with respect to side transitions
(F(3,27)=0.75; P>0.5; Fig. 7.4A) or distance traveled (F(3,27)=0.53; P>0.7; Fig. 7.4B).

Discussion
Here, two different κOR agonists were used to induce CPA in mice. Locomotor
behavior appeared to be unaffected at the doses of both drugs tested. However, the
current results are confounded by the use of vehicle (25% propylene glycol in saline) for
U69,593. This vehicle seems to have induced its own place preference (administered on
Days 2, 4 and 6) in control mice compared to the saline-paired side. This was a flaw in
the experimental design, as there should have either been two control groups (vehicle
group and saline group), or U50,488 should have been administered in vehicle (not
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saline) and all control mice should have received vehicle on Days 1-6. These findings
also raise the question of whether dilution of U69,593 into vehicle containing
polypropylene could be masking or attenuating the dysphoric effects of this compound.
Further studies utilizing different vehicles for diluting U69,593, because it does
not dissolve into saline, would be necessary to answer this question. Nonetheless, based
on the current observations in CD-1 mice, we decided for future studies to utilize a higher
dose of U50,488 for a more robust conditioned place aversion effect. We decided to
extend our conditioning paradigm from 6 days to 8 days for the same reason.
Even given the confounding effects of the present study, the higher dose of
U69,593 (0.32 mg/kg) appeared to produce CPA in mice, i.e., reduced time spent on the
drug-paired side was associated with this dose of U69,593 (Fig. 7.3). Continued
exploration of the aversive effects of U69,593 with proper vehicle-treated controls will
enable further validation of the use of this compound, in addition to U50,488, for
producing CPA in mice. Both kappa agonists are of particular interest in light of evidence
that activation of κORs might produce increases (Bruchas et al., 2011) or decreases
(Zakharova et al., 2008) in serotonin transporter (SERT) expression. Additional evidence
for the involvement of SERT in the mechanism of action of κORs (but see Chapter 8) has
been shown via a SERT inhibitor blocking U50,488 aversive conditioning (Bruchas et al.,
2011), as well as U69,593 attenuation of RTI-55-induced reinstatement of cocaineseeking (Schenk et al., 2000). Additional work on the latter indicated that the interference
of U69,593 with RTI-55, which binds to both dopamine and serotonin transporters (Boja
et al., 1992), was through SERT (Schenk et al., 2000).
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Though initial work had proposed the kappa agonist Salvinorin A as a highly
selective κOR agonist (Roth et al., 2002), later findings have indicated that this
compound also interacts with dopamine D2 receptors (Seeman et al., 2009). In contrast,
U50,488 does not bind to D2 receptors (de Costa et al., 1989), while no reports on
U69,593 affinity for D2 receptors could be identified in the literature. Chemical
modifications of the cis form of U50,488 can shift its affinity from kappa to sigma opioid
receptors (de Costa et al., 1989; Rothman et al., 1989), however, Chapters 7 and 8 in this
dissertation both used the kappa-selective trans form of U50,488.
Half-life data on U69,593 is also lacking, but one study reported U50,488 as
having an approximate 2.6 h half-life in mice after oral administration (Jones et al.,
2010). Overall, U50,488 and U69,593 appear to be some of the most selective κOR
agonists (Raynor et al., 1994) commercially available, and consequently, both will aid in
our further explorations of the interplay between the kappa and serotonin systems.
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Figure 7. 1. Chemical structures of U50,488 and U69,593
Structures were constructed using MarvinSketch 5.11.5.

210

Figure 7. 2. Timeline for conditioned place aversion
Control mice (top row) were treated with saline on all 6 conditioning days. Drug-treated
mice (bottom row) were treated with saline on days 1, 3 and 5, and drug on days 2, 4 and
6. For conditioning days, mice were restrained to the respective saline- or drug-paired
sides. On days 0 and 7, mice were allowed to freely access both sides, and no injections
were administered on these days.
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Figure 7. 3. Conditioned place aversion (CPA) in CD-1 mice
Place aversion was calculated by subtracting the time spent on the vehicle/drug-paired
side on Day 0 from the time spent in the same side on Day 7. All mice were treated with
saline on Days 1, 3, and 5. On Days 2, 4, and 6, mice received the following treatments:
Vehicle (25% propylene glycol in saline); U50,488 (2 mg/kg U50,488 in saline); Low
U69 (0.16 mg/kg U69,593 in vehicle); High U69 (0.32 mg/kg U69,593 in vehicle).
N=7-8 mice per group.
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Figure 7. 4. Measures of locomotor activity in the conditioned place aversion
paradigm
Transitions between sides (A) and distance traveled (B) were measured by automated
software on Day 7. Vehicle (control mice; 25% propylene glycol in saline); U50,488
(2 mg/kg U50,488 in saline); Low U69 (0.16 mg/kg U69,593 in vehicle); High U69
(0.32 mg/kg U69,593 in vehicle). N=7-8 mice per group.
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Chapter 8

Complexities of kappa opioid receptor-induced dysphoria in
serotonin transporter-deficient mice

Introduction
Dysphoria is a highly unpleasant mood state associated with stress and stressrelated conditions, including mood and anxiety disorders and drug dependence (Zellner et
al., 2011; McTeague and Lang, 2012; Chavkin, 2013). Administration of a kappa opioid
receptor (κOR) agonist produces dysphoria in humans (Pfeiffer et al., 1986). Conditioned
place aversion (CPA), a measure of dysphoria in rodents, can be elicited by conditioning
to κOR agonists (Shippenberg and Herz, 1988; Skoubis et al., 2001; Skoubis et al., 2005).
Furthermore, aversive responses to stress have been shown to involve endogenous
activation of κORs by dynorphin (Land et al., 2008).
Despite strong evidence for a role of κORs in dysphoria, the mechanisms by
which this mood state is generated are still being uncovered. Recently, loss of κORmediated context-dependent CPA was reported in mice pretreated with a serotonin
transporter (SERT) inhibitor (Bruchas et al., 2011) or mice constitutively deficient in
SERT (Schindler et al., 2012). However, rodents lacking SERT display enhanced stress
sensitivity and altered emotionality (Murphy et al., 2008; Neumann et al., 2011),
alternately suggesting that under some circumstances, SERT might not be essential for
stress-related dysphoria.
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Here, we investigated both context- and state-dependent CPA using the κOR
agonist U50,488 to condition mice genetically deficient in Sert. Similar to previous
findings (Schindler et al., 2012), we observed a loss of context-dependent conditioning in
mice partially lacking SERT. However, in contrast to earlier findings, mice completely
lacking SERT displayed context-dependent CPA. In addition, all mice conditioned to
U50,488 exhibited state-dependent CPA associated with hypolocomotive responses,
irrespective of SERT genotype. These data demonstrate the complexities of κOR agonistinduced effects in mice with varying SERT expression. Mechanistic investigations of
dysphoria would benefit from continued characterization of serotonergic and kappa
opioid system interactions.

Methods
Animals.
Male mice lacking one (SERT+/-) or two (SERT-/-) functional copies of Sert and
wildtype (SERT+/+) mice on a congenic CD-1 × 129S background (Mathews et al.,
2004) were studied at 5-6 months of age. Mice were transferred from the breeding facility
to a satellite housing room 2 weeks prior to an acclimation period. The satellite room was
maintained on a 12:12 h light/dark cycle with lights on at 0700 h. Food and water were
provided ad libitum. All experiments were approved by the University of California Los
Angeles Chancellor’s Animal Research Committee and were in compliance with National
Institutes of Health guidelines for laboratory animal care and use. Mice were acclimated
daily for at least 4 days to handling, weighing, brief restraint, and transportation to and
from the testing room. Conditioning and testing were performed between 0800-1300 h.
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Before each exposure to the conditioning chambers, mice were weighed and transported
to the testing room, and given 10 min to adjust to testing room conditions in their home
cages.
Conditioned place aversion.
The testing room was equipped with low lighting and a low-volume fan to
provide constant background noise. The two sides of the conditioning chambers were the
same size (16.9 cm × 12.5 cm × 18.8 cm H) but were visually and tactilely distinct via
black-and-white vertical or horizontal stripes and paired directional floor gratings.
Adjacent sides of each conditioning chamber were connected by a 5.0 cm × 6.3 cm H
door equipped with a sliding partition.
The κOR agonist (±)-trans-U50,488H methane sulfonate salt (Sigma Aldrich, St.
Louis, MO) was dissolved in 0.9% USP sodium chloride (Hospira, Lake Forest, IL).
Injection solution concentrations were based on the salt molecular weight. Solutions were
sterilized by filtration through 0.22 µm syringe filters (Millipore, Billerica, MA). The
dose of U50,488 (5 mg/kg, sc; 10 mL/kg) was selected based on the results of a pilot
experiment on CPA in CD-1 mice and previously published studies (Skoubis et al., 2005;
McLaughlin et al., 2006). Saline-treated mice from the three different SERT genotypes
were included as controls.
On day 0, no injections were administered and mice were given free access to
both sides of the conditioning chamber for 15 min to assess side biases (Fig. 1A).
Experimental groups were balanced for side preferences. On days 1-8, saline-treated mice
(SERT+/+ N=3; SERT+/- N=2, SERT-/- N=6) received saline every day. Drug-treated
mice (SERT+/+ N=9; SERT+/- N=8, SERT-/- N=11) received U50,488 on days 2, 4, 6,
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and 8, and saline on the other 4 days (Fig. 1A). One side of the chamber was always
paired with saline; the other side was paired with U50,488 in drug-treated mice or saline
in saline-treated mice. Mice were confined to each respective conditioning side for
30 min after injection. On day 9, mice were not injected but were placed into a random
side of the conditioning chamber and allowed free access to both sides for 15 min. On
day 10, drug- and saline-treated mice were administered U50,488 or saline, respectively,
prior to random placement in the conditioning chamber with free access to both sides for
15 min.
Chambers and floor gratings were cleaned with water and wiped dry between
mice. Time spent in each side, transitions between sides, and locomotor activity were
measured using Ethovision software (Noldus, Leesburg, VA). Side preference data were
analyzed as percent time spent on the drug-paired side (DPS) with respect to total testing
time (15 min). For saline-treated mice, the DPS was considered to be the side paired with
saline on conditioning days 2, 4, 6, and 8.
Statistics.
Data were analyzed using GraphPad Prism (GraphPad Software, La Jolla, CA)
and are presented as means ± standard errors (SEMs) with P<0.05 considered statistically
significant. No significant differences between genotypes were observed for salinetreated control mice with respect to time spent on the drug-paired side on day 9
[F(2,8)=0.13 P>0.8] or day 10 [F(2,8)=0.14, P>0.8]. Thus, control mice were pooled into
a single saline-treatment group for comparisons to U50,488-treated mice of each
genotype. On rare occasions where data exceeded ±3 standard deviations from corrected
means (5/234), data points were excluded from analyses. The omnibus test was one-way
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analysis of variance (ANOVA). Preplanned comparisons (N-1) were used to test for
differences between κOR agonist-treated groups and the saline-treated control group.

Results
After eight days of conditioning to the κOR agonist U50,488, mice were tested on
the ninth day in the absence of drug administration to investigate context-dependent
aversion. One-way ANOVA revealed significant differences between groups
[F(3,35)=2.9; P<0.05]. Percent times on the drug-paired side of the test chamber were
decreased in SERT+/+ and SERT-/- mice conditioned to U50,488 compared to salineconditioned mice (Fig. 1B). Significant differences were not observed between U50,488conditioned SERT+/- mice and saline-conditioned mice. Zone transitions [F(3,34)=1.6;
P>0.2] and total distance traveled [F(3,33)=1.2; P>0.3] were not different across groups
(Fig. 1D, F).
On day 10, mice were challenged with the same drug they were conditioned to;
drug-conditioned mice received U50,488 and saline-conditioned mice received saline to
test for state-dependent aversion. Percent times on the drug-paired side were significantly
different across groups [F(3,33)=7.2; P<0.001]. Wildtype, SERT+/-, and SERT-/- mice
conditioned to U50,488 spent significantly less time on the drug-paired side of the
chamber compared to saline-conditioned mice (Fig. 1C). On day 10, zone transitions
[F(3,35)=7.3; P<0.001] and total distance traveled [F(3,35)=13, P<0.001] were different
across groups. Drug-conditioned SERT+/- and SERT-/- mice showed reduced zone
transitions under the influence of U50,488 compared to saline-conditioned mice
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(Fig. 1E). Drug-conditioned mice of all three genotypes showed a reduction in total
distance traveled after U50,488 challenge compared to saline-conditioned mice (Fig. 1G).

Discussion
The current results indicate a deficit in aversive contextual conditioning in mice
with partial reductions in SERT (Fig. 1B), in agreement with previous findings (Schindler
et al., 2012). Heterozygous SERT-deficient mice are behavioral models for humans with
combinations of low expressing SERT alleles (Murphy et al., 2008). Lack of contextual
aversion in SERT+/- mice might be due to poor associative learning. However, this is
unlikely given the state-dependent aversion observed in these mice the following day.
Alternately, decreased context-dependent aversion could reflect resilience, which has
been hypothesized to result from “differential susceptibility” associated with SERT gene
× environment interactions (Belsky et al., 2009). In light of functional human SERT gene
polymorphisms, the resilience of SERT heterozygous mice to κOR-induced dysphoria
provides further support for their use as a model for investigating molecular pathways
underlying neuropsychiatric vulnerabilities (Murphy et al., 2008).
Though our findings in SERT+/- mice agree with recent work (Schindler et al.,
2012), contextual aversive behavior observed by us in SERT-/- mice is different. This
might be due to differences in methodology. A previous report evaluated contextdependent CPA in C57BL/6 SERT-deficient mice conditioned to 2.5 mg/kg (±)U50,488
over two days using twice daily conditioning in a three-chamber apparatus (Schindler et
al., 2012). We investigated context- and state-dependent aversion in SERT-deficient mice
on a CD-1 × 129S6 background (Mathews et al., 2004) after 8 days of once daily
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conditioning to 5 mg/kg (±)U50,488 in a two-chamber test environment. Identifying key
aspects of CPA conditioning paradigms that contribute to these differences will aid in
further characterizing the interplay between κORs and SERT during unpleasant mood
states.
While the influence of methodological differences remains to be investigated,
locomotor data obtained during testing for CPA support earlier findings indicating the
activity effects of κOR agonists do not require serotonin (Zakharova et al., 2008). On the
ninth and tenth CPA testing days, zone transitions and total distance traveled were
measured. Zone transitions have been used as a measure of locomotor activity in
conditioned place paradigms (Gerasimov et al., 2003; Capriles et al., 2012). On day 9
when no drug was administered, both SERT+/+ and SERT-/- mice exhibited contextdependent CPA, but this was not associated with differences in zone transitions or total
distance traveled. In contrast, mice of all three genotypes showed state-dependent
avoidance of the drug-paired side when challenged with U50,488. Here, reductions in
zone transitions and locomotor activity were also observed in mice of all three genotypes
(with the exception of zone transitions in drug-treated wildtype mice), in agreement with
previous reports of the hypolocomotive effects of κOR agonists (Skoubis et al., 2001;
Bruchas et al., 2011). Together, these findings illustrate that mice lacking SERT maintain
the ability to respond to both the dysphoric and motoric effects of κOR activation.
Adaptive changes in stress-related neurocircuitry could cause SERT-deficient
mice to develop κOR-induced CPA (and hypolocomotion) by distinct mechanisms,
and/or to show differential κOR agonist dose-response relationships compared to
wildtype mice. Constitutive SERT deficiency leads to elevated extracellular serotonin
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levels (Mathews et al., 2004), wide-ranging changes in pre- and postsynaptic function,
and consequently, to alterations in stress responsiveness, and anxiety- and emotionrelated behavior (Murphy et al., 2008; Jiang et al., 2009; Kalueff et al., 2010; Neumann et
al., 2011). For example, the corticotropin releasing factor (CRF) system is thought to
contribute to dysphoria as measured by CPA (Land et al., 2008), and SERT-deficient
mice exhibit CRF system disruption (Jiang et al., 2009). Indeed, nucleus accumbens CRF
was recently identified as a key factor mediating both the positive and aversive effects of
stress (Lemos et al., 2012b). Thus, κOR agonist administration to SERT-deficient mice
might differentially activate (or be modulated by) an altered CRF system in these mice.
Even in wildtype mice, SERT may be only one of a number of critical targets
downstream of κORs. For instance, κOR activation might modulate proteins involved in
membrane excitability or exocytosis to alter serotonin release (Tao and Auerbach, 2002;
Zakharova et al., 2008; Ruedi-Bettschen et al., 2010; Lemos et al., 2012a), in addition to
increasing plasma membrane localization of SERT (Bruchas et al., 2011; Schindler et al.,
2012).
Identifying alternate/additional mechanisms that contribute to κOR-induced
dysphoria will advance understanding of how the kappa opioid and serotonergic systems
regulate stress, anxiety and mood states, and addictive behavior. In the context of variable
SERT expression and function (Singh et al., 2012), rodent models of human SERT
deficiency (Murphy et al., 2008) can help to guide mechanistic inquiries into
neuropsychiatric vulnerability and resilience. Elucidating these interactions will be
important for developing κOR antagonists as therapeutics (Carlezon et al., 2009;
Chavkin, 2013), alone or in combination with antidepressants that inhibit SERT.
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Figures
Figure 8. 1. Conditioning paradigm and aversion testing in SERT-deficient mice.
(A) Schematic time course for conditioning. Mice underwent a 4-day acclimation period
prior to conditioning to balance groups for baseline side preferences. Drug-treated mice
were injected daily with 5 mg/kg (±)U50,488H or saline, each paired with alternating
sides of a conditioning chamber. Saline-treated mice received saline injections paired
with both sides of a conditioning chamber. Mice were tested on day 9 for contextdependent conditioned aversion. On day 10, mice were tested for state-dependent
aversion following challenge with U50,488 or saline. (B) Percent time spent on the drugpaired side (DPS) during context-dependent aversion testing. (C) Percent time spent on
the DPS during state-dependent aversion testing. (D,E) Zone transitions and (F,G) total
distance traveled after context- or state-dependent testing, respectively. Data are means ±
SEMs (N=8-10 mice per group). *P<0.05, **P<0.01, and ***P<0.001 vs saline-treated
group; n.s. is not significant.
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Chapter 9

Effects of kappa opioid receptor antagonism after
swim stress on emotion- and locomotor-related
behavior in serotonin transporter deficient mice

Introduction
Rodents constitutively lacking the serotonin transporter (SERT) exhibit elevated
stress sensitivity in terms of stress hormone levels in a basal state (Jiang et al., 2009) and
in response to saline injection (Li et al., 2004; Yang et al., 2013), as well as in expression
of behavioral despair (Muller et al., 2011; Schipper et al., 2011). The aversiveness of
stress is partly encoded by the kappa opioid receptor (κOR) system (McLaughlin et al.,
2003; Beardsley et al., 2005; Land et al., 2008). For example, forced swim stress or
administration of the κOR agonist U50,488 potentiates cocaine-induced place preference
and impairs novel object recognition. These effects are blocked by the κOR antagonist
nor-binaltorphimine (norBNI; Fig. 9.1) (Carey et al., 2009; Schindler et al., 2010). In the
absence of stress, treatment with norBNI 48 h prior to behaivor testing is associated with
anxiolytic effects in mice in the elevated plus maze (EPM) and open field test (OFT) and
reduces stress hormone levels (Wittmann et al., 2009). Furthermore, treatment with
norBNI 23.5 h before testing selectively reduces behavioral despair in a stress-sensitive
rat strain (Carr et al., 2010).
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The coroticotropin releasing factor (CRF) system (Buckingham and Cooper,
1986; Nikolarakis et al., 1987; Calogero et al., 1996; Laorden et al., 2000; Land et al.,
2008) and the serotonergic system (D'Addario et al., 2007; Land et al., 2009; Bruchas et
al., 2011; Di Benedetto et al., 2011) have reciprocal influences on the κOR system, as
well as each other (Stout et al., 2002; Lowry et al., 2009). Alterations in the CRF system
have been observed in SERT deficient mice (Jiang et al., 2009). Furthermore, we and
others have observed altered conditioned place aversion responses of SERT deficient
mice to U50,488 (see Chapter 8) (Schindler et al., 2012).
Here, we hypothesized that all mice, regardless of genotype, would respond to
repeated forced swim stress by exhibiting increased anxiety-like behaviors in the elevated
plus maze and open field test . Furthermore, we hypothesized that stress-induced
increases in anxiety-related behavior would be greater in SERT-/- mice and possibly,
SERT+/- due their increased responsiveness to stress. If forced swim stress-induced
increases in anxiety (Andreatini and Bacellar, 1999) involve the κOR system (Wittmann
et al., 2009; Kastenberger et al., 2012; Smith et al., 2012), we hypothesized that
potentiated anxiety-related behavior would be blocked by pretreatment with norBNI.
Finally, if SERT-/- mice did indeed exhibit enhanced stress-induced behavioral changes,
we hypothesized this could be attributable to increased sensitivity of κORs and that
norBNI pretreatment would thereby have a larger magnitude of effect in these mice (i.e.,
normalize a greater change in behavior compared to wildtype mice).
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Methods
Animals
Wildtype (SERT+/+) and SERT-deficient (SERT+/-, SERT-/-) mice on a
congenic CD-1 × 129S6 background (Bengel et al., 1998; Mathews et al., 2004) were
bred in-house by crossing SERT+/- dams with sires of all three genotypes. Except for
breeding pairs, mice were housed in single sex cages of 2-4 mice starting on the day of
weaning (postnatal day 21). Tail clips were taken at weaning for genotyping by
Transnetyx (Cordova, TN). The colony room was maintained on a 12:12 h light:dark
cycle with lights on at 0300 h. Food and water were provided ad libitum. All procedures
and experiments were in accordance with the NIH Guidelines for the Care and Use of
Laboratory Animals and were approved by the Chancellor’s Animal Research Committee
at UCLA.
Testing paradigm
All behavior tests were performed on 12-week old mice (Table 9.1) during the
dark phase between 1930-0300 h. Forced swim stress was carried out under dim white
light. The EPM test was conducted under red light and the OFT was carried out using
infrared light. At time 0:00, the first forced swim stress was administered (Table 9.2),
followed at 0:30 by an injection of saline (10 mL/kg, sc.) or norBNI (10 mg/kg, sc.; norbinaltorphimine dihydrochloride; Tocris, Minneapolis, MN). Then at 24:00 (23.5 h after
norBNI or saline injection (Carr et al., 2010)) the second swim stress was performed to
mimic the paradigm by Carr and colleagues. Thirty min later (24:30), mice were exposed
to the EPM, followed at 48:00 by the OFT (Wittmann et al., 2009). Male and female mice

233

were tested on separate days to prevent olfactory or pheromone cues from influencing
behavior.
Forced swim stress
Forced swim stress spanned two consecutive days beginning at 0:00. Under dim
lighting, individual mice were placed in beakers (11.6 cm diameter × 26.4 cm high) of
room temperature (22 ± 2°C) water (depth of 16.7 cm) for 6 min. The second session
began at 24:00 after the first session using the same conditions. Between each mouse,
beakers were rinsed three times with clean water and filled with fresh room temperature
water for the next mouse. After each forced swim session, mice were gently dried with
paper towels and placed in a clean temporary cage that was placed halfway over a slide
warmer set to approximately 37 °C. Once mice were completely dried, they were
returned to their home cages until the time of injection. Automated software (FST High
Throughput Forced Swim Test Analysis, BIOBSERVE, GmbH; St. Augustin, Germany)
was used to evaluate durations of immobility, swimming, and climbing in 1-mi bins
during forced swim stress. The last four min of each swim stress session were pooled for
evaluation of immobility times (Porsolt et al., 1978).
Elevated plus maze
Testing in the EPM was performed 30 min after the second swim stress, at
time 24:30. The maze floor was constructed of a single continuous piece of red acrylic.
The maze was raised 38.5 cm above a table covered by a translucent white vinyl sheet.
Closed and open arms were each 30 cm long by 5 cm wide. The closed arms were
enclosed by 15 cm high clear acrylic walls to ensure even lighting across arms, while the
open arms had a 0.5 cm high lip around the edges to prevent mice from falling. The
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center platform joining the open and closed arms measured 5 × 5 cm. Mice were placed
on the center platform of the maze facing a closed arm and allowed to explore for 5 min.
After each mouse, the maze was cleaned with 70% ethanol in water and allowed to dry
completely before the next mouse was tested. Automated tracking software (Viewer 3
software; BIOBSERVE, GmbH; St. Augustin, Germany) was used to measure times
spent and distances traveled in the closed arms, open arms, and center platform, in
addition to latency to first entry into an open arm.
Open field test
Testing in the open field was carried out 24 h after the second swim stress, at
48:00, and was performed under infrared light. Plastic arenas measured 50 cm × 50 cm ×
40 cm high and had opaque acrylic floors. Mice were placed in one corner of the open
field and allowed to explore the box freely for 1 h. Boxes were cleaned after each mouse
with 70% ethanol in water and allowed to dry completely before testing another mouse.
Total distance traveled, center distance traveled, and time spent in the center of the arena
(22 cm × 22 cm central square) were measured in 5-min bins using automated tracking
software (Viewer 3 software; BIOBSERVE, GmbH; St. Augustin, Germany).
Data analyses
Data were graphed and analyzed using GraphPad Prism 6.0b (GraphPad Software,
La Jolla, CA). Two-way analyses of variance (ANOVA) were used to analyze treatment
× genotype effects within sex, followed by Tukey’s post-hoc tests where applicable.
Significance was determined a priori at P<0.05. Because significant differences using
two-way ANOVA were detected between male and female control groups across multiple
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behavior measures, subsequent analyses including control and drug treatment groups in
all three genotypes were separated by sex

Results
Forced swim stress
Immobility times during the last 4 min of the forced swim stress on day 1
(time 0:00) were not significantly different with respect to genotype (Table 9.3;
Fig. 9.2A,B). However, on day 2 (time 24:00), a significant genotype effect (P<0.04) was
observed in female mice, while a trend (P<0.09) toward an effect of genotype was
observed in male mice (Fig. 9.2C,D). While immobility times were generally increased in
female SERT-deficient mice on day 2 there were no significant individual group
differences indicated by post-hoc analysis. Furthermore, the effect of norBNIpretreatment did not have a significant effect on immobility times on day 2 (Table 9.3).
Elevated plus maze
When EPM behavior (time 24:30) was analyzed, no effects of percent time in the
open arms, latency to enter the open arms, or open arm time were observed in either sex
(Table 9.4; Figs. 9.3, 9.4). When closed arm time was analyzed, a significant genotype
effect (P<0.03) was observed in female but not male mice (Figs. 9.3D, 9.4D). However,
post-hoc analysis of EPM closed arm time did not reveal significant differences between
individual groups. Weak trends (P<0.1) for genotype and treatment effects were observed
for male percent arm time in the open arms and open arm time, respectively. Time spent
in the center platform was not significantly different with respect to genotype or
treatment in either sex (data not shown).
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Open field test
Evaluation of OFT measures (time 48:00) indicated a significant genotype effect
(P<0.001) on center distance, with post-hoc analysis indicating differences within both
saline and norBNI treatment cohorts between female SERT-/- and SERT+/+ mice
(Table 9.5; Fig. 9.5C). In addition, significant genotype effects were evident for female
mice for total distance traveled (P<0.01; Fig. 9.5A), and for male mice for distance
traveled in the center (P<0.05; Fig. 9.5D). However, post-hoc analyses of these latter two
measures did not reveal significant differences between individual groups. No significant
differences in total distance traveled were observed in male mice (Fig. 9.5B).

Discussion
Across all behavior measures examined, no significant main treatment effects
were observed. Thus, this preliminary investigation did not support our hypotheses.
However, the low numbers of mice, particularly male mice (see Table 9.1), limited the
ability to make conclusive determinations regarding the influence of norBNI on stressmediated behavioral changes in SERT-deficient mice.
In terms of genotype, our observations regarding hypolocomotion and reduced
center area exploration are in agreement with previous findings in SERT deficient mice
(Kalueff et al., 2007b). Typically, however, SERT-deficient mice exhibit increased
anxiety-like behavior in the EPM (Holmes et al., 2003; Kalueff et al., 2007a). Previously
reported behavior of SERT-deficient mice in the forced swim test has been more variable,
with increases (Wellman et al., 2007) or no change (Perona et al., 2008; Muller et al.,
2011) in behavioral despair having been reported.
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One critical shortcoming of this experiment was the lack of a non-swim stressed
cohort of mice of all genotypes treated with either saline or norBNI. This group was
omitted due to the limited numbers of available mice. Including this type of cohort would
have enabled important comparisons to have been drawn to determine the impact of swim
stress on anxiety-like measures, behavioral despair, and locomotion. Furthermore, this
control cohort could have been used to detect whether genotype influenced the effects of
swim stress on behavior, as well as what effects norBNI treatment had on genotypedependent expression of emotion-related and locomotor behaviors. Follow-up
experiments investigating these questions will add perspective to the findings presented
here. Measures of stress hormones in mice undergoing the paradigm discussed in this
chapter, in addition to the inclusion of the aforementioned control groups, would further
enhance understanding of the molecular contributors, particularly those involving the
kappa-opioid system, to behavioral stress responses.
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Tables
Table 9. 1. Numbers of mice per genotype and sex for each treatment group
Sex
Female

Male

Genotype
+/+
+/-/+/+
+/-/-

239

Saline
4
5
3
2
5
2

norBNI
5
8
5
4
8
4

Table 9. 2. Timeline of behavior tests and injection
Day 0
0:00 h - FST
0:30 h – injection*

Day 1
24:00 h - FST
24:45 h - EPM

Day 2
48:00 h - OFT

FST=forced swim test. EPM=elevated plus maze. OFT=open field test. *Injection will be
10 mg/kg, sc of nor-binaltorphimine or vehicle (saline)
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Table 9. 3. Statistical evaluation of last 4 min of immobility in forced swim test

Interaction
Genotype
Treatment

Day 1 Immobility
Female
Male
F(2,24)=0.43; P>0.7
F(2,19)=1.1; P>0.4
F(2,24)=1.5; P>0.2
F(2,19)=1.3; P>0.3
F(1,24)=0.32; P>0.6
F(1,19)=0.32; P>0.6
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Day 2 Immobility
Female
Male
F(2,24)=1.1; P>0.4
F(2,19)=0.24; P>0.8
F(2,24)=3.6; P<0.04
F(2,19)=2.7; P<0.09
F(1,24)=0.028; P>0.9
F(1,19)=0.067; P>0.8

Table 9. 4. Statistical evaluations of elevated plus maze behaviors
Female

Interaction
Genotype
Treatment

% Arm Time in
Open Arms
F(2,24)=0.36; P>0.7
F(2,24)=0.89; P>0.4
F(1,24)=0.11; P>0.7

Interaction
Genotype
Treatment

% Arm Time in
Open Arms
F(2,18)=0.032; P>1.0
F(2,18)=2.3; P<0.1
F(1,18)=1.8; P>0.2

Open Arm Latency

Open Arm Time

Closed Arm Time

F(2,24)=0.63; P>0.5
F(2,24)=0.78; P>0.5
F(1,24)=0.31; P>0.6

F(2,24)=0.20; P>0.8
F(2,24)=0.46; P>0.6
F(1,24)=0.11; P>0.7

F(2,24)=0.81; P>0.5
F(2,24)=4.1; P<0.03
F(1,24)=0.44; P>0.5

Male
Open Arm Latency

Open Arm Time

Closed Arm Time

F(2,18)=0.59; P>0.6
F(2,18)=1.1; P>0.3
F(1,18)=0.41; P>0.5

F(2,18)=0.17; P>0.8
F(2,18)=2.1; P>0.2
F(1,18)=2.4; P<0.1

F(2,18)=0.13; P>0.9
F(2,18)=1.4; P>0.3
F(1,18)=0.81; P>0.4
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Table 9. 5. Statistical evaluation of open field test measures

Interaction
Genotype
Treatment

Total Distance
Female
Male
F(2,24)=0.097; P>0.9
F(2,19)=2.0; P>0.2
F(2,24)=6.3; P<0.006
F(2,19)=0.11; P>0.9
F(1,24)=0.91; P>0.3
F(1,19)=0.00; P>1.0
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Distance in Center
Female
Male
F(2,24)=0.65; P>0.5
F(2,19)=1.2; P>0.3
F(2,24)=13.0; P<0.0001 F(2,19)=4.6; P<0.02
F(1,24)=1.2; P>0.3
F(1,19)=1.0; P>0.3

Figures
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Figure 9. 1. Structure of nor-binaltorphimine (norBNI).
Constructed using MarvinSketch 5.11.5.
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Figure 9. 2. Time spent immobile during the forced swim test.
Immobility times during the last 4 min are shown for test days 1 (A,B) and 2 (C,D) in
female (A,C) and male (B,D) mice. Post-hoc analysis of day 2 data in females did not
reveal significant differences between genotypes.
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Figure 9. 3. Elevated plus maze (EPM) behavior in female mice
Measures of percent arm time in the open arms (A), open arm latency (B), open arm time
(C) and closed arm time (D) are shown. Post-hoc analysis of closed arm time did not
reveal significant differences between groups.
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Figure 9. 4. Elevated plus maze (EPM) behavior in male mice
Measures of percent arm time in the open arms (A), open arm latency (B), open arm time
(C) and closed arm time (D) are shown. No significant differences were detected. n.s. =
not significant.
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Figure 9. 5. Open field test (OFT) measures in mice
Total distance traveled (A,B) and distance traveled in the center of the open field (C,D)
were determined for female (A,C) and male (B,D) mice. Post-hoc analyses of total
distance traveled by female mice and distance traveled in the center by male mice did not
reveal significant differences between groups. **P<0.01 vs. saline-treated SERT+/+
mice. #P<0.05 vs norBNI-treated SERT+/+ mice. n.s. = not significant.
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Chapter 10

Challenges of optimizing western blotting protocols
for membrane proteins

Introduction
Separation of proteins by molecular weight using sodium dodecyl sulfate in
conjunction with polyacrylamide gel electrophoresis was first introduced in the late
1960s (Maizel, 1966; Shapiro et al., 1966; Shapiro et al., 1967; Vinuela et al., 1967;
Shapiro and Maizel, 1969; Weber and Osborn, 1969). This was followed soon after by
the addition of a protein transfer step onto membranes for antibody-mediated
identification (Renart et al., 1979; Towbin et al., 1979). Dubbed “western blotting”
(Burnette, 1981), this process allows for quantification of specific protein levels from
different tissue sources.
Here, I describe my efforts to use western blot analysis to evaluate levels of the
serotonin transporter (SERT), which is an integral membrane protein, in addition to
soluble intracellular proteins (e.g., tryptophan hydroxylase 2 (TPH2), glial fibrillary
acidic protein (GFAP), and extracellular signal-regulated kinases (ERKs)). This chapter
is intended to review the successes and challenges encountered in using western blotting
for detecting levels of brain protein expression.
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Methods
Samples
Brain tissue samples were from wildtype and SERT-deficient mice (Bengel et al.,
1998; Mathews et al., 2004) or CD-1 mice from Charles River Laboratories (Wilmington,
MA). After dissection, brain tissue was quickly frozen on dry ica and stored at -70°C
until use. Cells were either non-transfected human embryonic kidney 293 (HEK) cells, or
HEK cells stably transfected with human SERT. Protocols for the entire western blotting
procedure used at Penn State or UCLA are in appendix C. For enhanced chemifluorescent
(ECF) imaging, a Typhoon imager (Amersham Biosciences; Piscataway, NJ) in the
UCLA Biological Chemistry Imaging Facility was used.
Antibodies
Antibodies (with their respective catalog numbers) were obtained from the
following sources. Santa Cruz Biotechnology (Dallas, TX): goat polyclonal anti-5-HT1A
SC-32548; goat polyclonal anti-5-HT1A SC-32550. Vector Laboratories (Burlingame,
CA): Mouse anti-goat biotinylated BA-9200; rabbit anti-goat biotinylated BA-1000; goat
anti-rabbit horseradish peroxidase conjugated PI-1000; goat anti-rabbit alkaline
phosphatase conjugated AP-5000; rabbit anti-goat alkaline phosphatase conjugated AP1000. Novus Biologicals (Littleton, CO): rabbit anti-TPH2 NB100-74555. EMD
Millipore (Billerica, MA): rabbit anti-TPH2 AB15572; goat anti-rabbit horseradish
peroxidase conjugated AP132P; rabbit anti-DβH AB1538; rabbit anti-CREB 238461;
rabbit anti-pCREB 238462; rabbit anti-GFAP AB5804; rabbit polyclonal anti-pMAPK1/2
07-467; rabbit polyclonal anti-MAPK2/ERK2 06-333; rabbit monoclonal antiMAPK1/ERK1 05-957; rabbit polyclonal anti-SERT AB9726 (N-terminus). Immunostar
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Inc (Hudson, WI): rabbit polyclonal anti-SERT 24330. Advanced Targeting Systems
(San Diego, CA): mouse anti-SERT ABN09. Transduction Laboratories (Lexington,
KY): mouse anti-TrkB T16020. Cell Signaling Technology (Boston, MA); rabbit
monoclonal CREB 9197X.
Chemicals and supplies
All chemicals and reagents, unless otherwise specified, were from Sigma Aldrich
(St. Louis, MO). Potassium phosphate dibasic and sodium chloride were obtained from
JT Baker (Center Valley, PA), while NP-40 was purchased from USB Corporation (Santa
Clara, CA). From EMD Millipore (Billerica, MA), we used triton X-100, tris HCl, tris
base, potassium phosphate monobasic, glycerol, sodium phosphate dibasic anhydrous
potassium chloride, Immobilon-P membrane PVDF and acetic acid. Kits for Vectastain
ABC-AP, Vector VIP peroxidase substrate, and BCIP/NBT substrate, in addition to
normal goat serum and animal-free blocker were purchased from Vector Laboratories
(Burlingame, CA). Non-fat dried milk powder was from Nestle Carnation (Glendale,
CA), and the protease inhibitors aprotinin and pepstatin A were purchased from MP
Biochemicals (Solon, OH). Sodium dodecyl sulfate, glycine, methanol, and bovine serum
albumin were VWR International (Arlington Heights, IL). Protein levels were quantified
by using a Thermo Scientific Pierce BCA Protein Assay Kit (Thermo Scientific;
Rockford, IL). High range rainbow molecular weight markers and the ECF western
blotting reagent pack were obtained from GE Healthcare Life Sciences (Pittsburgh, PA).
Medium for HEK cells was Dulbecco’s modified eagle medium containing 10% fetal
bovine serum and 1% penicillin-streptomycin, and HEK-SERT cells also had 0.5% G418
Geneticin sulfate added (all from Life Technologies; Grand Island, NY).
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Results
Results of western experiments are listed below in chronological order and
correspond to experiments by the same number in Table 10.1.
Experiment B2 compared two lysis buffers (Rothman et al., 2004; Mukherjee et
al., 2008) in two different resolving gel percentages (7 and 10%) for labeling SERT (Fig.
10.1). The gel with 7% for the resolving portion appeared preferable for better band
resolution. No noticeable difference could be discerned between the two buffers – all
lanes appeared to be overloaded.
Experiment B3 compared three different blocking solutions when targeting SERT
(5% nonfat dried milk, reconstituted; 10% normal goat serum; 10% bovine serum
albumin (BSA); all in 0.1% Tween 20/1X tris-buffered saline (0.1% TBST)). The
5% nonfat dried milk had the dimmest bands, and there appeared to be some non-specific
signal resulting from the 10% goat serum.
Experiment B4 compared two different blocking solutions for targeting SERT
(10% normal goat serum or 10% BSA in 1% TBST). Blocking solution with 10% BSA
appears to be preferable to 10% goat serum due to reduction of background signal.
Experiment B5 compared two lysis buffers for SERT isolation (Xie et al., 2006;
Mukherjee et al., 2008) and boiling vs. ice incubation of homogenized samples. The Xie
buffer (Xie et al., 2006) appeared preferable in terms of band separation, particularly after
boiling. The Mukherjee blot (Mukherjee et al., 2008) was compromised by particulates
interfering with protein transfer in addition to melting of the gel and consequent band
distortion.
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Experiment B6 evaluated the effect of Coomassie staining membranes prior to
antibody processing on protein signal. This experiment also investigated the utility of an
antibody against GFAP in addition to SERT. Coomassie staining appeared to slightly
increase background noise between bands compared to a blot not exposed to Coomassie
staining prior to antibody processing. The antibody against GFAP worked well.
Experiment B7 sought to evaluate background signal generated by using an
alkaline phosphatase-conjugated avidin-biotin complex (ABC-AP) solution in
conjunction with the GFAP antibody. The ABC-AP solution was determined to produce
false signal bands at approximately 200 and 70 kDa (the latter in the expected range for
SERT protein). The GFAP antibody produced a signal around 46 kDa that was not
present when primary antibody, secondary antibody or ABC-AP solution was excluded.
Experiment B8 investigated expression of GFAP and TPH2 in brainstem samples
from mice of all three SERT genotypes, as well as including wildtype spleen as a
negative control for both. The TPH2 antibody worked well, labeling a band of
approximately 50 kDa.
Experiment B9 compared two antibodies against SERT (mouse monoclonal and
rabbit polyclonal). The epitope the mouse monoclonal was directed against was not stated
in the data sheet and could not be confirmed by the company when contacted directly.
Samples from the knockout were overloaded, confounding interpretations of the blots.
However, it appeared that no bands present in the wildtype and heterozygous samples
were missing in the knockout lane.
Experiment B10 further evaluated the mouse monoclonal antibody against SERT.
Again, no bands present in the wildtype and heterozygous samples were missing in the
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knockout lane. Furthermore, the ABC-AP solution was still generating non-specific
bands at approximately 200 and 70 kDa, as determined by exclusion of primary or
secondary antibodies.
Experiment B11 evaluated the use of an alkaline phosphatase-conjugated
secondary antibody for detecting SERT antibody, to exclude the ABC-AP step and
prevent the presence of the background bands. The use of this secondary omitted the
confounding band presence generated by ABC-AP solution. However, labeling with an
antibody against SERT (unclear if mouse or rabbit) did not indicate bands absent in
knockout tissue that were present in heterozygous or wildtype tissue.
Experiment B12 compared two antibodies from Calbiochem and Cell Signaling
against cyclicAMP response element binding (CREB) protein. Samples were
homogenized in a lysis buffer modified from a paper describing CREB westerns (Di
Benedetto et al., 2007). Signal from the Cell Signaling antibody was extremely faint, but
this may have been due to the age of the antibody (unknown). The Calbiochem antibody
gave an approximately 44 kDa band in brain and liver tissue, as well as an additional
30 kDa band in liver.
Experiment B13 attempted to detect serotonin 1A receptor using an antibody
generated in goat. Because we did not have an AP-conjugated anti-goat secondary
antibody, I had to use the ABC-AP solution to develop the blot. There were no bands on
the blot treated with antibody against serotonin 1A receptor that were not also present on
the blot that did not receive primary antibody, but still was exposed to secondary
antibody and ABC-AP solution.

260

Experiment B14 repeated experiment B13 investigating serotonin 1A receptor
with the exact same results, and also once again explored the (mouse or rabbit) SERT
antibody in wildtype and knockout hippocampus. The SERT antibody did not detect any
bands in wildtype tissue that were not also in knockout tissue; in fact, the antibody
labeled several bands in knockout tissue that were not present in wildtype tissue.
Experiment B15 compared varying dilutions of primary and secondary antibody
on blots from brain tissue of wildtype and knockout mice. This was when I finally began
using a uniform record sheet to keep track of all of the parameters used for my western
blotting experiments. Primary rabbit anti-SERT (directed against the SERT N-terminus)
antibody dilutions varied from 1:2000-1:10,000. At the 1:2000 primary dilution, 1:1000
and 1:5000 secondary antibody dilutions were explored. A dilution of 1:1000 for the
secondary antibody was used for the 1:5000 and 1:10,000 primary antibody dilutions.
This was done in an attempt to improve the signal:noise ratio, however, none of the blots
showed bands absent in the knockout tissue that were present in the wildtype tissue.
Experiment B16 explored the use of the rabbit SERT antibody described earlier in
detecting SERT in HEK cells stably transfected with the human SERT gene. No bands
were present in HEK-SERT lanes that were not present in HEK lanes (Fig. 10.2). On the
contrary, many bands present in the HEK lanes were not present in HEK-SERT lanes. In
addition, two different concentrations of blocking solution (5 and 10% BSA) were used,
with the 10% BSA reducing the definition of more bands than 5% BSA.
Experiment B17 evaluated antibodies against CREB and phosphoCREB (pCREB)
in HEK and HEK-SERT cell lines that were incubated in regular media or media
containing 1 µM serotonin for 1 h prior to homogenization. Only HEK cell lines showed
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staining for CREB and pCREB, and there was no discernable difference between media
and serotonin incubation.
Experiment 18 evaluated antibodies against ERK1, ERK2, and phosphoERK1/2
(pERK1/2) in knockout and CD-1 mice. Antibodies against ERK1 and ERK2 worked
well. There might have been a slight decrease in pERK1/2 signal in knockout tissues
versus CD-1 tissues, but the overall band sizes were small so it is difficult to make a
conclusion.
Experiment 19 used a C-terminus antibody directed at SERT to detect SERT
expression in wildtype and knockout tissues, as well as HEK-SERT cell lines. Because
SERT-deficient mice were generated by N-terminus interruption (Bengel et al., 1998), a
truncated SERT protein containing the C-terminus is still generated (Ravary et al., 2001).
Consequently, antibody directed toward the SERT C-terminus should produce a signal in
knockout tissues that is of a lower molecular weight than wildtype tissues (123 of 630
amino acids are missing in truncated SERT protein (Ravary et al., 2001)). However, there
were no differences in the molecular weights of any of the bands detected in wildtype vs.
knockout tissues. At the higher antibody diulion (1:1000), there was a faint smear of
staining spanning the 70-80 kDa range in HEK-SERT cells that was not present in HEK
cells. This smear was not present when the antibody was used at a 1:6000 dilution.
Experiment 20 reexamined the C-terminus SERT antibody at a 1:6000 dilution.
This experiment also investigated an antibody against tropomyosin receptor kinase B
(TrkB) receptor. Unfortunately, the latter antibody required the use of the potentially
confounding ABC-AP solution, as the primary antibody was generated in mouse and we
did not have an AP-conjugated anti-mouse secondary. There were no differences in bands

262

in the absence or presence of primary antibody, regardless of whether the antibody was
used at a 1:1000 or 1:5000 dilution. This may be due to the age of the antibody against
TrkB (unknown).
Experiment 21 used brainstem tissue from mice of all three SERT genotypes to
evaluate labeling using three different antibodies: anti-dopamine β-hydroxylase (DβH),
anti-GFAP, and anti-TPH2. Lysis buffer was modified from two different publications
describing westerns for GFAP (Gomi et al., 1995; Si et al., 2004). There was a slight
increase in band labeling with anti-GFAP primary, though this might have been due to
protein overloading. There also appeared to be a gene dose-dependent signal with antiDβH labeling. No differences were noted with respect to anti-TPH2 signal.
Experiment 22 used a lysis buffer published for isolating GABA receptors and
transporter (Anderson et al., 2008). Brain tissue from all three genotypes of SERTdeficient mice, as well as HEK and HEK-SERT cells were used to evaluate labeling with
antibodies against DβH, SERT, and actin. Because the actin antibody was generated in
mouse, this required the use of the ABC-AP solution. The other two antibodies were
generated in rabbit and thus, were evaluated using AP-conjugated secondary against
rabbit. The actin antibody nicely labeled actin and demonstrated uniform protein loading.
A smear in HEK-SERT cells was again observed with the anti-SERT C-terminus
antibody in the 70-80 kDa range, but no difference was observed in labeling of tissue
from wildtype or knockout mice. Labeling from the anti-DβH antibody was very faint
and though it appeared to have the same trend as that reported in experiment 21, it was
not possible to make conclusive determinations.
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Experiment 23 tried three different dilutions (1:1000, 1:2000, 1:5000) of the antiDβH antibody to attempt to replicate the findings from experiment 21. However, the
findings could not be duplicated. There was something wrong with the gels or a
contaminant in the gel buffer that disrupted band migration in many of the lanes.
Experiment 24 replicated experiment 23 using a different lysis buffer and
centrifugation speed previously used for DβH westerns (Prohaska and Brokate, 2001).
However, there was still something wrong with the gels that disrupted band migration,
and the 1:5000 dilution of the anti-DβH antibody was too weak to generate a detectable
signal.
Experiment 25 replicated experiment 24 using hypothalamic instead of brainstem
tissue, a brain region that should be rich in DβH. In addition, the lysis buffer and
centrifugation methods returned to those used for experiments 21-23. At this point,
however, the DβH antibody solutions had been used multiple times and the signal
previously detected around 76 kDa was no longer appearing at any of the primary
antibody dilutions used.
Experiment 26 involved making a new dilution of anti-DβH antibody and
comparing this to the old dilution. A Coomassie stain was also performed on a separate
blot to confirm presence of protein, and TPH2 was labeled on another blot to confirm
reactivity of reagents. Protein was detected and all reagents appeared to be working well,
save for the DβH antibody. The age of this antibody was unknown at the time of use, so
this could have contributed to the unpredictability of labeling.
Experiments 27-29 explored the utility of an alternative labeling method to the
BCIP-NBT method called Vector VIP, which involves horseradish peroxidase-mediated
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production of chromogens, as opposed to AP. For experiment 27 I tried to detect DβH
and GFAP, whereas experiments 28 and 29 investigated CREB, TPH2 and GFAP.
However, after a few experiments we learned that the chromogen produced is not
permanent like that produced by BCIP-NBT, and that after 2 weeks the signal faded
dramatically.
Experiment 30 compared old and new primary (GFAP) and secondary antibodies,
as well as old and new BCIP-NBT solutions. New secondary and new BCIP-NBT
solution appeared to make the biggest improvement in signal across samples.
Experiment 31 had the protein transfer done backwards, so no protein transferred
from the gel to the PVDF membrane.
Experiment 32 explored labeling of TPH2 and GFAP in the hippocampus of
heterozygous mice. Labeling of GFAP showed up well, while TPH2 was much fainter,
possibly due to the very low dilution of primary used (1:5000).
Experiment 33 used a higher dilution of anti-TPH2 primary and revisited DβHlabeling across genotypes in brainstem samples. Labeling of TPH2 was much better at the
higher dilution. However DβH labeling from experiment 21 still could not be reproduced
at a 1:1000 antibody dilution. Staining for GFAP was crisp as usual.
Experiment 34 used a lysis buffer modified from a paper describing westerns for
tyrosine hydroxylase (Labatut et al., 1988). Here, we explored two new antibodies, a antiTPH2 primary antibody generated in goat, and an anti-TPH1 primary generated in rabbit.
At this point, we had an AP-conjugated secondary antibody against goat, so use of the
ABC-AP solution was avoided in this experiment. In addition, Vector Animal-free
blocker was compared to our usual blocking solution consisting of 10% BSA in
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1% TBST. Antibody against TPH2 appeared reasonably selective, as it only weakly
stained pineal gland tissue (which should not contain TPH2). The antibody against TPH1
actually had stronger bands in brainstem tissue versus pineal, which should not be the
case as TPH1 expression is supposed to be peripheray only, and not in the central nervous
system. Broad background staining was observed when using the animal-free blocker in
the absence of any primary antibody; this did not occur with the usual blocking solution.
Experiment 35 has a half-completed experiment sheet, and no blots corresponding
to the experiment. This was the last western experiment completed at Penn State before
the lab moved to UCLA. Once at UCLA, I taught two undergrads (Jeffrey A. Lee and
Yifang Nie) to perform westerns. All of the subsequent experiments were carried out
under my supervision by them.
Experiment 36 has no experiment sheet, only some blots labeled with the date,
and primary antibody used. This was done to make sure the two undergraduates could
complete the western blotting process from start to finish, after several intermediate trials.
We used anti-GFAP primary because of its consistent labeling of one distinct band per
lane.
Experiment 37 also has no experiment sheet, and this was the first time we used
the Biological Chemistry Imaging Facility’s Typhoon scanner to image membranes
developed with enhanced chemifluorescence. Because the previously used chromogenic
method of development is more qualitative, we thought using a more sensitive method of
development might help us detect SERT bands that were not obvious using the
BCIP-NBT visualization method. We used primary antibody directed against GFAP
because we knew this antibody worked well and gave discrete bands.
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Experiment 38 for GFAP labeling did not have an experiment sheet nor did it
have any details written on the image sheet. It was at this point, I reemphasized to the
undergraduate the necessity of keeping detailed records for experiments.
Experiment 39 was when the undergrads began keeping records of their
experiments, however it appears they still did not record the specific sources of the
tissues used. This was also the first time we used ECF to image labeling with rabbit antiSERT primary. We observed multiple labeled bands across all lanes, however the high
gel percentage (12%) made it difficult to determine the precise molecular weights of the
bands observed.
Experiment 40 for SERT detection was once again lacking an experiment sheet.
Some details were written on the image sheet, and the rest of the details were likely held
constant from the previous experiment. The undergraduates were instructed to use a
lower percentage gel for this experiment and a longer gel run time. Bands were slightly
more separated but still needed better dispersion across the gel.
Experiment 41 also lacked an experiment sheet. It is unclear what they did
differently here except for using a slightly more diluted SERT antibody solution. Bands
are still tightly grouped together.
Experiment 42 used serial two-fold dilutions of samples to determine optimal
protein loading for ECF development purposes with the anti-SERT primary antibody.
The current amount of protein (15 ug/lane) appears sufficient, detection dropped
drastically for one sample set when this was halved to 7.5 ug/lane.
Experiment 43 attempted to compare signal from the N-terminus anti-SERT
primary antibody to that of the C-terminus primary antibody. However, the C-terminus
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anti-SERT primary only strongly labeled a band at approximately 31 kDa, which is much
too small to be SERT. The N-terminus primary labeled two bands at approximately 80
and 70 kDa each.
Experiment 44 has minimal detail regarding the primary antibody used other than
the fact that it was the C-terminus anti-SERT primary antibody. No dilution is mentioned,
nor was the tissue used recorded. On the blots, there appear to be two bands, one around
60 kDa and another around 38 kDa, making me think the marker on experiment 43 was
mislabeled.
Experiment 45 returned to the N-terminus antibody against SERT. This time the
gel was run for a longer period to separate bands, and there are five clearly labeled bands
from wildtype tissue between 76 kDa and 52 kDa.
Experiment 46 used knockout tissue labeled with the N-terminus anti-SERT
primary. Once again, there were five distinct bands labeled in the knockout tissue
between 76 kDa and 52 kDa.
Experiment 47 compared tissue (region unclear) from all three SERT genotypes
using the N-terminus anti-SERT primary. Signal from knockout and wildtype tissue was
weaker than that detected in heterozygous tissue. In all three genotypes, five distinct
bands were detectable between 76 and 52 kDa.
Experiment 48 used the same tissue samples (region unclear) from the three
SERT genotypes to compare the N-terminus anti-SERT primary antibody to the
C-terminus primary antibody. At this point, it appeared the N-terminus antibody solution
was nearing the end of its usefulness, as the signal was drastically weaker than in
experiment 47. However, in the heterozygous tissue, bands were still the strongest and,
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due to the gel being run out longer, 6 bands could be discerned between 76 and 52 kDa.
In contrast, no bands were detected using the C-terminus antibody.
Experiment 49 again used the same tissue samples from experiments 47-48 and
exclusively focused on labeling with the C-terminus anti-SERT primary. As was
observed with the N-terminus antibody, labeling of heterozygous tissue was strongest,
but this time, the most distinct bands were around 60, 45 and 38 kDa. Bands were barely
visible in the wildtype tissue and not visible at all in the knockout tissue, even though this
antibody should detect truncated SERT in knockout tissues.
Experiment 50 used an unknown brain region from mice of all three SERT
genotypes to again examine labeling with the C-terminus antibody. However, it appeared
the antibody solution was reaching the end of its lifetime, as there was only one set of
barely visible bands in heterozygous tissue around 76 kDa, with high background
throughout the blot.
Experiment 51 used tissue from experiment 50 to examine labeling with the
SERT N-terminus primary. As with experiment 50, we only observed faint bands around
60 kDa in heterozygous tissue, and no detectable bands in wildtype or knockout tissues.
This led us to believe our secondary antibody, which was over a year old, might have
been going bad. We ordered new secondary antibody.
Experiment 52 was performed after a hiatus from westerns. For this experiment
we evaluated antibodies against ERK1 and ERK2 using a protease inhibitor cocktail,
instead of our usual individually added protease inhibitors. We obtained labeling of
ERK1 and ERK 2, even when protease inhibitors were excluded from the lysis buffer
(Fig. 10.3).
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Experiment 53 explored lower dilutions of primary antibodies against ERK1 and
ERK2 (1:2000 and 1:5000), both of which gave very nice labeling.
Experiment 54 was our first attempt at using a phosphatase inhibitor cocktail and
mortar and pestle homogenization to examine the phosphorylation state of ERK1 and
ERK2. However, when Yifang brought the blots to the imaging facility, she found she no
longer had card access to the room. We later learned that our annual contract to use the
facility had expired, and after much deliberation we decided to not renew it due to the
cost.

Discussion
None of the commercially available antibodies against SERT appear to detect
SERT protein in our hands, based on the presence of consistent band labeling in wildtype
and SERT knockout mice. Westerns for SERT are reported to produce varied results with
products as small as 40 kDa and as large as 92 kDa being labeled from rat brain tissue
(summarized in (Chamba et al., 2008)). There are many reasons for these variations, such
as differences in protein glycosylation (Chamba et al., 2008). Some laboratories have
used high centrifuge speeds to selectively isolate integral membrane proteins (Anthony
and Azmitia, 1997; Carboni et al., 2002; Bruchas et al., 2011). Others have generated inhouse antibodies for SERT westerns (Qian et al., 1995; Dmitriev et al., 2005; McLane et
al., 2011). One group has proposed that heating of samples disrupts SERT signal in
westerns (McLane et al., 2007), however, we observed that boiling improves the
resolution of our blots (though we cannot speak to a specific effect on SERT).
Furthermore, every lab uses different, sometimes poorly described, lysis buffers for
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SERT westerns (Qian et al., 1995; Dmitriev et al., 2005; Chamba et al., 2008; Zhao et al.,
2009; Biezonski and Meyer, 2010; Bruchas et al., 2011; McLane et al., 2011; Tellez et
al., 2012). We switched from sonification to mechanical homogenization to avoid of
influence the former on protein integrity due to anecdotal references in the product
literature. After using a chromogenic product for visualization of antibody binding for the
duration of experiments at Penn State, we switched to ECF visualization at UCLA in case
low sensitivity was masking the presence of SERT signal. However, this is a more
expensive method to develop westerns by, and we still could not confirm the specificity
of commercially available SERT antibodies.
Regarding our ability to isolate soluble proteins such as GFAP and ERK, I believe
we have reasonably established this. Continued experiments will be necessary to
determine if we can quantify phosphorylated proteins, as this is a more sensitive process
due to the rapid dynamics of phosphorylation states (Tarrant and Cole, 2009).
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Tables
Table 10. 1. Details of western experiments arranged in chronological order.
Exp#
1

??

Gel
%
7, 10

1

??

??

1

??

7

1

??

8

1

??

??

1

??

??

1

??

10

1

??

10

1

??

??

1

??

??

1

??

??

B2

B3

B4

B5

B6

B7

B8

B9

B10

B11

B12

1

B13

Date

??

??

Samples
Brainstem
Cerebellum
Cortex
Spleen
Brainstem
Cerebellum
Cortex
Spleen
Hippocampus
Brainstem
Cortex
Liver
Brainstem (WT)
Cortex (WT)
Liver (WT)
Cortex (KO)
Cerebellum (WT)
Spleen (Het)
Cortex (Het)
Cortex (Het)
Cerebellum (WT)
Cerebellum (WT)
Cortex (Het)
Spleen (Het)
Brainstem (WT)
Brainstem (Het)
Brainstem (KO)
Spleen (WT)
Striatum (WT)
Striatum (KO)
Liver (WT)
Striatum (Het)
Hippocampus
(Het)
Liver (WT)
Hippocampus
(KO)
Hippocampus
(WT)
Cortex (WT)
Cortex (KO)
HEK cells
Cortex (Het)
Hippocampus
(WT)
Striatum (WT)
Liver (WT)
Brainstem (Het)
Brainstem (WT)
Liver (KO)
Hippocampus
(WT)
Striatum (WT)

Buffer

Centrif.

Target

1°

2°

Rothman
Mukherje
e

??

Rabbit α-SERT

??

??

??

??

Rabbit α-SERT

??

??

??

??

Rabbit α-SERT

??

??

Mukherje
e
Xie

??

Rabbit α-SERT

??

??

??

??

Rabbit α-SERT
GFAP

1:1000
1:1000

??

??

??

GFAP

1:1000

Biotinylated αrabbit

??

??

GFAP
TPH2

1:1000
1:1000

??

??

??

Mouse α-SERT
Rabbit α-SERT

1:1000
1:1000

??

??

??

Mouse α-SERT

1:1000

??

??

??

?? α-SERT

1:1000

AP-conjugated
α-??

??

??

Calbiochem αCREB
Cell signaling
α-CREB

1:1000

AP-conjugated
α-rabbit

Goat α-5-HT1A

??

??

??
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1:1000
Donkey α-goat

1

B14

??

??

Hippocampus
(WT)
Hippocampus
(KO)
Brainstem (WT)
Brainstem (KO)

??

Xiea

??

Goat α-5-HT1A

??

Donkey α-goat
AP-conjugated
α-??

?? α-SERT

??

2x @
11,300 x
g

Rabbit α-SERT

AP-conjugated
α-rabbit

2x @
11,300 x
g
8,100 x g

Rabbit α-SERT

1:2000
1:5000
1:1000
0
1:5000

Rabbit α-CREB
Rabbit αpCREB
Rabbit α-ERK1
Rabbit α-ERK2
Rabbit αpERK1/2

1:1000
1:1000

AP-conjugated
α-rabbit

1:1000
1:1000
1:1000

AP-conjugated
α-rabbit

1

12.23.0812.25.08

8

1

01.12.0901.15.09

8

HEK cells
HEK-SERT cells

Xiea

1

02.16.0902.17.09

10

HEK cells
HEK-SERT cells

Mukherje
ea

1

02.20.0902.21.09

12

Mukherje
ea

8,100 x g

1

03.19.0903.21.09

8

Xiea

2x @
11,200 x
g

Rabbit α-SERT
C-term

1:1000
1:6000

AP-conjugated
α-rabbit

1

03.25.0903.28.09

7

Cortex (KO)
Hippocampus
(KO)
Cortex (CD-1)
Hippocampus (CD1)
Brainstem (WT)
Brainstem (KO)
HEK-SERT cells
HEK cells
Brainstem (WT)
Brainstem (KO)
HEK cells
HEK-SERT cells
Brainstem (KO)
Brainstem (Het)
Brainstem (WT)
Liver (WT)
Liver (WT)
Brainstem (WT)
Brainstem (Het)
Brainstem (KO)
Cortex (KO)
Cortex (WT)
HEK-SERT cells
HEK cells
Brainstem (KO)
Brainstem (Het)
Brainstem (WT)
HEK cells
Brainstem (KO)
Brainstem (Het)
Brainstem (WT)
Hypothalamus
(Het)
Hypothalamus
(KO)
Hypothalamus
(WT)
Brainstem (KO)
Brainstem (Het)
Brainstem (WT)
Liver (Het)
Brainstem (WT)
Brainstem (WT)
Brainstem (WT)
Liver (WT)

Xiea

2x @
11,200 x
g

Rabbit α-SERT
C-term
Mouse α-TrkB

1:6000

Si/Gomia

12,000 x
g

Rabbit α-DβH
Rabbit α-GFAP
Rabbit α-TPH2

1:1000
1:5000
1:5000
1:5000
1:5000

AP-conjugated
α-rabbit
Goat α-mouse

Anderson

12,000 x
g

Mouse α-actin
Rabbit α-DβH
Rabbit α-SERT

1:2000
1:5000
1:5000

Goat α-mouse
AP-conjugated
α-rabbit

Si/Gomia

12,000 x
g

Rabbit α-DβH

1:1000
1:2000
1:5000

AP-conjugated
α-rabbit

Prohaska
&
Brokatea
Si/Gomia

1000 x g

Rabbit α-DβH

AP-conjugated
α-rabbit

12,000 x
g

Rabbit α-DβH

1:1000
1:2000
1:5000
1:1000
1:2000
1:5000

Si/Gomia

12,000 x
g

Rabbit α-DβH
Rabbit α-TPH2

1:5000
1:5000

AP-conjugated
α-rabbit

Si/Gomia

12,000 x
g

Rabbit α-DβH

1:1000
1:1200
1:5000

HRPconjugated αrabbit

B15

B16
B17
B18

B19

B20

1

05.06.0905.08.09

10

1

05.19.0905.22.09

10

1

06.03.0906.05.09

10

1

06.09.0906.11.09

10

1

06.15.0906.17.09

10

1

06.24.0906.26.09

10

2

06.29.0907.02.09

10

B21

B22

B23

B24
B25

B26

B27

a

Rabbit α-GFAP
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AP-conjugated
α-rabbit

AP-conjugated
α-rabbit

AP-conjugated
α-rabbit

2

07.03.0907.09.09

10

2

07.13.0907.15.09

10

1

08.04.0908.06.09

12

B31

08.07.09??

12

1

08.11.0908.13.09

12

1

08.21.0908.22.09

10

1

09.17.0910.05.09

12

B35

10.15.09??

??

1

??03.02.11
??05.06.11

??

B28
B29

B30

B32

B33

B34

B36

3

B37

3

B38

3

B39

3

B40

3

B41

3

B42

3

B43

?? (WT)
(Experiment by
DJR)
Striatum (Het)
Striatum (Het)
Striatum (Het)
Liver (WT)
Striatum (Het)
Striatum (Het)
Striatum (Het)
Liver (Het)
Hippocampus
(Het)
Hippocampus
(Het)
Hippocampus
(Het)
Liver (Het)
Hippocampus
(WT)
Hippocampus
(WT)
Hippocampus
(WT)
Liver (WT)
Brainstem (Het)
Brainstem (KO)
Brainstem (WT)
Liver (WT)
Pineal (CD-1)
Brainstem (CD-1)
Pineal (CD-1)
Brainstem (CD-1)
Hippocampus
(WT)
Hippocampus
(WT)
Hippocampus
(Het)
Liver (KO)
??

Si/Gomia
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AP-conjugated
α-rabbit

Figures

Figure 10. 1. Western blot for SERT (Experiment B2).
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Figure 10. 2. An image of the SERT blot from experiment B16.
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Figure 10. 3. Photo of the Typhoon imager printout of experiment B52 for ERK1
and ERK2.
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Chapter 11

Dissertation Synthesis

Behavior encompasses complex phenomena that arise from brain function and
that are influenced dynamically by genetics and the environment. Steadily our and other
laboratories are identifying and implementing various methods for systematically
characterizing these influences.
In this dissertation, I investigated for the first time in adult and postnatal mice a
potent serotonin synthesis inhibitor, para-ethynylphenylalanine (PEPA; Chapters 2, 3, 5).
This compound caused reductions in mouse brain serotonin levels comparable to the
commonly used serotonin synthesis inhibitor, para-chlorophenylalanine (PCPA), but at
10-fold lower doses. In addition to inhibiting tryptophan hydroxylase, PCPA substantially
reduces the activity of phenylalanine hydroxylase (Koe and Weissman, 1966; Lipton et
al., 1967; Guroff, 1969). A study in adult rats suggests that PEPA does not influence
phenylalanine hydroxylase activity (Stokes et al., 2000). Future experiments should
confirm this in postnatal and adult mice.
Extended enzymatic evaluations of tyrosine hydroxylase and dopamine βhydroxylase activities after PEPA exposure would also be advantageous, as we have
observed strain- and age- dependent reductions in dopamine and norepinephrine levels
(see Chapters 2, 3, 5). Though we attempted a collaborative pilot study to this end, the
small size of the mouse brain regions examined presented a challenge for obtaining an
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adequate signal:noise ratio. Alternative approaches such as spectrofluorometry (Hamon et
al., 1978; Kuhn et al., 1980; Moran and Fitzpatrick, 1999) or spectrophotometry
(Vermeer et al., 2013), as opposed to radiometric assays, might address this difficulty
with small volume samples.
This question of mouse enzyme inhibition is of particular interest in light of the
largely incongruent behavioral findings we observed after postnatal PEPA vs. PCPA
exposure. For example, postnatal PEPA reversed the increased anxiety-like phenotype
exhibited by female serotonin transporter (SERT) knockout mice while postnatal PCPA
did not (Chapter 5). Though we hypothesized this normalization in SERT knockout mice
would occur after postnatally decreasing serotonin levels, we did not anticipate that
PEPA would elicit this effect while PCPA would have no effect. Confirming that these
differential outcomes are a consequence of phenylalanine hydroxylase inhibition by
PCPA, or action on an as-yet unidentified protein by PEPA, will shed light on the
developmental pathways involved in determining lifelong emotion-, social-, and
cognition-related behaviors.
Narrowing of the postnatal PEPA administration period could help further refine
critical period definitions for multiple aspects of behavior. Such work would identify key
intervention time points for infants at risk for autism or cognitive impairment.
Examination of limbic brain area development in SERT-deficient mice (Wellman et al.,
2007) treated postnatally with PEPA could provide information on neuroanatomical
correlates of anxiety-related behavior. Enhanced understanding of changes in innervation
patterns or neuron subpopulations in mice could reveal novel therapeutic or even
prophylactic targets for treating or preventing pathological anxiety.
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Disruptions in excitatory-inhibitory balance, for example, have been proposed as
contributing factors to anxiety (Davis et al., 1994; Hammack et al., 2009; Amilhon et al.,
2010) and autism (Gogolla et al., 2009). In addition to the association of serotonin with
both of these phenomena, serotonin has been proposed as a modulator (Hammack et al.,
2009; Moreau et al., 2010) and recipient (Amilhon et al., 2010; Soiza-Reilly and
Commons, 2011) of changes in excitatory-inhibitory balance. We investigated the
possibility of assessing excitatory-inhibitory balance in SERT-deficient mice through the
use of immunofluorescent labeling described previously (Dahlhaus et al., 2010). These
researchers quantified vesicular glutamate transporter 1 & 2 (VGluT1/2) and vesicular
GABA transporter (VGAT) labeled puncta in mice overexpressing neuroligin 1 to
evaluate changes in the excitatory:inhibitory ratio (Dahlhaus et al., 2010).
Though we were able to achieve staining for VGlut1, VGlut2 (data not shown),
and VGAT (Fig. 11.1), consistent imaging and accurate quantification of these puncta
proved a greater challenge than anticipated. Primary obstacles encountered included
differences in fluorescent intensities, and consequential differences in imaging times,
across slides, as well as difficulties defining minimum and maximum puncta sizes. We
then shifted our focus and instead explored the possibility of staining different
GABAergic neuron subpopulations.
Calbindin, calretinin and parvalbumin are calcium-binding proteins used to label
different GABAergic interneurons. Region-specific changes in parvalbumin and
calbindin mRNA levels (Guidotti et al., 2012) or neuron numbers (Giachino et al., 2007;
Helmeke et al., 2008) have been observed in SERT-/- and postnatally stressed rodents,
respectively. Furthermore, multiple classes of GABAergic interneurons are modulated by
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serotonergic input (Liu et al., 2007; Muller et al., 2007; Varga et al., 2009; Lee et al.,
2010; Weber and Andrade, 2010). Parvalbumin neurons in particular exhibit activation
after induction of anxiety (Yilmazer-Hanke et al., 2002; Hale et al., 2010), and reductions
in their numbers have been demonstrated in tryptophan hydroxylase 2 knockout mice
(Waider et al., 2013), which exhibit reduced anxiety-like behaviors (Mosienko et al.,
2012). Our initial attempts at labeling parvalbumin- and calbindin-positive neurons were
successful (Fig. 11.2). Once a proper stereology protocol is implemented, analysis of
brain tissue from SERT-deficient mice exposed to postnatal serotonin synthesis inhibition
should help identify GABAergic neuron subpopulations influencing anxiety-like
behaviors in these mice.
Of additional interest in Chapter 5 are the sexually dimorphic behavioral changes
displayed by mice treated postnatally with PEPA. Differential disruptions based on sex in
anxiety-, social- and cognitive-related behaviors after postnatal PEPA indicate that sex
hormones may strongly influence adaptive or maladaptive developmental trajectories.
Continued exploration of this aspect of our findings could improve identification of
molecular contributors to these altered behaviors and/or indicate an advantage to sexbased treatment approaches.
In the process of these behavior investigations, as well as during our laboratory’s
introduction to the world of conditioned behaviors, we have not only enhanced our
scientific knowledge but improved and expanded our methodologies as well. We have
explored different social targets for social interaction tests (Chapter 4), modified the
three-chambered test to measure anxiety-related behaviors, and expanded the utility of
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the Lashley III maze to evaluate not only learning but also spatial memory and cognitive
flexibility (Chapter 5).
Furthermore, we compared different environmental approaches for elevated plus
maze testing (Chapter 6). Genetic loss of SERT in rodents has been associated with
increased anxiety-like behavior in the elevated plus maze (Holmes et al., 2003; Carroll et
al., 2007; Olivier et al., 2008), though masking of this phenotype can occur due to
differences in background strain or laboratory environment (Holmes et al., 2003; Lira et
al., 2003; Ren-Patterson et al., 2005; Jansen et al., 2010). In our hands, this enhanced
anxiety-like phenotype is restricted to females and appears to have attenuated over time
or changed with laboratory environment changes (unpublished observations). However,
differences in behavior testing outcomes are not restricted to the elevated plus maze nor
to SERT-deficiency. In fact, multiple publications have reported on the phenomenon of
differential behavior testing outcomes across experimenters and laboratories in vendorderived mouse strains, even when stringent, detailed protocols are followed (Crabbe et
al., 1999; Lewejohann et al., 2006; Mandillo et al., 2008; Richter et al., 2011).
The varied expressions of multiple types of behavior are extensive, as
demonstrated by the numerous methods employed to measure behavior. Unfortunately,
the very fact that behavior is so varied makes it challenging to evaluate and to quantify.
In comparison to physiological parameters, which by nature have homeostatic limits in
place, the behavior of mice in a virtually risk- and predator-free environment ranges
dramatically. When this artificial environment is manipulated by pharmacological,
genetic, or other stressful changes, a more genuine behavioral response might be elicited
for evaluation. In the case of Chapter 5, postnatal saline-treatment amplified the anxiety-
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like phenotype of SERT-deficient female mice. For Chapter 8, the expression of
conditioned place aversion by SERT-deficient mice to a kappa opioid receptor agonist
involved a much tighter data distribution (data not shown) than open field locomotor
data, for example. Though this is only one interpretation, it bears considering that most
expressed behaviors are not a consequence of spontaneous exploration but are prompted
and altered by outside influences.
As mentioned earlier, our foray into the execution of kappa-induced contextual
conditioning has proven fruitful and promising. Though our findings mostly match those
reported by another group (Schindler et al., 2012), where they differ is a critical finding,
as well as a point of novel interest to our group. The persistence of conditioned aversion
to a kappa opioid receptor agonist in mice lacking SERT expression indicates that other
components of the serotonergic system, and possibly other systems, are influenced by
kappa opioid receptor activation to produce dysphoria (Chapter 8). In other words, while
there is stil strong evidence that the serotonergic system as a whole is involved (Bruchas
et al., 2011), it does not appear that SERT is requisite for kappa-mediated aversion, as
previously thought.
This is particularly evident in SERT+/- mice, as even though they condition to the
drug-paired side of the chamber, as evidenced in the state-dependent test, they fail to
exhibit avoidance in the absence of drug. One interpretation for this finding is that
SERT+/- mice are resilient to aversive contextual conditioning, in support of their utility
as a model for humans with the reduced expression variant of the serotonin transporterlinked polymorphic region (Li, 2006; Kalueff et al., 2010) and their “differential
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susceptibility” to environmental changes (Belsky et al., 2009; van Ijzendoorn et al.,
2012).
The possibility of conditioning resilience exhibited by SERT+/- mice opens up an
additional avenue for characterization with potential depressive disorder benefits. No
studies to date have explored whether the kappa opioid system is altered in mice deficient
in SERT, even though these mice are particularly stress-susceptible (Jiang et al., 2009;
Yang et al., 2013) and the kappa opioid system has consistently been implicated in
mediating aversive stress responses (Land et al., 2008; Land et al., 2009; Schindler et al.,
2010; Bruchas et al., 2011; Jackson et al., 2012; Lemos et al., 2012; Schindler et al.,
2012; Smith et al., 2012; Van't Veer et al., 2012; Graziane et al., 2013).
Consequently, continued characterization of kappa opoid receptor responsiveness
in SERT-deficient mice, in addition to exploration of kappa antagonist effectiveness in
these mice, should prove beneficial for determining how these systems interact to
generate dysphoria. One of the most pressing investigations to complete is determining
kappa opioid receptor expression levels in SERT-deficient mice. Commercially available
antibodies provide a qualitative but region-specific means of examining kappa opioid
receptor activation by selectively labeling phosphorylated receptors. Other members of
the Andrews lab are currently evaluating dynamic changes in serotonin and dopamine
release in response to central or peripheral administration of kappa opioid receptor
agonists. And despite the inconclusive findings of our first investigation of kappa
antagonist responsiveness in SERT-deficient mice (Chapter 9), we are optimistic for
future endeavors to uncover how kappa-mediated alterations in serotonergic signaling
impact perception of stressful experiences. Though our explorations of kappa-serotonin
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interactions have been relatively brief, these experiments have revealed a wealth of
investigative opportunities to improve our understanding of mood regulation by these
systems.
Beyond exploring behavior in conjunction with neurotransmitter changes, our lab
also has the capability to measure intracellular protein levels (e.g., soluble enzymes,
signaling proteins; Chapter 10), as well as neuroanatomical innervation patterns
(Appendix D). Indeed, a second cohort of adult mice not mentioned in Chapter 2 was
treated with tryptophan hydroxylase inhibitors and then perfused for later serotonin
immunocytochemistry. In addition, brain tissue from animals whose behavior was
evaluated in Chapter 5 has been frozen for later analyses using HPLC or western blotting,
or perfused for immunochemical analyses of serotonin innervation (Luellen et al., 2006)
and/or evaluations of GABAergic neuron subpopulations (Lee et al., 2010; Celada et al.,
2013; Waider et al., 2013).
From this dissertation research, we have gained knowledge about a key period
during which reducing serotonin synthesis with a novel TPH inhibitor in mice can
normalize anxiety-like behavior in female mice lacking SERT. We have learned how
modifications to existing behavior paradigms can introduce confounds or enhance the
types of behavioral information gained. Expanding our perspective on the pathology of
mood disorders, we have begun exploring interactions between the serotonin and kappa
opioid systems to uncover how genes and environmental factors combine to influence
contextual aversion. Ambitious follow-ups to these experiments could even explore the
influence of postnatal PEPA administration to SERT-deficient mice on development of
conditioned place aversion to kappa opioid receptor agonism. In other words, the
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informative work presented here has also highlighted numerous promising avenues for
continued investigations into the mechanisms by which serotonin elicits behavioral
effects.
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Figures

Figure 11. 1. Excitatory-inhibitory balance immunolabeling
Labeling in mouse cortex of vesicular GABA transporter (VGAT; green, left column),
vesicular glutamate transporter 1 (VGluT1; red, center column), and a merge of the two
(right column). Images were taken on an upright light microscope (top row) or an
inverted confocal microscope (bottom row). Images are of tissue from the same slide
containing tissue from one mouse (6743).

293

Figure 11. 2. Labeling of calcium-binding proteins expressed by different
GABAergic interneuron subpopulations
Images from the amygdala in two different mice are shown demonstrating neuronal
labeling by antibodies against the calcium-binding proteins calbindin (left) and
parvalbumin (right).
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Appendix A
Genotyping TPH2 C1473G Polymorphism Protocol
Adapted from Andrews Lab SERT genotying protocol and Zhang et al. 2004 Science 305:217

Tail lysis
1.
2.
3.
4.
5.

Make up lysis buffer (for 24 tubes, combine 13 mL lysis buffer with 65 uL proteinase K)
Turn on water bath to 55°C
Put 500 uL of of the lysis solution into each tube containing a tail clip
Close the tube lid and place tube in metal rack – tighten lid of metal rack
Place rack in water bath for 12-16 hrs

DNA Extraction
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

Take rack out of water bath
Invert several times and set on counter to cool to room temperature
Once cooled, spin tubes at 12,000 rpm for 12 minutes
While tubes are spinning, label new eppendorfs with numbers 1-24
Place 500 uL isopropanol in new tubes
Remove tubes containing lysed tails from centrifuge and assign a number (1-24) to tube –
RECORD THIS NUMBER, as it will be used throughout the rest of the protocol
Remove 300-400 uL of supernate (as much possible without drawing up hairs from pellet)
and place in new tube containing isopropanol
Cap new tube and invert repeatedly to precipitate out DNA – should be a visible filamentous
clump
Centrifuge these tubes for 8 min at 12,000 rpm to pellet DNA
Remove isopropanol supernate, taking care to not disturb the pellet, and discard supernate
Place 500 uL of 75% EtOH into each tube containing DNA pellet
Flick tube to rinse pellet, then spin for 5 min at 12,000 rpm
Remove 75% EtOH supernate, taking care to not disturb the pellet, and discard supernate
Spin tubes for 2 min at 12,000 rpm to pool any remaining solution in tube at bottom
Remove any remaining supernate
Allow pellet to air dry for ~15 min
Add 85 uL of TE buffer and vortex thoroughly to resuspend DNA
Leave in fridge overnight to allow DNA to dissolve into solution

19. Use NanoDrop to read 2 uL aliquots of each tube
20. Save readings as Excel spreadsheet to calculate DNA dilution
To calculate DNA needed (in uL) for dilution (for 50 ng/uL):
[50 ng/uL x 50 uL final volume]
current DNA concentration

To calculate nanopure water needed to complete dilution (50 ng/uL):
50 uL – DNA needed for dilution

21. Prepare 24 new labeled tubes for generating 50 ng/uL dilutions of DNA samples
22. Dilute each sample according to amounts calculated by Excel spreadsheet
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PCR
*Be sure to vortex all reagents and DNA samples prior to use
1.
2.
3.

Prestart MyCycler TPH2 protocol
Put all needed reagents except Taq into an ice bucket to thaw (if applicable)
Label two sets of PCR reaction tubes, including 1 for a blank sample in each set
a. Label one set with ref # + “C”
b. Label other set with ref # + “G”
4. Create “C” master mix in eppendorf by determining amount needed of reagents listed below
a. Add Nanopure H2O then 10x Reaction Buffer (-MgCl2)
b. Add dNTPs, MgCl2 and primers
c. Remove Taq from freezer and add to master mix
d. VORTEX master mix!!!
i. The following of each reagent is needed per tube:
1. 11.25 uL
Nanopure H2O
2. 2.5 uL
10x Reaction Buffer (-MgCl2)
3. 0.5 uL
10 mM dNTPs
4. 0.75 uL
50 mM MgCl2
5. 2.5 uL
20 uM Forward Outside primer
6. 2.5 uL
20 uM Reverse Outside primer
7. 2.5 uL
20 uM Reverse C primer
8. 0.5 uL
Taq polymerase
9. 2.0 uL
Sample DNA (50 ng/uL dilution)
5. Create “G” master mix in eppendorf by determining amount needed of reagents listed below
a. Add Nanopure H2O then 10x Reaction Buffer (-MgCl2)
b. Add dNTPs, MgCl2 and primers
c. Remove Taq from freezer and add to master mix
d. VORTEX master mix!!!
i. The following of each reagent is needed per tube:
1. 11.25 uL
Nanopure H2O
2. 2.5 uL
10x Reaction Buffer (-MgCl2)
3. 0.5 uL
10 mM dNTPs
4. 0.75 uL
50 mM MgCl2
5. 2.5 uL
20 uM Forward Outside primer
6. 2.5 uL
20 uM Reverse Outside primer
7. 2.5 uL
20 uM Reverse G primer
8. 0.5 uL
Taq polymerase
9. 2.0 uL
Sample DNA (50 ng/uL dilution)
6. Add 23 uL of master mix to each PCR reaction tube – be careful to place solution in bottom of
tube, not on sides
7. Add 2 uL of respective sample to each PCR reaction tube – be sure to inject sample directly into
master mix (not onto side)
8. Briefly spin down PCR reaction tubes using minifuge if needed
9. Place tubes in MyCycler
10. Begin TPH2 program on MyCycler
a. 5 min hold at 94°C
b. 40 cycles:
i. 94°C for 30 sec
ii. 60°C for 30 sec
iii. 72°C for 30 sec
c. 10 min hold at 72°C
d. Hold at 4°C
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11. While MyCycler is running, prepare 3% agarose gels
a. 10.5 g Agarose
b. 350 mL 1x TBE Buffer
c. Microwave mixture until clear (no agarose particles visible)
d. Add 7 uL of 10 mg/mL ethidium bromide (TOXIC!)
e. Mix by swirling and quickly pour into gel plate
f. Allow to cool for 1-1.5 hrs (until gel is translucent)
12. Once program is at 4°C, remove tubes and place on ice
13. Add 3 uL of loading dye to each tube
14. Mix dye thoroughly with sample and load 10 uL of each sample into gel(s)
15. Load 100 bp ladder (bands should be at 523 and 307 bp)
16. RECORD which lane contains which sample (including master mix used)!!
17. Run gel(s) at 105 V (constant voltage) for 65 minutes
18. Image results using BioRad Imager
a. Save images with date and gene of interest in file name

Solutions:
Lysis Buffer
6.057 g
5 mL
10 mL
5.84 g

Tris Base (Final conc. = 100 mM)
0.5 M Na2EDTA
10% Sodium Dodecyl Sulfate
NaCl
 Bring to 400 mL with ddH2O
pH to 8.5 with HCl
 Bring to final volume of 500 mL

TE Buffer
121.14 mg
200 uL

10X TBE Buffer
1g
108 g
55 g
5.85 g

Tris Base (Final conc. = 10 mM)
0.5 M Na2EDTA
 Bring to 80 mL with ddH2O
pH to 8.5 with HCl
 Bring to final volume of 500 mL

NaOH
Tris Base
Boric Acid
EDTA powder (or 7.4 g of Na2EDTA)
 Bring to 1 L with ddH2O

Primer dilutions
Primers arrive from the Nucleic Acid Facility in 100 uM concentrations
For preparing master mix, use 20 uM dilutions of primers:
100 uL
100 uM primer
400 uL
ddH2O
Primer sequences:
	
  
	
  
TPH2	
  Outside	
  Forward	
   5’	
  TTT	
  	
  GAC	
  	
  CCA	
  	
  AAG	
  	
  ACG	
  	
  ACC	
  	
  TGC	
  	
  TTG	
  	
  CA	
  3’	
  
	
  
	
  
TPH2	
  Outside	
  Reverse	
   5’	
  TGC	
  	
  ATG	
  	
  CTT	
  	
  ACT	
  	
  AGC	
  	
  CAA	
  	
  CCA	
  	
  TGA	
  	
  CAC	
  	
  A	
  3’	
  
	
  
	
  
TPH2	
  C	
  Reverse	
   	
  
5’	
  CAG	
  	
  AAT	
  	
  TTC	
  	
  AAT	
  	
  GCT	
  	
  CTG	
  	
  CGT	
  	
  GTG	
  	
  GG	
  3’	
  
	
  
	
  
TPH2	
  G	
  Reverse	
  	
  
5’	
  CAG	
  	
  AAT	
  	
  TTC	
  	
  AAT	
  	
  GCT	
  	
  CTG	
  	
  CGT	
  	
  GTG	
  	
  GC	
  3’	
  
	
  
Product	
  sizes	
  (Zhang	
  et	
  al.,	
  2005):	
  
	
  
Control:	
  523	
  bp	
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Alleles:	
  307	
  bp	
  

Platinum Taq (Cat. # 10966-034) and 10 mM dNTPs (Cat. # 18427-088) are from Invitrogen
Ladder from Novagen (EMD Chemicals) Perfect DNA 100 bp Ladder Cat. # 70539-3
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Appendix B
Behavior Instructions: Elevated Plus Maze
Room Prep:
-Turn on overhead cameras
-Turn on computer
-Place handheld camera in position
-Turn on heat/infrared/low wattage lamp
-Prep software for experiment
-Prep remote for experiment
Mouse Prep:
-Weigh mice and mark tails with sharpie (to improve speed of identifying mice in dim
lighting)
-Move into behavior room 1 h before onset of dark cycle
-Leave mice undisturbed until 1 h after onset of dark cycle
Experiment:
1. -Clean EPM with 70% ethanol; allow to dry
2. -Run males first, then females
3. -Start handheld camera, use dry erase board to describe experiment
4. -Take first mouse from cage, carry to EPM on wire lid
5. -Place mouse in center of EPM facing closed arm
6. -Release mouse and click remote to start experiment
7. -Run time: 15 minutes
8. -At end of experiment, remove mouse from EPM and place back in home cage
9. -Count fecal boli
10. -Save experiment/video file
11. -Clean EPM with 70% ethanol; allow to dry
12. -Repeat from step 4
13. -When completed, remove files from computer and place onto personal hard drive
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Behavior Instructions: Sociability/Social Novelty
Room Prep:
-Turn on overhead cameras
-Turn on computer(s)
-Turn on infrared light(s)
-Prep software for experiment
-Prep remote for experiment
Mouse Prep:
-Weigh target mice and mark tails of ALL mice with sharpie
-Move target AND stranger mice into behavior room 1 h before experiment
-Leave mice undisturbed for the hour
-Plan which strangers to use with which targets to minimize use of each stranger
Experiment:
1. Clean boxes with 70% ethanol; allow to dry
2. Run males in one pair of boxes; females in the other pair
3. Make sure all dividers are in place
4. Place target mouse in center compartments; click remote to start experiment
5. After 10 minutes, remove target mouse briefly and place in home cage
6. Place empty cup in “Stranger 2” position and Stranger 1 in “Stranger 1” position
7. Remove dividers
8. Place target mouse in center compartment; click remote to start experiment
9. After 10 minutes, remove target mouse briefly and place in home cage
10. Place Stranger 2 in the cup in “Stranger 2” position
11. Place target mouse in center compartment; click remote to start experiment
12. After 10 minutes, remove target mouse and return to home cage
13. Start timer for 30 minutes
14. Return stranger mice to home cages
15. Clean boxes with 70% ethanol, but do NOT clean cups (except to remove feces)
16. After timer sounds, place the Stranger 2 cup (NOT mouse) in the “Stranger 2”
position
17. Place Stranger 1 in the “Stranger 1” position
18. Place target mouse in center compartment; click remote to start experiment
19. After 10 minutes, remove target mouse briefly and place in home cage
20. Remove Stranger 1 mouse and return to home cage
21. Replace Stranger 1 cup with novel object
22. Place target mouse in center compartment; click remote to start experiment
23. After 10 minutes, remove target mouse and return to home cage
24. Clean box with 70% ethanol; allow to dry
25. Rinse cups with water; allow to dry
26. Begin again at step #3
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Appendix C
Western Blotting Protocol
Homogenizing Tissue
Keep lysis buffer ICE COLD at all times, including when tissue is in solution!
Lysis buffer from Mukherjee et al. (2008) Mol Cancer; for phosphorylated proteins
Final concentrations:
20 mM Tris-HCl (pH 7.5)
 Add 20 uL of 1 M solution per 1 mL**
150 mM NaCl
 Add 150 uL of 1 M solution per 1 mL**
1 mM Na2EDTA
 Add 2 uL of 500 mM solution per 1 mL
1 mM EGTA
 Add 10 uL of 100 mM solution per 1 mL**
1% Triton X-100
 Add 100 uL of 10% solution per 1 mL
1 mM PMSF
 Add 10 uL of 100 mM solution per 1 mL just before use
1 ug/mL leupeptin
 Add 1 uL of 1 mg/mL solution per 1 mL just before use
2.5 mM NaPPi
 Add 25 uL of 100 mM solution per 1 mL just before use
1 mM glycerophosphate
 Add 10 uL of 100 mM solution per 1 mL just before use
1 mM Na3VO4
 Add 10 uL of 100 mM solution per 1 mL just before use**
Lysis buffer from Rothman et al. (2004) Ann NY Acad Sci; for SERT
Final concentrations:
50 mM Tris-HCl (pH 7.5)
 Add 50 uL of 1 M solution per 1 mL**
150 mM NaCl
 Add 150 uL of 1 M solution per 1 mL**
1 mM EGTA
 Add 10 uL of 100 mM solution per 1 mL**
0.5% NP-40 (Igepal)
 Add 50 uL of 10% solution per 1 mL
0.25% SDS
 Add 25 uL of 10% solution per 1 mL
1 mM PMSF
 Add 10 uL of 100 mM solution per 1 mL just before use
1 ug/mL leupeptin
 Add 1 uL of 1 mg/mL solution per 1 mL just before use
1 ug/mL aprotinin
 Add 1 uL of 1 mg/mL solution per 1 mL just before use
1 ug/mL pepstatin
 Add 1 uL of 1 mg/mL solution per 1 mL just before use
Lysis buffer from Xie et al. (2006) Neuropsychopharmacol; for SERT
Final concentrations:
1x PBS
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 Add 100 uL of 10x solution per 1 mL
1% Igepal CA-630
 Add 100 uL of 10% solution per 1 mL
0.5% Sodium deoxycholate
 Add 50 uL of 10% solution per 1 mL
0.1% SDS
 Add 10 uL of 10% solution per 1 mL
0.1 mg/mL PMSF
 Add 10 uL of 10 mg/mL solution per 1 mL just before use
30 uL/mL Aprotinin (concentration not given; final will be 2 ug/mL for us)
 Add 2 uL of 1 mg/mL solution per 1 mL just before use
1 mM Na3VO4
 Add 10 uL of 100 mM solution per 1 mL just before use**
Lysis buffer modified/combined from Si et al. (2004) Neuropsychopharmacol and Gomi et al. (1995)
Neuron; for GFAP
Final concentrations:
10 mM Tris HCl (pH 7.5)
 Add 10 uL of 1 M solution per 1 mL**
1% SDS (sodium dodecyl sulfate)
 Add 100 uL of 10% solution per 1 mL
2 mM EDTA
 Add 4 uL of 0.5 M solution per 1 mL
2 mM EGTA
 Add 20 uL of 100 mM solution per 1 mL**
0.8 mM PMSF
 Add 8 uL of 100 mM solution per 1 mL just before use
1 ug/mL Leupeptin
 Add 1 uL of 1 mg/mL solution per 1 mL just before use
1 uL/mL Aprotinin
 Add 1 uL of 1 mg/mL solution per 1 mL just before use
Lysis buffer modified from Di Benedetto et al. (2007) Brain Res 1128:33-39; for CREB
Final concentrations:
50 mM Tris HCl (pH 7.5)
 Add 50 uL of 1 M solution per 1 mL**
0.4% NP-40 (Igepal)
 Add 40 uL of 10% solution per 1 mL
10% Glycerol
 Add 100 uL of stock solution per 1 mL
150 mM NaCl
 Add 150 uL of 1 M solution per 1 mL**
20 ug/mL leupeptin
 Add 20 uL of 1 mg/mL solution per 1 mL just before use
10 ug/mL aprotinin
 Add 10 uL of 1 mg/mL solution per 1 mL just before use
10 mM Na2EDTA
 Add 20 uL of 500 mM solution per 1 mL
1 mM Na3VO4
 Add 10 uL of 100 mM solution per 1 mL just before use**
2.5 mM NaPPi
 Add 25 uL of 100 mM solution per 1 mL just before use
1 mM glycerophosphate
 Add 10 uL of 100 mM solution per 1 mL just before use
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Lysis buffer from Anderson et al. (2008) NeuroToxicol 29:1044-1053; for GAT and GABAB (used here for
SERT).
Final concentrations:
1X PBS
 Add 100 uL of 10X solution per 1 mL
1% NP-40 (Igepal)
 Add 100 uL of 10% solution per 1 mL
1% SDS
 Add 100 uL of 10% solution per 1 mL
0.5% Sodium deoxycholate
 Add 50 uL of 10% solution per 1 mL
1 mM NaF
 Add 10 uL of 100 mM solution per 1 mL
4 mM glycerophosphate
 Add 40 uL of 100 mM solution per 1 mL
1 mM Na3VO4
 Add 10 uL of 100 mM solution per 1 mL
1X protease inhibitor (Sigma cat. # P8340)
 Add 10 uL of cocktail solution per 1 mL
Lysis buffer from Labatut et al. (1988) J Neurochem 50(5):1375-1380; for TPH
Final concentrations:
5 mM potassium phosphate, pH = 6.0
 Add 3.3 uL of 1 M K2HPO4 solution per 5 mL
 Add 21.7 uL of 1 M KH2PO4 solution per 5 mL
 Bring to 4 mL with ddH2O
 pH as needed with H2PO4 and/or KOH to 6.0
0.2% Triton X-100
 Add 100 uL of 10% Triton X-100 per 5 mL
Lysis buffer from Prohaska & Brokate (2001) Exp Biol Med; for DβH	
  
	
  
Final	
  concentrations:	
  
	
  
	
  
0.05	
  M	
  Potassium	
  phosphate	
  (not	
  specified),	
  pH	
  =	
  7.0	
  
	
  
	
  
	
  
	
  Add	
  500	
  uL	
  of	
  0.05	
  M	
  K2HPO4/	
  0.05	
  M	
  KH2PO4	
  solution	
  per	
  1	
  mL	
  
	
  
	
  
0.2%	
  Triton	
  X-‐100	
  
	
  
	
  
	
  
	
  Add	
  20	
  uL	
  of	
  10%	
  Triton	
  X-‐100	
  solution	
  per	
  1	
  mL	
  
	
  
	
  
1X protease inhibitor (Sigma cat. # P8340)
 Add 10 uL of cocktail solution per 1 mL
Stock solutions*:
1 M Tris-HCl (pH 7.5)
1.2114 g Tris Base (Tris (hydroxymethyl)-aminomethane)
add 7.5 mL ddH2O
pH to 7.5 with HCl
QS to 10 mL with ddH2O
1 M NaCl
584.4 mg NaCl
QS to 10 mL with ddH2O
10x PBS (solution is from Dr. Beth A. Luellen’s protocol (former Andrews graduate student)
300 mL ddH2O
40 g NaCl
1 g KCl
1g KH2PO4
3.05 g Na2HPO4 (anhydrous)
pH to 7.4
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QS to 500 mL with ddH2O
1 M K2HPO4
8.709 g K2HPO4
Bring to 50 mL with ddH2O
1 M KH2PO4
6.8045 g KH2PO4
Bring to 50 mL with ddH2O
500 mM Na2EDTA
On shelf, from Sigma at 0.5 M
100 mM EGTA
380.35 mg EGTA (ethylene glycol tetraacetic acid)
add 7.5 mL ddH2O
add NaOH dropwise until EGTA dissolves into solution (pH ~10)
QS to 10 mL with ddH2O
10% Triton X-100
1 mL Triton X-100
QS to 10 mL with ddH2O
10% NP-40
1 mL NP-40 (Igepal)
QS to 10 mL with ddH2O
10% SDS
1 g SDS (sodium dodecyl sulfate)
QS to 10 mL with ddH2O
10% Sodium deoxycholate
1 g Sodium deoxycholate (in vacuutainer)
QS to 10 mL with ddH2O
100 mM PMSF
87.10 mg PMSF (phenylmethylsulphonyl fluoride)(in vacuutainer)
QS to 5 mL with isopropanol or ethanol; will NOT dissolve in water
Store at -80°C in 200 uL aliquots
10 mg/mL PMSF
50 mg PMSF (phenylmethylsulphonyl fluoride)(in vacuutainer)
QS to 5 mL with isopropanol or ethanol
Store at -80°C in 110 uL aliquots
1 mg/mL leupeptin
2 mg leupeptin
QS to 2 mL with ddH2O
Store at -80°C in 100 uL aliquots
1 mg/mL aprotinin
2 mg aprotinin
QS to 2 mL with ddH2O
Store at -80°C in 100 uL aliquots
1 mg/mL pepstatin
2 mg pepstatin
QS to 2 mL with ddH2O
Store at -80°C in 100 uL aliquots
100 mM NaPPi
446.06 mg NaPPi (Sodium pyrophosphate)
QS to 10 mL with ddH2O
Store at -80°C in 500 uL aliquots
100 mM Glycerophosphate
108.02 mg Glycerophosphate
QS to 5 mL with ddH2O
Store at -80°C in 250 uL aliquots
100 mM Na3VO4 (Sodium orthovanadate)
91.96 mg Na3VO4
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QS to 5 mL with ddH2O
Store at -80°C in 250 uL aliquots
*When concentrations change:
calculate final mg/mL
divide by mg/mL for 1 M solution
e.g., 14.15 mg/1 mL for Na3VO4; divide by 183.91 mg/1 mL  77 mM final
then divide the final concentration needed by the stock concentration
e.g., need 1 mM final, have 77 mM stock; 0.001/0.077 = 0.012987 
12.99 uL per 1 mL final solution
**Solutions made 09.04.08
Na3VO4
77 mM; 12.99 uL per 1 mL final solution for 1 mM final
EGTA
91 mM; 11 uL per 1 mL final solution for 1 mM final
91 mM; 22 uL per 1 mL final solution for 2 mM final
Tris-HCl
714 mM; 28 uL per 1 mL final solution for 20 mM final
714 mM; 70 uL per 1 mL final solution for 50 mM final
714 mM; 14 uL per 1 mL final solution for 10 mM final
NaCl
952 mM; 157.6 uL per 1 mL final solution for 150 mM final
Add 4 volumes of lysis buffer to tissue sample (e.g., if tissue weighs 250 mg, add 1 mL lysis buffer).
Homogenize with pestle in original tube

Centrifugation
Rothman et al. centrifugation
Centrifuge at 5,000 x g (approximately 7300 rpm for microfuge in our fridge) for 5 minutes at 4°C
Move supernate to new tube
Centrifuge at 30,000 x g (centrifuge in Proteomics Facility, 3 Althouse) for 30 minutes at 4°C
Xie et al. centrifugation
Centrifuge at 11,228 x g (approximately 10,900 rpm for microfuge in our fridge) for 15 min at 4°C
Move supernate to new tube
Centrifuge at 11,228 x g (approximately 10,900 rpm for microfuge in our fridge) for 15 min at 4°C
Move supernate to new tube
Modified/combined centrifugation from Si et al. and Gomi et al.
Centrifuge at 12,000 x g (approximately 11,200 rpm for microfuge in our fridge) for 30 min at 4°C
Move supernate to new tube
Di Benedetto et al. centrifugation
Centrifuge at 12,000 x g (approximately 11,300 rpm for microfuge in our fridge) for 30 min at 4°C
Move supernate to new tube
Anderson et al. centrifugation
Incubate on ice for 20 minutes after homogenization
Centrifuge at 12,000 x g (approximately 11,300 rpm for microfuge in our fridge) for 20 min at 4°C
Move supernate to new tube
Prohaska & Brokate centrifugation
Centrifuge at 1,000 x g (approximately 3,300 rpm for microfuge in our fridge) for 10 min at 4°C
Move supernate to new tube

Protein Assay
Perform Pierce BCA assay (replicated from Pierce BCA Protein Assay Kit Instructions)
Make up standards as directed below
If using 10 uL aliquots of samples for microplate reading
Volume of
Volume & Source
Final BSA Concentration
Tube
Final Volume (uL)
Diluent (uL)
of BSA (uL)
(ug/mL)
A
0
40 – Stock
2,000
60
B
25
75 – Stock
1,500
65
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C
D
E
F
G
H
I

Tube
A
B
C
D
E
F
G
H
I

65
35
65
65
65
80
40

65 – Stock
35 – Tube B
65 – Tube C
65 – Tube E
65 – Tube F
20 – Tube G
--

1,000
750
500
250
125
25
0

65
70
65
65
110
100
80

If using 25 uL aliquots of samples for microplate reading
Volume of
Volume & Source
Final BSA Concentration
Diluent (uL)
of BSA (uL)
(ug/mL)
0
90 – Stock
2,000
37.5
112.5 – Stock
1,500
97.5
97.5 – Stock
1,000
52.5
52.5 – Tube B
750
97.5
97.5 – Tube C
500
97.5
97.5 – Tube E
250
97.5
97.5 – Tube F
125
120
30 – Tube G
25
120
-0

Final Volume (uL)
90
97.5
97.5
105
97.5
97.5
165
150
120

Determine the amount of working reagent needed for samples (be sure to make a bit more than needed)
(9 standards + x unknowns) x (3 replicates) x (0.200 mL) = total working reagent amount (mL)
Working reagent is composed of 50 parts of Reagent A with 1 part Reagent B
e.g., if need 11 mL working reagent, combine 11 mL Reagent A with 220 uL Reagent B
Sketch out layout for standards and samples in 96 well plate, e.g.,
A
B
C

1

2

3

4

5

6

7

8

9

10

11

12

A
A
A

B
B
B

C
C
C

D
D
D

E
E
E

F
F
F

G
G
G

H
H
H

I
I
I

Unk1
Unk2
Unk3
Unk4

Unk1
Unk2
Unk3
Unk4

Unk1
Unk2
Unk3
Unk4

D
E
F
G
H

Put 10 or 25 uL, depending on availability of unknown samples, of standards and unknowns into
designated wells (be sure to put the same volume of standard and unknown into wells)
Add 200 uL of working reagent to each well
Incubate at 37°C for 30 min (can increase to 2 hrs for increased sensitivity)
Let cool to room temperature
Take to Proteomics facility (3 Althouse) to use spectrophotometer to read plate
Take readings at 562 nm absorbance
Create standard curve from output, which will appear as so:
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Calculate a standard curve from the absorbances and known concentrations of samples
e.g., (1.210 + 1.215 + 1.251)/3 = 1.225 (avg. absorbance for tube A, which contains 2,000 ug/mL)
Do the same as above for remaining 8 standards
Use Excel to plot a best-fit line
Use the equation of the best-fit line to determine the concentrations of the unknown samples
e.g., (2.171 + 2.292 + 2.275)/3 = 2.246
Best-fit equation: y = 0.0006x + 0.0351, where y = absorbance
x = (2.246-0.0351)/0.0006 = 3684.83 ug/mL
Convert to ug/uL
(3684.83 ug/mL)/(1000 uL/mL) = 3.68483 ug/uL
Determine how many total ug protein you want per lane for your gel (e.g., 10 ug) and calculate the
needed concentration of a solution to obtain this amount in 20 uL (the volume of the
wells in our gels)
10 ug/20 uL = 0.5 ug/uL
Calculate the uL of your sample you will need to obtain this concentration for a 24 uL solution (to
ensure you can withdraw 20 uL from your tube to load into the well)
e.g., (0.5 ug/uL x 24 uL)/(3.68 ug/uL) = 3.26 uL of sample
Your sample needs to be diluted to 24 uL to reach the desired concentration, but you will be using
a 6x sample dilution buffer so only use your diluent to reach 20 uL (to allow for 4 uL
sample buffer)
20 uL – 3.26 uL = 16.74 uL diluent
If you will be putting your sample into multiple wells, multiply these two values (3.26 and 16.74)
by the number of wells you will be using for that sample
e.g., 4 wells  3.26 x 4 = 13.04 uL; 16.74 x 4 = 66.96 uL
Keep your dilutions ON ICE throughout this entire process
Once the samples are diluted with diluent, add the appropriate amount of 6x sample buffer
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e.g., for 4 wells add 16 uL of 6x sample buffer to each sample

Gel Electrophoresis
From Bio-Rad instruction manual for 165-8001
1.5 M Tris-HCl, pH 8.8
36.342 g Tris base
 Add 100 mL ddH2O
pH to 8.8 with HCl
Bring to 200 mL total volume
0.5 M Tris-HCl, pH 6.8
50 mL of 1.5 M Tris HCl, pH 8.8
 Add 50 mL of ddH2O
pH to 6.8 with HCl
Bring to 150 mL total volume
Resolving gel (SDS-10% PAGE) (for FOUR gels)
10.25 mL
ddH2O
8.25 mL
Acrylamide solution
6.25 mL
1.5 M Tris-HCl, pH 8.8
0.1 mL
10% SDS
 Mix by gently swirling
0.125 mL
10% APS (30 mg in 300 uL)
0.0125 mL
TEMED
 Mix by inversion and pour immediately
 Carefully layer ddH2O over gel to insulate from air
 Let polymerize for 1.5-2 hrs
Pour off water layer
Stacking gel (SDS-4% PAGE) (for FOUR gels)
10.25 mL
ddH2O
8.25 mL
Acrylamide solution
6.25 mL
0.5 M Tris-HCl, pH 6.8
0.1 mL
10% SDS
 Mix by gently swirling
0.075 mL
10% APS (30 mg in 300 uL)
0.015 mL
TEMED
 Mix by inversion and pour immediately, inserting combs immediately after
From Gallagher (2003) Curr Protocols Mol Biol
4x Tris-HCl/SDS pH 8.8 (1.5 M Tris, 0.4% SDS)
91 g Tris Base
300 mL ddH2O
 pH to 8.8 with HCl
QS to 500 mL with ddH2O
filter with 0.45 um filter
add 2 g SDS
Store at 4°C up to 1 month
4x Tris-HCl/SDS pH 6.8 (0.5 M Tris, 0.4% SDS)
6.05 g Tris Base
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40 mL ddH2O
 pH to 6.8 with HCl
QS to 100 mL with ddH2O
filter with 0.45 um filter
add 2 g SDS
Store at 4°C up to 1 month

Separating gel (SDS-7% PAGE)
1.75 mL
Acrylamide/bisacrylamide (stored in fridge)(VERY TOXIC!)
1.87 mL
4x Tris-HCl/SDS (pH 8.8)(stored in fridge)
3.88 mL
ddH2O
25 uL
10 % Ammonium persulfate (make fresh each time; 10 mg/100 uL ddH2O)(TOXIC!)
5
TEMED (N,N,N',N'-Tetramethylethylenediamine)(in Flammables cabinet)(TOXIC!)
Separating gel (SDS-8% PAGE)
2.00 mL
Acrylamide/bisacrylamide (stored in fridge)(VERY TOXIC!)
1.87 mL
4x Tris-HCl/SDS (pH 8.8)(stored in fridge)
3.63 mL
ddH2O
25 uL
10 % Ammonium persulfate (make fresh each time; 10 mg/100 uL ddH2O)(TOXIC!)
5
TEMED (N,N,N',N'-Tetramethylethylenediamine)(in Flammables cabinet)(TOXIC!)
Separating gel (SDS-10% PAGE)
2.5 mL
Acrylamide/bisacrylamide (stored in fridge)(VERY TOXIC!)
1.87 mL
4x Tris-HCl/SDS (pH 8.8)(stored in fridge)
3.13 mL
ddH2O
25 uL
10 % Ammonium persulfate (make fresh each time; 10 mg/100 uL ddH2O)(TOXIC!)
5
TEMED (N,N,N',N'-Tetramethylethylenediamine)(in Flammables cabinet)(TOXIC!)
Stacking gel (SDS-3.9% PAGE)(use regardless of separating gel concentration)
0.65 mL
Acrylamide/bisacrylamide (stored in fridge)(VERY TOXIC!)
1.25 mL
4x Tris-HCl/SDS (pH 6.8)(stored in fridge)
3.05 mL
ddH2O
25 uL
10 % Ammonium persulfate (make fresh each time; 10 mg/100 uL ddH2O)(TOXIC!)
5
TEMED (N,N,N',N'-Tetramethylethylenediamine)(in Flammables cabinet)(TOXIC!)
5x SDS Electrophoresis buffer
15.1g Tris Base (0.125 M final)
72.0 g Glycine (0.96 M final)
5g
SDS (0.5% final)
QS to 1000 mL with ddH2O
6x SDS Sample Buffer
7 mL 4x Tris-HCl/SDS pH 6.8
3 mL Glycerol (30% final)
1g
SDS (10% final)
0.93 g DTT (0.6 M final)
1.2 mg Bromophenol blue (may use more; 6-fold dilution is rather faint)
Store at -70°C in 500 uL aliquots
For gels:
Separating gel:
Mix acrylamide/bisacrylamide, 4x Tris-HCl/SDS solution, and ddH2O in 15 mL conical
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Put lid on tightly and vortex to thoroughly mix
Quickly add ammonium persulfate and TEMED
Put lid on tightly and vortex to thoroughly mix
Use glass Pasteur pipet to put solution in glass plate mold
For mini molds, fill with separating gel to 2-3 cm from top of lower glass plate
Once the gel is at the desired height, dropwise add ddH2O across top of separating gel;
this will allow bubbles to escape from the gel and help the gel form an uniform
surface
Let polymerize for 1 hr; leave remaining gel solution in conical with lid on tightly – this
will confirm that your gel has polymerized, then discard as appropriate
Carefully remove ddH2O from surface of mold by tilting while holding a Kimwipe at the
corner of the mold to absorb all the liquid – discard Kimwipe as Biohazard
waste
Stacking gel:
Mix acrylamide/bisacrylamide, 4x Tris-HCl/SDS solution, and ddH2O in 15 mL conical
Put lid on tightly and vortex to thoroughly mix
Quickly add ammonium persulfate and TEMED
Put lid on tightly and vortex to thoroughly mix
Use glass Pasteur pipet to put solution in glass plate mold
Fill to approximately 1 cm from top of lower glass plate
Tilt mold slightly and slowly insert comb to minimize bubbles; add solution as needed
Monitor gel over following 15 minutes, as our molds tend to allow the stacking gel
solution to leak out
Refill mold as necessary to prevent loss of wells in gel
Let polymerize for an additional 15 minutes; leave remaining gel solution in conical with
lid on tightly – this will confirm that your gel has polymerized, then discard as
appropriate
Carefully remove comb just prior to use
*Can store gel at 4°C overnight (no longer!) if well wrapped in plastic wrap with comb in
place to prevent evaporation; can also wrap with wet paper towels/Kimwipes
and place in Ziploc bag
Make up 500 mL of 1x electrophoresis buffer from 5x stock solution (100 mL 5x, 400 mL ddH 2O)
Set up electrophoresis box and power supply in cold room
Place gels in electrophoresis box with the shorter glass plate facing inwards; clamp in place
*If only running one gel, place the taller glass plate on the opposite side and clamp in place
Pour 1x electrophoresis buffer in top bin – enough to cover wells
Pour 1x electrophoresis buffer in bottom bin until approximately 1 cm from top edge; if you fill to the top,
when you take your plates out the bottom bin will overflow
Inject samples into wells using 20 uL tips – these will only go approx. 1 mm deep between the plates (do
not force further!)
Place safety cover over electrophoresis box – make sure snugly in place
Run gel at 10 mA (constant current) until samples reach separating gel
Increase current to 20 mA (constant current) until samples reach desired location in separating gel; with 2
gels this takes about 1.6 hrs
Turn off power supply when you have achieved sufficient separation (observable with MW standard)
Unplug apparatus from power supply, then remove safety cover

Protein Transfer
From Gallagher et al. (2003) Curr Prot Mol Biol
10x Transfer buffer (modified from above ref.)
30.29 g
Tris Base (0.25 M final)
144.13 g
Glycine (1.92 M final)
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1000 mL
ddH2O
For 1 L of 1x Transfer buffer (15% Methanol for PVDF membrane)
100 mL 10x Transfer buffer (25 mM Tris final, 192 mM Glycine final)
150 mL Methanol (15% final)
750 mL ddH2O
Prior to blotting, incubate gel(s) in transfer buffer for 30 min to equilibrate
Prior to blotting, immerse PVDF membrane for a few seconds in methanol, then incubate in transfer buffer
for 15 minutes (do after gel has incubated for 15 min)
Using cassette with black and red sides, layer gel and membrane submerged in transfer buffer:
(+) Anode (red)
Plastic (red)
Sponge pad
Filter paper
PVDF membrane
GEL
Filter paper
Sponge pad
Plastic (black)
(-) Cathode (black)
***Do not let membrane or gel dry out at any time!***
Place (do not drop!) stir bar in transfer apparatus
Insert two frozen freezer packs on either side of the apparatus in designated spots
Place cassette(s) in transfer apparatus and immediately fill apparatus with transfer buffer
Run gel at 30 V for 1 hr
Turn off power supply at end of run
Remove cassette from transfer apparatus
Quickly but carefully remove PVDF membrane from cassette
Mark MW standards with Papermate pen (any other pen will be washed away by methanol)
*All steps from here on will be in square Petri dishes

Protein Staining/Destaining Solution
From Ranganathan & De (1996) Analytical Biochem
50 mL Glacial acetic acid
225 mL Methanol
225 mL ddH2O
Mix well
In 50 mL conical, weigh out 125 mg Coomassie Blue
Add 50 mL of mixed solution above to conical; mix well (it will take some time)
Incubate in protein staining solution (above) for 20-30 seconds; can reuse staining solution
Wash 2x for 5 min each with destaining solution on agitator; discard used destaining solution in labeled
disposal container
Wash 2x for 5 min each with ddH2O on agitator; discard first water wash into disposal container
Wrap in plastic wrap, taking care not to let the membrane dry out, and scan stained blot

Western Blotting
TBS solution is from Dr. Beth A. Luellen’s protocol (former Andrews graduate student); remaining
solutions/instructions are modified from Cheryl Marietta’s protocol (technician for Dr. PJ Brooks,
NIAAA, Laboratory of Neurogenetics, Section on Molecular Neurobiology), Sigma FAST™
BCIP/NBT buffered substrate tablet product information sheet and Vector instruction booklets for
ABC/AP and BCIP/NBT AP substrate kits
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10x TBS
127 g Tris-HCl
23.6 g Trizma Base
87.7 g NaCl
QS to 1000 mL with ddH2O
TBST (TBS + 0.1% Tween 20)
50 mL 10x TBS
500 uL Tween 20
QS to 500 mL with ddH2O
Block solution (per square Petri dish)
1.5 g
Non-fat dry milk (5% final)(Do NOT use with avidin/biotin systems!)
QS to 30 mL with TBST
OR
3 mL Normal goat serum (or whatever species’ serum the 2° antibody was raised in)(10% final)
QS to 30 mL with TBST
OR
3g
Bovine serum albumin (BSA)(10% final)
QS to 30 mL with TBST
Primary antibody solution
20 uL 1° antibody (currently Millipore AB9726 Rabbit Anti-SERT)(1:500 final)
10 mL Block solution
Secondary antibody solution
20 uL 2° antibody (currently Vector BA-1000 Biotinylated Goat Anti-Rabbit)(1:500 final)
10 mL Block solution
ABC/AP solution (Avidin-biotinylated alkaline phosphatase enzyme complex)(*make 30 min before use!*)
2 drops Reagent A
2 drops Reagent B
10 mL TBST
100 mM Tris-HCl, pH 9.5 buffer
6.057 g Tris Base
300 mL ddH2O
 pH to 9.5 with HCl
QS to 500 mL with ddH2O
Store at 4°C
BCIP/NBT (make immediately before use)(can increase to 4 drops per 10 mL each, if staining is too light)
10 mL 100 mM Tris-HCl
Add 2 drops Reagent 1 – mix well
Add 2 drops Reagent 2 – mix well
Add 2 drops Reagent 3 – mix well

Take membrane from plastic wrap and place in square Petri dish with block solution (~10 mL per blot)
Incubate in block solution for 1 hr with gentle agitation
Incubate in primary antibody solution overnight (max 3 nights) with gentle agitation at 4°C
Wrap dish with parafilm to prevent evaporation and dehydration of membrane
If 1° antibody is limited, can use ~5-6 mL solution
Can reuse antibody solution up to 3x; save solution after incubation & store at 4°C
Wash as follows with TBST
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2 times briefly
1 time for 15 min
2 times for 5 min
Incubate in secondary antibody solution for 1-2 hr at RT with gentle agitation
Just before the end of this incubation, make up ABC/AP solution (must incubate 30 min before
use!)
Wash 3x with TBST for 5 min each with gentle agitation
Incubate in ABC/AP solution for 30 min at RT with gentle agitation
Wash 2x with TBST for 5 min each with gentle agitation
Wash 1x with 100 mM Tris-HCl, pH 9.5 for 5 min with gentle agitation
Incubate in BCIP/NBT solution with gentle agitation for a few minutes – monitor reaction process and
place in ddH2O when staining level desired is reached; wash for 5 min with gentle agitation
Wash 2x more with ddH2O for 5 min each with gentle agitation
If done processing:
Drain liquid from dish and leave to air dry, with lid loosely over membrane to prevent particulates
from accumulating; can leave overnight at RT
Permitting the membrane to dry will decrease background signal
Label lanes/MW markers with Papermate pen
Wrap dried, labeled membrane in plastic wrap and scan
If stripping and reprobing:
Wrap in plastic wrap, taking care not to let the membrane dry out, and scan stained blot
Perform stripping/reprobing protocol
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Appendix D
Buffers for ICC
-Modified from those by Beth Luellen, Ph.D.
10X TBS (final 1 L)
127 g
23.6 g
87.7 g

Tris HCl
Trizma (tris) base
NaCl
 bring to 1000 mL

2X TBS (final 500 mL)
12.7 g
2.36 g
8.77 g

Tris HCl
Trizma (tris) base
NaCl
 bring to 400 mL
 pH to 7.4
 bring to 500 mL final

1X TBS (final 1 L)
12.7 g
2.36 g
8.77 g

Tris HCl
Trizma (tris) base
NaCl
 bring to 900 mL
 pH to 7.4
 bring to 1000 mL final

10X PBS (final 500 mL)
40 g
1g
1g
3.05 g

NaCl
KCl
KH2PO4
Na2HPO4 (anhydrous)
 bring to 400 mL
 pH to 7.4
 bring to 500 mL final

PBS for perfusing mice (K-free)
10.99 g Na2HPO4 (dibasic anhydrous)
3.12 g NaH2PO4 ⋅ H2O (monobasic monohydrate
9.0 g
NaCl
 bring to 900 mL
 pH to 7.4
 bring to 1000 mL final
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Serotonin Immunocytochemistry Protocol
*All incubations and washes are to be done on rocker @ RT, unless otherwise indicated

1.
2.
3.
4.
5.

6.

7.
8.
9.

10.
11.

12.
13.
14.

15.
16.

Prepare a well plate with mesh well inserts – label plate accordingly
Put 1x PBS into each well containing the mesh inserts – fill to about halfway
Remove desired sections from cryoprotectant solution and place in PBS
Wash 3 times in 1x PBS for at least 5 min each
Incubate in blocking solution (10% goat serum) for 1-2 hrs
a. 1 mL goat serum (if 2° made up in goat)
b. Bring to 10 mL with 1x PBS
Incubate in 1° antibody overnight (up to 3 days) at 4°C on rocker
a. Label eppendorf tubes for individual tissue sections with antibody information (including
species raised in, date, and dilution)
i. Be sure to include a “No 1°” control tube containing just 10% goat serum
b. Make up antibody
i. 5 uL 1° antibody (for 1:1000 dilution)
ii. Note: 5-HT antibody effective at 1:12,500 dilution
iii. 5 mL blocking solution (10% goat serum)
c. Put 500 uL of 1° dilution into each labeled eppendorf
d. Place section(s) in “No 1°” tube(s) first, to avoid contamination of antibody from
paintbrush transfer; add remaining sections to respective tubes
e. Wash paintbrush well after transferring all sections
Remove sections from 1° antibody tubes and place into fresh 1x PBS in mesh inserts
Wash 3 times in 1x PBS for at least 5 min each
Incubate in 2° antibody in glass dish (9 wells, 0.9 mL capacity per well) for 1-2 hrs
a. 25 uL 2° antibody (for 1:200 dilution)
b. 5 mL blocking solution (10% goat serum)
c. Make up ABC-Peroxidase solution (below) at least 30 min prior to use
Wash 3 times in 1x PBS for at least 5 min each
Incubate in ABC-Peroxidase solution in glass dish (9 wells, 0.9 mL capacity per well) for at least
30 min – no longer than an hour
a. Measure out 5 mL of 1x PBS
b. Add 1 drop reagent A
c. Add 1 drop reagent B
d. Mix well and allow to incubate for at least 30 min (no more than 1 hr) before applying to
tissue sections
Wash 2 times in 1x PBS
Wash 2 times in 1x TBS
Incubate in DAB solution – cover tubes with foil to protect from light!!
a. Add 1 tablet (10 mg) of DAB to 10 mL ddH2O (0.1% final)
b. Let dissolve for 5-10 min
c. Filter solution to remove particulates
d. Make up DAB solution as follows – always add H2O2 just before use
i. 2 mL 0.1% DAB
ii. 1 mL ddH2O
iii. 3 mL 2x TBS (10 mL 10x TBS + 40 mL ddH2O)
iv. 6 uL H2O2
e. Monitor reaction as soon as tissue is exposed to final DAB solution – once sections are
sufficiently stained, immediately remove to ddH2O to stop reaction
Wash 2 times in ddH2O
Mount sections on slides and let air dry overnight

324

Silver Intensification
Protocol modified from Laura Taylor

1) Incubate slides in 70% EtOH for 5 min (can be reused for step 9)
105 mL 100% EtOH
45 mL ddH2O
2) Incubate slides in 95% EtOH for 5 min (can be reused for step 8)
142.5 mL 100% EtOH
7.5 mL ddH2O
3) Incubate slides in 100% EtOH for 5 min (can be reused for step 7)
4) Incubate slides in 50% chloroform-50% EtOH solution for 1 h in chemical fume hood
35 mL chloroform
35 mL 100% EtOH
5) Set water bath to 56˚C
6) While slides are incubating, make up silver nitrate solution (100 mM)
**Do NOT expose ANY metal to silver nitrate**
1.19 g silver nitrate
70 mL ddH2O
7) Incubate slides in 100% EtOH for 5 min
8) Incubate slides in 95% EtOH for 5 min
9) Incubate slides in 70% EtOH for 5 min
10) Incubate slides in ddH2O for 5 min
11) Take out gold chloride solution from fridge (if applicable) to bring to RT
12) Incubate in silver nitrate solution at 56˚C for 1 h
13) Rinse slides 3x in ddH2O on shaker for 5 min each
14) While slides are rinsing, make up gold chloride solution (5 mM)(can be reused – store at
4˚C in foil-wrapped bottle)
1 g gold chloride (LIGHT SENSITIVE)
500 mL ddH2O
15) Incubate slides in gold chloride solution for 10 min on shaker (cover glass rack with foil!)
16) Rinse slides 3x in ddH2O on shaker for 5 min each
17) While slides are rinsing, make up sodium thiosulfate solution (316 mM)
3.5 g sodium thiosulfate
70 mL ddH2O
18) Incubate slides in sodium thiosulfate solution on shaker for 5 min
19) Rinse slides 3x in ddH2O on shaker for 5 min each
20) Incubate slides in FRESH 50% EtOH for 5 min
75 mL 100% EtOH
75 mL ddH2O
21) Incubate slides in FRESH 70% EtOH for 5 min
22) Incubate slides in FRESH 95% EtOH for 5 min
23) Incubate slides 3x in FRESH 100% EtOH for 5 min
24) Incubate slides 3x in FRESH xylenes for 10 min each
25) Remove slides from xylenes one at a time and IMMEDIATELY place 4-5 drops of DPX
Mountant onto slides and place coverslip over slide – do NOT let sections dry out!!
26) Let slides set overnight before imaging
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Immunofluorescent Staining on Free-floating Sections
*All incubations and washes are @ RT on shaker unless otherwise specified

1)
2)
3)
4)
5)

Obtain free-floating sections
Place sections in container (ex: twelve well plate) with mesh carriers
Wash 3 times (10 min. each) in 1x TBS buffer
Block non-specific binding by incubating in antibody dilution buffer (ADB) for 30 min.
Incubate sections in primary antibody overnight (500 µL per eppendorf) in eppendorfs on cycler
@ 4°C

6) Wash 3 times (10 min. each) in 1x TBS + 0.1% Triton buffer
7) Incubate sections in secondary antibody for 2 hrs IN DIM LIGHT!!!!
8) Wash three times in 1x TBS + 0.1% Triton buffer
a. After first wash, remove Prolong Gold from freezer – leave on counter to warm up to RT
9) Wash once in 1x TBS for 5 min
10) Wash twice in 1x PBS for 5 min each
11) Incubate in Neurotrace (1:200) for 10 min
12) Wash twice in 1x PBS for 5 min each
13) Mount sections onto slides using 1x PBS
14) Coverslip immediately using Prolong Gold and #1.5 coverslips (for confocal ONLY!)
15) Allow mountant to dry for 24 h before imaging with confocal
16)
Solutions
10x TBS
60.55 g Tris Base
87.65 g NaCl
 bring to 1 L with d2W
1x TBS:

Primary Antibody 1:1000 dilution:
100 mL 10x TBS
800 mL d2W
 pH to 7.4 with 6 M HCl
 bring to 1 L with d2W

999 µL ADB
1 µL primary antibody
Secondary Antibody 1:200 dilution:

1x TBS + 0.1% Triton
49.5 mL 1x TBS
500 µL 10% Triton X-100

199 µL ADB
1 µL secondary antibody

Antibody Dilution Buffer (ADB):

Neurotrace 1:200 dilution

1.5 mL normal goat serum (or donkey
serum, if 2° is donkey)
500 µL 10x Triton
 Bring to 50 mL with 1x TBS

199 µL 1x PBS
1 µL Neurotrace (stored at -20°C)
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Immunofluorescent staining of sections on slides

1)
2)
3)
4)

Using ImmEdge pen, create a hydrophobic border around tissue section – LET DRY
Wash three times in 1x TBS for 5 min each
Incubate in antibody dilution buffer (ADB) for 20 min
Incubate in 1° antibody overnight at 4°C

5) Wash three times in 1x TBS + 0.1% Triton for 5 min each
6) Incubate in 2° antibody IN DARK for 2 hours
7) Wash three times in 1x TBS + 0.1% Triton for 5 min each
a. After first wash, remove Prolong DAPI Gold from freezer – leave on counter to warm up
to RT
8) Wash three times in 1x TBS for 5 min
9) Coverslip immediately with 35 µL Prolong DAPI Gold
10) Allow mountant to dry for 24 h before imaging with confocal

1x TBS:
100 mL 10x TBS
800 mL d2W
 pH to 7.4 with 6 M HCl
 bring to 1 L with d2W
1x TBS + 0.1% Triton
49.5 mL 1x TBS
500 µL 10% Triton X-100
10x TBS
60.55 g Tris Base
87.65 g NaCl
 bring to 1 L with d2W
Antibody Dilution Buffer (ADB):
300 µL normal goat serum
100 µL 10% Triton X-100
 Bring to 10 mL with 1x TBS
Primary Antibody 1:150 dilution:
149 µL ADB
1 µL primary antibody
Secondary Antibody 1:200 dilution:
199 µL ADB
1 µL secondary antibody
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