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I. ABSTRACT 
 

Dopamine (DA) is a neurohormone highly involved in learning and memory. Oxytocin (OXT), 

another neurohormone, has also been implicated in learning and memory. Fast-scan cyclic 

voltammetry (FSCV) is a method used for the real-time examination of DA neurotransmission in 

the brain. Implanting FSCV electrodes is an invasive technique that likely results in an 

inflammatory response (i.e. gliosis) that can restrict FSCV recording of DA signals. Neural cell 

adhesion molecule (NCAM) may reduce gliosis and potentially improve the ability of FSCV 

electrodes to monitor DA signaling. Chapter 1 Methods: FSCV electrodes were coated with 

NCAM and implanted in the rat brain. Non-NCAM coated electrodes were implanted in the 

contralateral hemisphere. Electrode recoveries (stability of electrode signals) were monitored for 

8 weeks post surgery. Chapter 1 Results: NCAM coated electrodes stabilized sooner than their 

control counterparts (n=8). Chapter 2 Methods: FSCV electrodes were implanted in the rat brain 

and DA signals were experimentally evoked (i.e. electrically stimulated). Once clear DA signals 

were evoked and recorded, rats were exposed to intranasal OXT (n=3) or saline (n=3) and OXT- 

induced changes DA signaling was monitored for 1 h. Chapter 2 Results: Intranasal OXT 

increased DA signaling (i.e. peak height of DA current), relative to controls. Conclusions: 

NCAM coating expedites the ability of FSCV electrodes to monitor DA signaling in the rat 

brain. In addition, intranasal OXT increases DA neurotransmission, elucidating a potential 

mechanism for a modulatory role of OXT in learning and memory. 



v 
 

A. Acknowledgements 
 

I would like to thank my graduate advisor David Daberkow, PhD, for the opportunity he 

provided me to advance my knowledge and understanding as a scientist, as well as for his 

insight, guidance, and support throughout the development and completion of these projects. 

 
 

I would also like to thank my graduate committee, Jason Ashley, PhD, and Eric Abbey, PhD, for 

their conceptual and technical support, allowing me to better understand and complete different 

aspects of my projects. I would also like to thank Krisztian Magori, PhD, for his statistical 

expertise and consultation. 

 
 

To the undergraduates that have helped me in the Daberkow lab, thank you for all for your help 

and dedication in the projects we completed in the lab together. Mitchell Gainer, Kassie 

Whitworth, Christina Ramelow, Mariah McLeod, and Nathan Scherrer all of your help was 

always appreciated. 

 
 

Lastly, to my wife, father, and uncle. You all have pushed me harder than anyone else, and I will 

forever be thankful. Your love, support, and never-ending words of encouragement were greatly 

appreciated. 



vi 
 

B. List of Figures 
 

Figure 1 - Fast Scan Cyclic Voltammetry (FSCV) at the carbon fiber microelectrode 
 

Figure 2 - Pre- and Post- NCAM electrode in vitro response to 1 µM DA 
 

Figure 3 - Electrode recovery times for NCAM and control electrodes 
 

Figure 4 - Time course of NCAM and control electrode percent change over 56 days 

Figure 5 - The effect of day post surgery on the percent change of control electrodes 

Figure 6 - The effect of day post surgery on the percent change of NCAM electrodes 

Figure 7 - Amount of change NCAM electrodes experienced over the course of the experiment 

compared to control electrodes 

Figure 8 - Time course of percent change in DA signals post OXT/saline administration 

Figure 9 - Time course of percent change in DA signals post OXT/saline administration 

presented without error bars 

Figure 10 - Example FSCV recording. 



vii 
 

Table of Contents 
I. Abstract iv 

a. Acknowledgements v 
b. List of Figures vi 

II. Chapter I 1 
a. Introduction               2 

i. Dopamine                                                                                            2 
ii. Monitoring Dopamine                                                                         3 

iii. Neural Cell Adhesion Molecule                                                          4 

b. Methods 6 
i. NCAM coating 6 

ii. Animal Care and Use and Electrode Implantation 7 
iii. Electrode Recovery 8 
iv. Statistical Analyses 9 

c. Results 10 

d. Discussion 10 

e. References 13 

f. Figures 16 

III. Chapter II 22 
a. Introduction 23 

i. Oxytocin 23 
ii. Oxytocin and Stress 24 

iii. Intranasal Oxytocin and Stress 24 
iv. Oxytocin and Dopamine 25 

b. Methods 26 
i. Animal Care and Use and Electrode Implantation 26 

ii. Oxytocin Administration, Recording, and Termination 27 
iii. Statistical Analyses 28 

c. Results 28 

d. Discussion 29 

e. References 31 

f. Figures 33 

IV. VITA 36 



 
 
 
 
 
 

CHAPTER 1 



2 
 

II. INTRODUCTION 
 
 
 

A. Dopamine 
 

Dopamine (DA) is a neurotransmitter highly implicated in learning and memory, as well as 

motor function (Schultz et al., 1997; Schultz, 2007). Central nervous system (CNS) diseases, 

such as schizophrenia, Parkinson's disease, and addictive behavior have all been suggested to 

have a relationship to DA function, either through dysfunction (e.g. schizophrenia and 

Parkinson's disease) or normal function, but abnormal learning (e.g. addictive behavior) (Howes 

et al., 2017; Kassinen & Vahlberg, 2017; Cooper et al., 2017). In regards to addictive behavior, 

understanding the underlying mechanisms behind reward learning, seeking, and prediction is 

crucial (Wise, 2004; Hart et al., 2014; Wenzel et al., 2015). Signaling related to these 

aforementioned behaviors are required for an organism's survival and can also be "hijacked" by 

drugs of abuse resulting in continual drug seeking behavior (Hyman et al., 2006; Daberkow et 

al., 2013; Escobar et al., 2015). 

 
 

One of the regions of the brain highly innervated with DA neurons is the striatum. This brain 

region is divided into the dorsal and ventral striatum, both in function and anatomy (Wise, 2004). 

Transmission of DA is heavily relied upon in this region as the major contributor of information 

related to behavior (Schultz, 2013). Functionally, the dorsal striatum has been suggested to be 

highly involved in controlling motor function, whether goal orientated or otherwise, and the 

ventral striatum has been indicated to be involved in learning and memory (reward related or 

otherwise) (Schultz et al., 1997; Wise, 2004). Research has suggested that the dorsal striatum 

does have a role in learning and memory, but this tends to be limited to learning related to 
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habituation (Hyman et al., 2006). Due to the role of DA in these two regions of the striatum, 

techniques centered on objectively examining DA neurotransmission are necessary to further our 

understanding of DA activity in these sub-regions. 

B. Monitoring Dopamine 
 

There are two main methods used for examining DA activity in vivo, microdialysis and 

voltammetry. While invasive, both methods allow for recording of DA activity, as well as other 

compounds in the case of microdialysis. Microdialysis works though collecting cerebrospinal 

fluid (CSF) over a period of time, usually several minutes, from a specific region in the brain. 

The collected samples are then analyzed using analytical chemistry methods, such as high 

pressure liquid chromatography. This allows for multiple, stable compounds that are present in 

the CNS to be studied (Jackowska & Krysinki, 2013). Some technical concerns with 

microdialysis are that there are compounds used in the CNS that break down rather quickly, as 

well as the relatively large size of the probes used and the length of time the technique requires 

to collect analytes, which limits the use of microdialysis. Probes typically employed in 

voltammetry, in contrast to microdialysis, are much smaller and the technique allows for 

collection of data over the time course of milliseconds (Robinson et al., 2003; Rodeberg et al., 

2017). 

 
 

Fast-scan cyclic voltammetry (FSCV), a particular voltammetric method, uses reduction- 

oxidation chemistry as a means to describe local DA concentrations. A voltage is applied to the 

tip of the electrode which cycles between the known reduction and oxidation potentials of DA 

and its oxidized form. This reduction and oxidation results in a current change around the 

electrode that is then recorded (Fig. 1) (Bath et al., 2000; Wu et al., 2001; Tsunoda, 2006; 



4 
 

Takmokov et al., 2010; Rodeberg et al., 2017). Due to the speed of acquisition, typically every 

100 ms (ten records every second), FSCV recordings can be considered to occur in real-time. 

This allows for changes in DA signaling to be directly related a presented stimulus (Wightman et 

al., 1988; Bilder et al., 2004). 

 
 
 

Thanks to current advancements in manufacturing techniques, FSCV electrodes can be 

constructed in a manner that allows for chronic placement and monitoring of DA 

neurotransmission long-term (e.g. weeks to months) (Clark et al., 2010). These silica housed 

carbon fiber electrodes can be implanted and recorded from for months at a time, conferring the 

ability to examine how DA signals change over continued re-exposure to a stimulus (Clark et al., 

2010; Rodeberg et al., 2017). These particular FSCV electrodes have also been shown to be 

effective at recording DA signals in humans as well (Kishida et al., 2011). While these chronic 

FSCV electrodes experience a dramatic reduction in inflammation post implantation, there is still 

a period of signal loss immediately following implantation that may be due to short-term 

inflammation (Clark et al., 2010; Rodeberg et al., 2017). 

C. Neural Cell Adhesion Molecule 
 

Neural cell adhesion molecule (NCAM) is a protein expressed by both glial cells and neurons in 

the CNS. Functionally, NCAM has been implicated in neuroprotection, synapse formation and 

maintenance, as well as neuronal organization (Li et al., 2017; Westphal et al., 2017; Ko et al., 

2018). Cell adhesion molecule L1 (L1CAM), another protein that is in the same superfamily as 

NCAM, has been suggested to reduce inflammation (i.e. gliosis) when adhered to an electrode 
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that is chronically implanted (Azemi et al., 2011). Therefore, potentially NCAM can confer 

similar benefits when adhered to chronic FSCV electrodes. 

 
 

Adhering NCAM to a substrate, such as a neural implant, has been previously associated in 

increase in cell-substrate adhesion, in vitro (Wiertz, 1974). More recent work has implicated 

NCAM as a means to further increase biocompatibility of implants, in vivo (Zhong et al., 2001). 

Furthermore, glial cells were found to more readily anchor themselves to glass electrodes that 

had bioactive compounds adhered to them, such as NCAM (Kam et al., 2002; Polikov et al., 

2005). Using NCAM as a means to anchor cells to an electrode reduced the micro-movements 

electrodes can experience after implantation, thereby reducing the amount of surrounding tissue 

damage (Polikov et al., 2005). Adhesion molecules in the same superfamily (i.e. L1CAM) reduce 

reactive glial cell response to invasive implants. This also reduces the inflammatory response 

around the implant (Azemi et al., 2011). 

 
 

Some of the previous research in this area has been focused on adhering bioactive compounds, 

like NCAM, to glass electrodes (Wiertz, 1974). More recently, methods have shown success at 

adhering L1CAM to silica housed electrodes (Azemi et al., 2008). Using similar coating 

techniques, our lab has be able to develop a protocol that allows for adhering NCAM to silica 

housed chronic FSCV electrodes (Daberkow EWU FGRCW 2015-16). Interestingly, during in 

vitro (experimental “flow cell” DA/buffer perfusion system) testing, we found that our NCAM 

treated electrodes had a greater response to 1µM DA compared to flow cell testing prior to 

NCAM coating (Fig. 2) (Daberkow EWU FGRCW 2015-16). This further emphasizes the 

potential benefit electrodes may have after exposure to our NCAM coating procedure. We 
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therefore aimed to determine if NCAM coating is a viable means to increase biocompatibility in 

vivo through measurement of FSCV electrode signal loss/return (i.e. electrode recovery), as well 

as stability of the electrode, as monitored by a background current measurement. We hypothesize 

that FSCV electrodes that were exposed to our NCAM coating procedure would have a faster 

electrode recovery and a background current that stabilizes sooner compared to non-treated 

controls. 

 
 

III. METHODS 
 
 
 

A. NCAM Coating 
 

After construction of chronic FSCV electrodes (Clark et al., 2010), the carbon fiber tip and ~4- 

8mm of the silica housing was washed in 100% ethanol for 6 h. A 30 min 8M HNO3 wash 

promptly followed. The purpose of these two steps was to clean the carbon fiber and silica 

housing in preparation for the subsequent steps, which were performed in an anoxic environment 

(i.e. under inert argon gas). Electrodes were then soaked in dry toluene (98-100%) for 30 min, in 

order to remove any excess water. A 10 min soak in a 2% (3-mercaptopropyl) trimethoxysilane 

(MTS, 2%) solution followed, in order to modify the silica housing with a carbon chain 

containing a thiol (R-SH) group. Subsequently, the electrodes were soaked in 4- 

maleimidobutryic acid N-hydroxysuccinimide ester (GMBS) dissolved in dimethylformamide (2 

mM) for 1 h covalently attached the maleimide group of GMBS to the thiol group of MTS. The 

electrodes were then treated with NCAM, 100µg/mL for 1 h in sterilized water at 4°C, followed 

with a phosphate buffered saline rinse at pH 7.4 to bind the lysine residue of NCAM to the 
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terminal end of GMBS. A 30 min Poly(ethylene glycol)-NH2 bath followed in order to further 

stabilize the aforementioned chemical functionalization. 

B. Animal Care and Use and Electrode Implantation 
 

Male Sprague-Dawley Rattus norvegicus (400-500g) were used (n=8). All animal handling and 

care complied with EWU Institutional Animal Care and Use Committee (IACUC). Rats were 

initially anesthetized with 5% isoflurane in 100% oxygen in a sealed plexiglass box. Once 

animals were unconscious, animals were immobilized in a stereotaxic frame. Anesthesia was 

then maintained throughout surgery with 1.9-2.1% isoflurane in 100% oxygen as delivered 

through a nose cone attached to the stereotaxic frame. An unconscious state was repeatedly 

tested via a foot pinch, to confirm animals were maintained under the proper amount of 

anesthesia. Respiration rates were also used as a measurement to confirm isoflurane setting was 

set properly. While conscious and alert, rat respiration rates were approximately 85 breaths per 

minute. During initial anesthesia, respiration rates dropped to roughly 24 breaths per minute, and 

were maintained between 32 and 24 breaths per minute. During instances of increasing rates of 

respiration, indicating that proper anesthesia was not being maintained, the isoflurane setting was 

increased to a maximum of 5% isoflurane saturated in 100% oxygen. The isoflurane setting was 

reset to the 1.9-2.1% saturation once the respiration rate decreased to 32 breaths per minute, or 

below. If respiration rates dropped below 24 breaths per minute, the isoflurane setting was 

lowered to 0% saturation in 100% oxygen. Once respiration rates increased to 24 breaths per 

minute, or higher, the isoflurane setting was once again reset to 1.9-2.1% saturation. 

 
 

With animals immobilized in the stereotaxic frame, skin and fascia were cleared and small holes 

(1-2 mm) were drilled in the skull for the placement of FSCV, stimulating and reference 
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electrodes, as well as for skull screws. FSCV electrodes were then implanted in the striatum (AP 
 

= +1.0; ML = +2.0; DV = -4.5 – 6.0) (Paxinos and Watson, 1986). Electrodes were implanted 

bilaterally; a NCAM-treated electrode in the striatum of one brain hemisphere and a non-NCAM 

treated electrode in the striatum of the other brain hemisphere, in the same rat. In order to evoke 

a DA signal, a twisted bipolar stimulating electrode (Plastics One, Roanoke, VA) with a ~1mm 

tip separation, was incrementally placed just above the medial forebrain bundle (AP = -4.6; ML= 

+1.4; DV = -7.0), a DA fiber tract that projects to the striatum. A chlorinated silver wire 

(Ag/AgCl) reference electrode was placed just below dura a short distance (approximately 1 to 2 

mm) from FSCV electrodes. After electrodes were implanted, a head mount (Datamate M80, 

Harwin, Salem, NH) was used to allow for the connecting and disconnecting of electrodes for 

subsequent recordings. Electrodes and head mount were permanently fixed into place using skull 

screws and dental cement. The rats were monitored carefully after surgery and given a 7 d period 

in order to recuperate from surgery. 

C. Electrode recovery 
 

Beginning 7 d post-surgery, rats were anesthetized following the previously described procedure. 

Once fully anesthetized, rats were reconnected to the recording equipment and anesthesia was 

maintained (as described previously) while the pertinent data were collected (i.e. presence, or 

absence, or electrode signals and background current of electrode signals, if present). First, 

electrodes were monitored on an oscilloscope to determine if electrodes had recovered in a 

manner allowing for a background signal to be recorded. If the oscilloscope indicated a stable 

electrode signal within the recording range of the FSCV system, a measure of the background 

current was recorded and collected. Electrodes were considered recovered following three 

consecutive recording sessions of visibility on the oscilloscope (“electrode recovery”, Fig. 3). 
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Due to electrodes having a wide range of baseline background currents, analyses were performed 

through examining percent change of each electrode. These comparisons were made by taking 

the day's background current recording, and normalizing the recordings to the background 

current of the electrode on the day it was implanted. Once the background signal plateaued, an 

electrode was determined to be stable (“electrode stability”, Fig. 4-6). All electrodes, whether or 

not to be determined as stable, were left implanted and examined three times a week, for 8 wks 

(~56 d) post-surgery. 

D. Statistical analysis 
 

A generalized additive mixed model was used to assess statistical differences between control 

and NCAM-treated electrodes. This model incorporates both an additive model and random 

effects. The additive model allows one to fit non-linear relationships based on smooth splines, 

while the random effects allows one to incorporate non-independence due to repeated sampling 

of the same individuals over time (Zuur et al., 2007). The model we used had the percent change 

in background current as the response variable, electrode type as a fixed parametric effect, day 

post-surgery as a smooth non-parametric effect, and the individual rat as the random effect, with 

different relationships between day post-surgery and percent change in background current 

allowed for the different electrode types. The power of the model allows for ample prediction of 

how electrode background current changes based off of previous changes (i.e. background 

current changes on day 20 are related to background current changes on day 17). An ANOVA of 

the model provided all values. The model and ANOVA were conducted with the statistical 

model R (R Core Team, 2018). 
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IV. RESULTS 
 
 
 

Control electrodes recovered 27 d post surgery and NCAM electrodes recovered 21 d post 

surgery, which did not significantly differ (p=0.435, Fig. 3). The generalized additive mixed 

model analysis indicated a significant differences between both control electrodes and NCAM 

electrodes based on the day post-surgery (p=0.0213; Fig. 4). Control electrodes were considered 

stable at approximately day 12, as determined by a horizontal line test (e.g. examining whether 

or not a horizontal line can fit across a period that would not intersect the 95% confidence 

interval) (p=0.00233;Fig. 5). NCAM electrodes were seen to change less based on the day post- 

surgery (p=000017;Fig. 6). As determined by a horizontal line test, NCAM electrodes were 

considered stable by day 8 post surgery. Comparing percent change over the 8 wks of the 

experiment, NCAM electrodes experienced less change in recorded background current than 

control electrodes (p=0.0213, Fig. 7). On average, NCAM electrodes changed 8% less than 

control electrodes throughout the entire 8 wks (confidence interval: -1% to -16%). 

 
 

V. DISCUSSION 
 
 
 

NCAM treatment of FSCV electrodes resulted in a smaller range in electrode recovery times 

(Fig. 3) and electrode stabilization time (Fig. 4), relative to control electrodes. Electrodes that 

reached stability sooner were more readily available for consistent recording functions at an 

earlier time point. This permits initiating an experiment involving the recording DA activity 

shortly after the animal has recuperated from FSCV electrode implantation surgery. 
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When characterizing the chronic DA electrode, Clark et al. (2010) indicated that there was little 

to no gliosis surrounding the electrode one, two, or four months after implantation; however, the 

short-term effects (1 – 8 wks) of invasively implanting a FSCV electrodes into brain has not been 

previously investigated empirically. Furthermore, Rodeberg et al. (2017) suggest the requirement 

of a one-month period wherein electrodes are left unused in order to allow for immune response 

(i.e. gliosis) to reduce to the point of regaining functionality of chronically placed FSCV 

electrodes. Demonstrated in this study, FSCV electrodes treated with NCAM stabilize in 

approximately 8 days, shorter than the one-month period previously suggested (Rodeberg et al., 

2017). This may, in part, be due to a reduction in gliosis around the FSCV electrode (Polikov et 

al., 2005; Zhong et al., 2001). This shorter waiting period is where the data gained from the 

current study indicates there can be an improvement of electrode function. Considering the loss 

of electrode functionality during the one-month post-implantation period is likely related to 

gliosis, NCAM potentially reduces gliosis around the FSCV electrode and therefore reduces the 

time for electrode recovery and stabilization. NCAM, is a bioactive compound that is expressed 

on both neurons and glial cells and is a ligand and receptor for itself (Sytnyk et al., 2017). 

Neurons and glial cells more readily anchor themselves to electrodes coated with bioactive 

compounds like NCAM (Polikov et al., 2005). This can be thought of as a "like recognizes like" 

concept, where glial cells and neurons are interacting with the implanted probe as though it 

"belongs" in the tissue. This may be the reason behind why NCAM electrodes recover their 

signal faster than control electrodes; inflammation is no longer isolating the electrode, allowing it 

to come in contact with the surround tissue and extracellular fluid, and thereby permitting the 

electrode to more readily record a clear and consistent signal. 
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Thanks to advancements in construction techniques, the currently constructed chronic FSCV 

electrode (Clark et al., 2010) has been further modified and successfully used to record human 

DA signals in vivo (Kishida et al., 2011). While it has been reported that chronic FSCV 

electrodes can continue to function over long periods of time, there is still the aspect that early, 

post-surgical function is unreliable (Rodeberg et al., 2017). With the application of cell adhesion 

molecules, such as NCAM or L1CAM, there lies potential to increase the reliability of electrode 

function sooner after implantation. Previous work has indicated that L1CAM reduces 

inflammation around the electrophysiology electrodes, which may be the cause of the instability 

(Azemi et al., 2011). With application of NCAM to chronic FSCV electrodes, a closed circuit, 

self-regulating system intended for deep brain stimulation of neurodegenerative diseases, such as 

Parkinson's disease, would allow for earlier function of the system (Kuo et al., 2018). This could 

allow for a not only sooner maintenance of motor function, but better regulation of stimulated 

DA release which may reduce psychiatric disorders related to over-release of DA (Bouthour et 

al., 2019) 



13 
 

VI. REFERENCES 
 

Azemi, E., Stauffer, W.R., Gostock, M.S., Lagenaur, C.F., Cui, X.T. (2008). Surface 
immobilization of neural adhesion molecule L1 for improving the biocompatibility of 
chronic neural probes: In vitro characterization. Acta Biomaterialia 4, 1208-1217. 

Azemi, E., Lagenaur, C., and Cui, X.T. (2011). The surface immobilization of the neural 
adhesion molecule L1 on neural probes and its effect on neuronal density and gliosis at 
the probe/tissue interface. Biomaterials 32, 681-692. 

Bath,B.D. Michael, D.J., Trafton, B.J., Joseph, J.D., Runnels, P.L., and Wightman, R.M. (2000). 
Subsecond adsorption and desorption of dopamine at carbon-fiber microelectrodes. 
Analytical Chemistry 72, 5994-6002. 

Berridge, K.C., Robinson, T.E., and Aldridge, J.W. (2009). Dissecting components of reward: 
'liking', 'wanting', and learning. Curr Opin Pharmacol 9, 65-73. 

Bilder, R., Volavka, J., Lachman, H.M., and Grace, A.A. (2004). The catechol-o- 
methyltransferase polymorphism: relations to the tonic-phasic dopamine hypothesis and 
neuropsychiatric phenotypes. Neuropsychopharmacology 29, 1943-1961. 

Bouthour, W., Megevand, P., Donoghue, J., Luscher, C., Birbaumer, N., and Krack, P. (2019). 
Biomarkers for closed-loop depp brain stimulation in Parkinson disease and beyond. Nat 
Rev Neurol 15, 343-352. 

Clark, J.J., Sandberg S.G., Wanat, M.J., Gan, J.O., Horne, E.A., Hart, A.S., Akers, C.A., Parker, 
J.G., Willuhn, I., Martinez, V., Evans, S.B., Stella, N., and Phillips, P.E.M. (2010). 
Chronic microsensors for longitudinal, subsecond dopamine detection in behaving 
animals. Nature Methods 7, 126-129. 

Cooper, S., Robison, A.J., and Mazei-Robison, M.S. (2017). Reward circuitry in addiction. 
Neurotherapeutics 14, 687-697. 

Daberkow, D.P., Brown, H.D., Bunner, K.D., Kraniotis, S.A., Doellman, M.A., Ragozzino, 
M.E., Garris, P.A., and Roitman, M.F.(2013). Amphetamine paradoxically augments 
exocytotic dopamine release and phasic dopamine signals. J Neurosci., 33, 452-463. 

Escobar, A.P., Cornejo, F.A., Olivares-Costa, M., Gonzales, M., Fuentealba, J.A., Gysling, K., 
Espana, R.A., and Andres, M.E. (2015). Reduced dopamine and glutamate 
neurotransmission in the nucleus accumbens of quinpirole-sensitized rats hints at 
inhibitory D2 autoreceptor function. J Neurochem 134, 1081-1090. 

Hart, A.S., Rutledge, R.B., Glimcher, P.W., and Phillips, P.E.M. (2014). Phasic dopamine 
release in the rat nucleus accumbens symmetrically encodes a reward prediction error 
term. J Neurosci 34, 698. 

Hart, A.S., Clark, J.J., and Phillips, P.E.M. (2015). Dynamic shaping of dopamine signals during 
probabilistic Pavlovian conditioning. Neurobiology of Learning and Memory 117, 84-92. 

Howes, O.D., McCutcheon, R., Owen, M.J., Murray, R.M. (2017). The role of genes, stress, and 
dopamine in the development of Schizophrenia. Biol Psychiatry 81, 9-20. 

Hyman SE, Malenka RC, Nestler EJ (2006). Neural mechanisms of addiction: The role of 
reward-related learning and memory. Annu Rev Neurosci 29, 565–598. 

Jackowska, K. and Krysinski, P. (2013). New trends in the electrochemical sensing of dopamine. 
Analytical and Bioanalytical Chemistry 405, 3753-3771. 

Kam, L., Shain, W., Turner, J.N., and Bizios, R. (2002). Selective adhesion of astrocytes to 
surfaces modified with immobilized peptides. Biomaterials 23, 511-515. 



14 
 

Kassinen, V. and Vahlberg, T. (2017). Striatal dopamine in Parkinson's disease: A meta-analysis 
of imaging studies. Ann Neurol, 2017 82, 873-882. 

Keithley, R.B., Carelli, R.M., Wightman, R.M. (2010). Rank estimation and the multivariate 
analysis of in vivo fast-scan cyclic voltammetric data. Anal Chem 82, 5541-5551. 

Kishida, K., Sandberg, S., Lohrenz, T., and Montague, P.R. (2011). Sub-second dopamine 
detection in human striatum. PLoS ONE 6. 

Ko, H., Choi, J., Park, D., Kang, S.J., Lim, C., Sim, S, Shim, J., ... Kaang, B. (2018). Rapid 
turnover of cortical NCAM1 regulates synaptic reorganization after peripheral nerve 
injury. Cell Reports 22, 748-759. 

Kuo, C.H., White-Dzuro, G.A., and Ko, A.L. (2018). Approaches to closed-loop deep brain 
stimulation for movement disorders. Neurosurg Focus 42. 

Li, L., Chen, H., Wang, M., Chen, F., Gao, J., Sun, S., Li, Y., and Gao, D. (2017). NCAM-140 
translocation into lipid rafts mediates the neuroprotective effects of GDNF. Molecular 
Neurobiology 54, 2739-3751. 

Malinowski, E. R. (1977). Determination of Number of Factors and Experimental Error in a Data 
Matrix. Anal. Chem. 49, 612−617. 

Paxinos, G., and Watson, C. (1986) The rat brain in stereotaxic coordinates, 2nd edition. New 
York: Academic. 

Polikov, V.S., Tresco, P.A., and Reichert, W.M. (2005). Response of brain tissue to chronically 
implanted neural electrodes. Journal of Neuroscience Methods 148, 1-18. 

Robinson, D.L., Venton, B.J., Heien, L.A.V., and Wightman, R.M. (2003). Detecting subsecond 
dopamine release with Fast-Scan Cyclic Voltammetry in vivo. Clinical Chemistry 49, 
1763-1773. 

R Core Team (2018). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL http://www.R-project.org/. 

Rodeberg, N.T., Sandber, S.G., Johnson, J.A., Phillips, P.E.M., and Wightman, R.M. (2017). 
Hitchhiker's guide to voltammetry: Acute and chronic electrodes for in vivo fast-scan 
cyclic voltammetry. ACS Chem Neurosci 8, 221-234. 

Sackett, D.A., Saddoris, M.P., and Carelli, R.M. (2017). Nucleus accumbens shell dopamine 
preferentially tracks information related to outcome value of reward. Eneuro 4, 1-10. 

Saddoris, M.P., Cacciapaglia, F., Wightman, R.M., and Carelli, R.M. (2015). Differential 
dopamine release dynamics in the nucleus accumbens core and shell reveal 
complementary signals for error prediction and incentive motivation. J Neurosci 35, 
11572. 

Schultz, W., Dayan, P., and Montague, P.R. (1997). A neural substrate of prediction and reward. 
Science 275, 1593-1599. 

Schultz, W. (2007). Behavioral dopamine signals. Trends Neurosci 30, 203-210. 
Schultz, W. (2013). Updating dopamine reward signals. Current Opinion in Neurobiology 23, 

229-238. 
Sytnyk, V. Leshchyns'ka, I., and Schachner, M. (2017). Neural cell adhesion molecules of the 

immunoglobulin superfamily regulate synapse formation, maintenance, and function. 
Trends Neurosci 40, 295-308. 

Takmakov, P., Zachek, M.K., Keithley, R.B., Bucher, E.S., McCarty, G.S., and Wightman, R.M. 
(2010). Characterization of local pH changes in brain using Fast-Scan Cyclic 
Voltammetry with carbon microelectrodes. Analytical Chemistry 82, 9892-9900. 



15 
 

Tsunoda, M. (2006). Recent advances in methods for the analysis of catecholamines and their 
metabolites. Anal Bioanal Chem 286, 506-514. 

Westphal, N., Theis, T., Loers, G., Schachner, M., and Kleene, R. (2017). Nuclear fragments of 
the neural cell adhesion molecule NCAM with or without polysialic acid differentially 
regulate gene expression. Scientific Reports 7. 

Wenzel, J.M., Rauscher, N.A., Cheer, J.F., and Oleson, E.B. (2015). A role for phasic dopamine 
release within the nucleus accumbens in encoding aversion: A review of the 
neurochemical literature. Acs Chemical Neuroscience 6, 16-26. 

Wiertz, R.W.F. (1974). Regulation of in vitro cell-cell and cell-substrate adhesion. ISBN: 978- 
90-365-3049-1. 

Wightman, R.M., Amatore,C., Engstrom, R.C., Hale, P.D., Kristensen,E.W., Kuhr, W.G., and 
May, L.J. (1988). Real-time characterization of dopamine overflow and uptake in the rat 
striatum. Neuroscience 25, 513-523. 

Wise, R.A. (2004). Dopamine, learning and motivation. Nat Rev Neurosci 5, 483-494. 
Wu, Q., Reith, M.E.A., Kuhar, M.J., Carroll, F.I., and Garris, P.A. (2001). Preferential increases 

in nucleus accumbens dopamine after systemic cocaine administration are caused by 
unique characteristics of dopamine neurotransmission. J Neurosci, 21, 6338-6347. 

Zhong, Y., Yu, X., Gilber, R., and Bellamkonda, R.V. (2001). Stablizing electrode-host 
interfaces: A tissue engineering approach. Journal of Rehabilitation Research and 
Development 38, 627-632. 

Zuur, A.F., Ieno, E.N., and Smith, G.M. (2007). Analysing ecological data. New York, NY: 
Springer Science. 



16 
 

se - uptake 

VII. FIGURES 
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Fig. 1. Fast Scan Cyclic Voltammetry (FSCV) at the carbon fiber microelectrode. (A) Reduction/oxidation reaction 
at the carbon fiber of a microelectrode(B) A cyclic voltammogram (upper right) indicating oxidation (positive peak) and 
reduction (negative peak) of DA. Current is identified as DA (upper left). Three dimensional color plot (lower figure; x- 
axis= time; y-axis= applied potential; z-axis= measured current) of DA oxidation (green) and reduction (blue) typically 
used with FSCV. Peak voltages of DA for oxidation (+0.7V) and reduction (-0.3V) are shown. (Wu et al., 2001). 

Fig. 2. Pre- and Post- NCAM electrode in vitro response to 1 µM DA. 
NCAM treatment significantly increased dopamine current in vitro 
(*p = 0.02, Student’s t-test, n = 6). 
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Fig 3. Electrode recovery times for NCAM and control electrodes. Control electrodes were 
considered recovered on day 27 and NCAM electrodes were considered recovered by day 21, on 
average. Differences were non-significant (p=0.435, Student’s t-test, n=8 per group). 
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Fig. 4. Time course of NCAM and control electrode percent change over 56 days a 
predicted by the model. NCAM and control electrodes experienced significant differences in 
background current over 56 days (p=0.0213, generalized additive mixed model, n=8 per group). 
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Fig. 5. The effect of day post surgery on the percent change of control electrodes. Over 56 
days, control electrodes changed significantly (p=0.00233, generalized additive mixed model, 
n=8 per group). Control electrodes were no longer considered to be effected after day 12 post 
surgery . This time point is when control electrodes were considered stable (horizontal line test). 
Dotted lines indicate a 95% confidence interval. 
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Fig. 6. The effect of day post surgery on the percent change of NCAM electrodes. Over 56 
days, NCAM electrodes changed significantly (p=000017, generalized additive mixed model, 
n=8 per group). NCAM electrodes were no longer considered to be effected after day 8 post 
surgery . This time point is when control electrodes were considered stable (horizontal line test). 
Dotted lines indicate a 95% confidence interval. 
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Fig. 7. Amount of change NCAM electrodes experienced over the course of the experiment 
compared to control electrodes. NCAM electrodes were normalized against control electrodes. 
As determined by the, the percent change NCAM electrodes experienced was 8% less than 
control electrodes (p=0.0213, generalized additive mixed model, n=8). The 95% confidence 
interval is indicated by the dotted line. 
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II. INTRODUCTION 
 

A. Oxytocin 
 

Oxytocin (OXT) is a long studied neurohormone involved in social behavior, childbirth, 

learning, memory, and emotion (reviewed in Jurek & Neumann, 2018). More recently, OXT has 

been suggested to have a role in fear conditioning (Renicker et al., 2018) and stimulus salience 

(e.g. how rewarding a stimulus is or is not) (Parr et al., 2018). The role of OXT in learning and 

memory is likely related to regions innervated with OXT neurons. As mentioned in the previous 

chapter, dopamine (DA) is a neurotransmitter highly implicated in learning and memory. Many 

OXT neurons have projections to regions that contain DA neurons, such as the VTA, which 

sends DA projections to regions involved in reward learning (Love, 2014; Wise, 2004). OXT 

also influences activity in the amygdala, a brain region highly implicated in fear (Frijling, et al., 

2016; Love, 2014), further strengthening the role of OXT in aversive learning and memory. This 

interaction of OXT and DA suggests a role of OXT in learning and memory, possibly via 

mediation of DA neurotransmission. 

 
 

Currently, OXT is in being used in clinical trials as a means to treat alcohol use disorder through 

re-learning of social perception and appetitive behaviors (e.g. behaviors aimed at obtaining 

alcohol) (Mitchell et al., 2016). OXT has also been used as a treatment for post-traumatic stress 

disorder (PTSD) (Acheson et al., 2013). Chronic exposure to this fear inducing stimuli results in 

over exaggeration of the fear/stress response, thereby resulting in PTSD (Lee et al., 2016). 

Furthermore, research has indicated that behaviors involving OXT can be context dependent; 

positive stimuli (i.e. altruism, pair-bonding, trust, etc.) elicits positive social response while a 

negative stimuli (i.e. aggression, fear, etc.) promote a negative social response (Love, 2014). 
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B. Oxytocin and Stress 
 

Focusing on negative stimuli, previous work has indicated that endogenous OXT release can be a 

result of stressful context, as measured in plasma and saliva (Jurek & Neumann, 2018). This 

increase in endogenous OXT may be a means to reduce the potential fear responses that often 

result from a stressful context (Love, 2014). This implies that endogenous OXT release can act 

as a means to protect an animal from a fearful or anxious state during a fearful or stressful 

context. Increasing the concentration of OXT through exogenous administration could be 

beneficial and help an individual overcome anxiety or fear related to a stressful or a fearful 

stimulus. In rats, administration of OXT has been indicated as a means to not only reduce a fear 

or anxiolytic response to a previously fearful stimulus (Missig et al., 2010), but to also to 

enhance fear extinction to the previously associated stimuli (Triana-Del Rio et al., 2018). The 

anxiolytic effects of exogenous OXT have also been shown to be present in humans (Acheson et 

al., 2013; Fischer-Shofty et al., 2010). Furthermore, functional magnetic resonance imaging had 

shown that following OXT administration in individuals with PTSD, activity in the amgydala 

reduced in response to previously fear-associated stimuli (Frijling, 2017). 

C. Intranasal Oxytocin 
 

Exogenous delivery of OXT requires a means to bypass the blood-brain barrier. The blood-brain 

barrier inhibits most molecules from crossing from the blood into the brain, this includes 

peptides (e.g. OXT) (Ermisch et al., 1985). A means to bypass the blood-brain barrier is 

necessary to determine if administered OXT does in fact modify the stress response. Intranasal 

drug delivery is a relatively easy, non-invasive means of administration of readily absorbable 

compounds. Nasal physiology, which includes many capillary beds and nerve endings that are in 

direct connection to the brain, allows for rapid uptake of a compound into the brain (Talegaonkar 
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& Mishra, 2004; Wu et al., 2008). Further work has indicated that OXT administered intranasally 

does persist in the saliva (2-4 hours), in plasma (2 hours) (Huffmeijer et al., 2012; Weisman et 

al., 2012; Neumann et al., 2013; Bread et al., 2018) and increases OXT levels in the 

cerebrospinal fluid (Chang et al., 2012; Neumann et al., 2013; Striepens et al., 2013). Therefore, 

administering OXT intranasally is a noninvasive means to quickly get OXT into the brain. 

D. Oxytocin and Dopamine 
 

As previously mentioned, DA is a neurotransmitter in the brain involved in learning and memory 

(Schultz et al., 1997; Schultz, 2007). The role of DA in learning and memory is often examined 

through operant conditioning, typically through reward training, but DA activity also occurs with 

fear conditioning (Lee et al., 2016; Wise, 2004; Hart et al., 2014; Wenzel et al., 2015). 

Elucidating the role of both OXT and DA in learning and memory has become a topic of interest 

to many scientists, since both compounds are found to have some involvement in behavior 

related to reward or aversion learning. Furthermore, more recent work found that OXT receptors 

are found to be expressed on DA neurons located in the ventral tegmental area (VTA) in mice 

(Peris et al., 2017). The VTA is a region in the brain that sends projections to many other areas 

of the brain associated with learning and memory (Love, 2014; Schultz, 1997; Wise, 2004). 

Examining the impact of intranasal OXT on DA neurotransmission in vivo could elucidate 

potential mechanisms of action between OXT and the dopaminergic system in the brain. 

 
 

As detailed in Chapter 1, Fast-scan cyclic voltammetry (FSCV) is a technique that can monitor 

and record current changes directly related DA activity (Bath et al., 2000; Tsunoda, 2006; 

Takmokov et al. 2010). These recordings occur in what is considered real-time, allowing for the 

examination of DA activity in response to a stimuli in freely moving animals (Rodeberg et al., 
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2017). Given that OXT receptors are expressed on DA neurons (Peris et al., 2017), both OXT 

and DA have a role in learning and memory (Love, 2014; Schultz, 1997; Wise, 2004), and that 

intranasal OXT can bypasses the blood-brain barrier and effectively enter the brain, we 

hypothesize that administering intranasal OXT will increase DA neurotransmission in the 

striatum. 

 
 

III. METHODS 
 

A. Animal Care and Use and Electrode Implantation 
 

Male Sprague-Dawley Rattus norvegicus (250-450g) were used (n=6). All animal handling and 

care complied with EWU Institutional Animal Care and Use Committee (IACUC). Animal care, 

both initially and during surgery, consisted of initially anesthetizing animals with 5% isoflurane 

in 100% oxygen in a sealed plexiglass box (as previously described). Once unconscious, animals 

were placed in a stereotaxic frame and anesthesia was delivered via a nose cone attached to the 

stereotaxic frame. The proper level of anesthesia was determined by a foot pinch and tracking 

respiration rates. Anesthesia was approximately set to 1.9-2.1% isoflurane in 100% oxygen 

throughout surgery, adjusting as necessary. 

 
 

While under the appropriate amount of anesthesia and immobilized in the stereotaxic frame, skin 

and fascia on the head were cleared and small holes were drilled in the skull for placement of 

FSCV electrodes, stimulating electrodes, and reference electrodes. All holes drilled for FSCV 

and stimulating electrodes were drilled bilaterally, to allow for the opportunity to evoke and 

record DA signals on both sides of the brain, if needed. Coordinates for FSCV electrodes were 

gained via Paxinos and Watson, 1986. FSCV electrodes were placed in the dorsal striatum, a 
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region highly innervated with DA neurons (AP=+1.0; ML=+2.0; DV=-4.5). A twisted bipolar 

stimulating electrode (Plastics One, Roanoke, VA) which had ~1 mm separation at the tip, was 

incrementally placed above the medial forebrain bundle, a region that sends DA neuron projects 

to the dorsal striatum (AP=-4.6; ML=+1.4; DV=-7.0). A chlorinated silver (Ag/AgCl) reference 

electrode was placed just below the dura, a short distance (approximately 2-4 mm) from FSCV 

electrodes. For evoking DA release, a constant current of biphasic pulses (60 Hz, 60 pulses, 300 

µA, Daberkow et al., 2013) were applied (NL 800, Neurolog, Medical Systems, Great Neck, 

NY) to the stimulating electrode. With electrodes initially placed, both FSCV and stimulating 

electrodes were incrementally lowered and electrical stimuli were applied until a clear and robust 

DA signal was evoked. In the instance of an unsuccessful evoked DA release on the initial side 

of electrode placement, electrodes were incrementally placed on the opposite side (with new 

FSCV and stimulating electrodes) and the DA optimization procedure was repeated until a clear 

and robust DA signal was evoked (as described in Chapter 1). 

B. Oxytocin administration, recording, and termination 
 

Once three clear DA signals were recorded, rats were intranasally administered 0.6 – 0.8 µg/kg 

of OXT (VetOne®) dissolved in saline (NaCl 0.9%), or an equivalent dose of saline. Due to the 

need of the nose cone to continually administer anesthesia, OXT (or saline) was administrated by 

carefully micropipetting the oxytocin solution (or saline) into the anesthesia line that fed into the 

nose cone. The point of administration was approximately 5cm from the rat's nose. Before 

administration, three DA signal were stimulated and evoked at 5 min intervals. Following 

administration, evoked DA signal recordings were collected every 5 min for 60 min. One hour 

post administration, rats were deeply anesthetized and lesions were made around the FSCV 

electrode by applying a strong current to the electrode (to create an electrical lesioned area to 
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identify the electrode placement post-surgery). Then, animals were sacrificed and brain tissue 

was collected, preserved, cryoprotected, and frozen at -20°C first, then -80°C for long term 

storage. Brains were then sectioned (30 µm) with a Lecia Cryostat in order to determine exact 

electrode placement. 

C. Statistical Analysis 
 

A linear mixed model was used to effectively model differences between OXT/saline treated 

animals at the different time points of the experiment. The mixed model has percent change in 

background current as the response variable, treatment and time as fixed effects and individuals 

as the random effect. Pairwise analyses were also conducted in order to further determine 

differences between time points, as well as between treatment types. Fixed effects for the mixed 

model included time and treatment type (OXT or saline). All statistical analyses were conducted 

with the statistical software R using the package lme4 (R Core Team, 2018). 

 
 

IV. RESULTS 
 

The mixed model indicated significant differences between OXT and controls at two specific 

time points, 20 min (p=0.012) and 40 min (p=0.0243). A pairwise analysis indicated that other 

time points did not achieve significant differences, with a significance level below 0.05, but 

many were trending towards being significantly different (p<0.10) (time: 15 min, 25 min, 35 

min, and 50 min). Confidence intervals (95%) indicated much overlap between both groups (Fig. 

7), even with the two time points that did reach significant differences. These data are presented 

again without error bars for ease of viewing the percent change of OXT or saline treated animals 

over the recording period (Fig. 8). 
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V. DISCUSSION 
 

These data suggest that intranasal OXT increases DA neurotransmission in the dorsal striatum. 

While only two time points indicated significant differences between OXT and controls, there 

was a trend toward significance with other time points. This lack of significance during these 

time points may be related to the small sample size (n=3, rats per group). An increase in sample 

size could result in obtaining significant differences between OXT and controls at those time 

points where DA signals were close to reaching significant differences. Currently, these data 

support the hypothesis that intranasal OXT increases DA signaling, in vivo. 

 
 

As discussed previously, DA is involved in learning and memory, both reward learning and 

aversion learning (Schultz et al., 1997; Wise, 2004; Schultz, 2007; Haack et al., 2014; Miranda et 

al., 2017). Also, as previously mentioned, OXT receptors are found in brain regions highly 

innervated with DA neurons, such as the VTA and many regions of the basal ganglia (i.e. 

caudate, putamen, nucleus accumbens, globus pallidus) (Love, 2014; Jurek & Neumann, 2018). 

The increase in DA release in the striatum of the animals used in this study can be considered to 

be related to the activation of OXT receptors in this region, facilitating DA release. Due to rat 

basal ganglia structure and function being similar to humans, it is likely that there will be similar 

effects in humans when administered intranasal OXT. 

 
 

The dorsal striatum is involved in both DA neurotransmission and some aspects of reward 

seeking and aversion (Schultz, 2007). Since OXT and DA neurons and receptors are typically 

found in close proximity (Love, 2014; Jurek & Neumann, 2018), the OXT induced increase in 

DA signaling suggested in this study, could be seen in other brain regions containing DA 
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neurons and projections. When more closely examining OXT and DA neurocircuitry, we can see 

a better picture of how OXT interacts with DA neurons, influencing DA release in regions 

involved with encoding fearful stimuli. The hypothalamus sends OXT projections to the VTA, 

which then sends DA projections to the amygdala. Simultaneously, the hypothalamus sends OXT 

projections to the amygdala (Love, 2014). Due to the role of the amygdala in fear conditioning, 

both DA and OXT activity in this region likely have some interaction with fearful stimulus 

encoding (Triana-Del Rio et al., 2018). Also, understanding that OXT closely interact with DA 

D2 receptors (Jurek & Neumann, 2018), which are typically an inhibitory subset of DA receptor 

type (Neves et al., 2002), OXT could reduce fearful response to aversive stimuli. OXT activates 

DA neurons in the VTA (Love, 2014), which then sends DA projections to the amygdala which 

activate D2 receptors (Greba et al., 2001). The activation of D2 receptors is likely enhanced by 

the nearby activation of OXT receptors, reducing activity in the amygdala (Jurek &Neumann, 

2018). This is suggested to be true in fMRI studies done on human individuals that experienced a 

traumatic event and administered intranasal OXT (Frijling et al., 2016). OXT reduces the 

fear/stress response to a previously associated fearful/stressful stimulus, due to a reduction in 

amygdala activity. 

 
 

In conclusion, the results of this study support the hypothesis that intranasal OXT increases DA 

activity in the striatum. Furthermore, this OXT-induced increase in DA neurotransmission could 

potentially modulate the neurocircuitry related to fear and anxiety. 
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VII. FIGURES 
 

Fig 8. Time course of percent change in DA signals post OXT/saline administration. Error 
bars represent a 95% confidence interval. There is a significant difference in percent change 
between OXT and saline at time 20 min (*p=0.0122) and 40 min (**p=0.0243, linear mixed 
model). 
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Fig. 9. Time course of percent change of DA signals post OXT/saline administration 
presented without error bars. Figure generated to allow for easier viewing of the time course 
data. 
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Fig. 10. Example FSCV recording of DA response to intranasal OXT. Top panel is 
electrically-evoked DA signal pre-OXT treatment and bottom panel is 20 min post-OXT 
treatment. Both images were taken from the same rat. 
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