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ABSTRACT

Fast scan cyclic voltammetry (FSCV) can be utilized to detect neurotransmitter
release and uptake in brain slices. When combining this technique with disease state
animals models, information for therapeutic targets can be obtained. Herein, the
evaluation of stimulated dopamine release and uptake in animal models was used in
conjunction with pharmacological agents to assess neurological problems caused by
Fragile X syndrome and chemotherapy. Fragile X Syndrome, a genetic form of mental
retardation caused by a trinucleotide repeat expansion, was investigated by combining
behavioral analysis and FSCV to determine alterations in dopamine release, dopamine
uptake, effects of amphetamine treatments, and the functionality of the D2 autoreceptor.
Side effects of chemotherapy can include alteration in neurological function and were
investigated by using FSCV to monitor for effect on dopamine release and uptake
patterns in the striatum of rats being dosed with Carboplatin, a chemotherapeutic drug.
Finally, instrumentation was established to use caged compounds to photo release
glutamate while collecting FSCV data of dopamine release to evaluate instantaneous

effects of glutamate on the dopamine system in brain slices.
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CHAPTER 1 INTRODUCTION

Understanding the underlying chemical mechanisms of neurological disorders
and diseases is key to being able to successfully develop therapeutic methods of
treatment. It is necessary to be able to study neurological systems without causing
much disturbance or damage to the system. Fast scan cyclic voltammetry (FSCV) has
become a useful method for the measurement of neurochemical release both in vitro
and in vivo. FSCV has long been used to evaluate dopamine release and uptake in
brain slices from animal models of disease or altered brain chemistries (7). When
pairing FSCV in brain slices with pharmacological agents, such as dopamine transporter
antagonists or dopamine autoreceptor agonists, information can be obtained about the
neurological system. The following sections include an introduction to FSCV, the brain
dopamine system, the measurement of dopamine release and uptake, and calculating
dopamine uptake parameters using modeling software. The work done using the
application of the FSCV method to evaluate dopamine release and uptake in Fragile X
syndrome as well as the phenomenon known as “chemobrain” are presented. Finally, a
method for the combination of FSCV with photoreleased glutamate to determine

immediate effects on dopamine release and uptake are discussed.



1.1 Electrochemical Methods

1.1.1 Overview of voltammetry

Voltammetry is an electroanalytical method that obtains information about an
analyte by varying the potential applied to an electrode and then detecting the current
produced by the electrochemical reaction of the analyte at the electrode surface.
Voltammetry can be used to study various types of analytes and systems including
inorganic ions and organic molecules in solution. A major shift in the use of
voltammetric methods occurred in the early 1970’s as Ralph N. Adams began to use
voltammetry as a method for evaluating biological amines in vivo, thus opening a new
field for electrochemical applications in evaluation of biological systems containing
electroactive molecules(2).

In a typical electrochemical system used to collect voltammetric measurements,

a working electrode, a counter electrode, and a reference electrode are employed,
Figure 1. The working electrode is the electrode that will have an applied potential that
will change based on the waveform applied by the potentiostat, thereby causing the
redox reaction to occur. The potential of the working electrode is measured versus a
reference electrode that will have a constant potential. A counter electrode, made up of
an inert material, is often used to complete the circuit, but has little to no part in the
measured redox reaction. The potentiostat controls the electrical potential between the
working and reference electrodes at a preset value by forcing the necessary current to

flow between the working and counter electrodes to maintain the desired potential.
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Figure 1. Diagram of a three electrode system. The working, counter and reference electrodes are
labled. A represents an ammeter measuring the current, while V is representative of a voltmeter

measuring the voltage difference between the reference and working electrodes.

1.1.2 Cyclic Voltammetry

Cyclic voltammetry is performed by applying a triangular waveform (Figure 2) to
the working electrode where the electrode potential is rapidly increased linearly over

time then decreased to the starting potential.

1.0V

0.4V

Figure 2. Triangular waveform scan from -0.4 Vto 1.0 V to -0.4 V.



As the potential becomes more positive, the working electrode will become electron
deficient. If a suitable electroactive analyte is present, an oxidation reaction will occur at
the surface of the electrode. The oxidation reaction will cause a transfer of electrons
from the molecule being oxidized to the electrode. This flow of electrons can then be
measured as a current. This current, known as the anodic peak current (ixa), will be
proportional to the amount of analyte at the surface of the electrode. As the potential is
scanned back down to the starting point, the working electrode becomes more electron
rich. If the oxidation reaction is reversible, a reduction reaction can now occur at the
surface of the electrode and be detected again as a current, the cathodic peak current
(ipc), as the electrodes are transferred to the oxidized form of the analyte, regenerating
the starting analyte. When the oxidation causes the formation of a different species that
will not undergo a reduction reaction when the potential is scanned back to the starting
point, the oxidation reaction is not reversible, however an oxidation potential can still be
detected. The potentials at which these current peaks occur as well as the ratio of the
anodic and cathodic peaks can be used to determine the identity of the analyte.
Voltammetry in solutions that have attained a state of equilibrium obeys the

Nernst Equation (Equation 1) where the reactions occurring are electrochemically

reversible.
E=E’+RTInCo Equation 1
nF CR

Where E is the cell potential, E° is the standard cell potential, Co is the concentration of
the oxidized species, Cr is the concentration of the reduced species, and n is the

number of electrons involved in the redox reaction.



An electrochemical reaction is considered to be reversible if it meets the following
conditions. First, the voltage separation between the anodic and cathodic peaks follows
Equation 2,

AE = Epa—Epc =0.059V/n Equation 2
Where n is the number of electrons transferred in the reaction. Figure 3 is a

representative voltammogram with the cathodic and anodic peaks labeled.
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Figure 3. Depiction of a reversible slow scan cyclic voltammogram of dopamine (3). Figure modified

from Ates et al. 2009.



However, when using high scan rates the electron transfer rate slows in relation to the
scan rate. Due to the inability of the electron transfer to keep up with the fast scan rate
a higher potential is required to cause the oxidation to happen, thus the oxidation and
reduction peaks are separated, yet the reaction is still electrochemically reversible (4).
Another criterion for reversibility is that there must be symmetry in the voltammogram
between the peaks (Equation 3) and as shown in Figure 3.

|,/ Ipc| = 1 Equation 3

This property of reversibility is also dependent on the scan rates used. The relationship
between scan rate and the maximum current is described by the Randles-Sevcik
equation (Equation 4).

ip = 0.4463 nFAC(nFvD/RT)"? Equation 4

Where nis the number of electrons involved in the redox reaction, F is Faraday’s
constant, C is the concentration of the species, D is the diffusional coefficient.
Increasing the scan rate will also increase the maximum current and has the same
effect as increasing the rate of diffusion of the oxidized species in the case of DA. This
increase in current due to an increase in scan rate is due to an increase in the flux of
the analytes in the diffusional layer increase number of analyte molecules coming into
contact with the electrode. It is also due to this increase in flux that the oxidized species
diffuses away and is not available in the same concentration at the electrode surface to
be reduced, leading to a decrease in the peak height of the reduction peak (5). This
diffusion causes the reduction peak to be smaller than the oxidation peak and thus the
ratio of the peaks is not 1, yet the reaction is still reversible, as is the case with DA using

fast-scan cyclic voltammetry.



1.1.3 Fast Scan Cyclic Voltammetry (FSCV)

Fast-scan cyclic voltammetry (FSCV) is a method of voltammetry which utilizes
high scan rates and can collect data on a sub-second time scale. In this work a scan
rate of 300 V/s was utilized using a carbon-fiber microelectrode with a Ag/AgCl
reference electrode. A plot of the current changes detected from the oxidation and
reduction of the analyte versus the potential applied can be generated, creating a cyclic
voltammogram. FSCV utilizes microelectrodes due to the temporal resolution and
beneficial diffusional characteristics which are discussed in section 1.2.1. The sub-
second time-scale of data collection associated with the high scan rates allows for the
detection of very quick biological processes. FSCV also allows for the detection of very
small changes (nA scale) in current due to the electrode area and based on Equation
4. This detection of small currents is also beneficial for biological systems where the
concentrations of analytes are low (UM) (6).

As an electrode becomes electron deficient the negative species in the solution
around the electrode will assemble next to the electrode forming the inner Helmholtz
layer. From there a layer of positive charges will be attracted to the negative layer
forming the outer Helmholtz layer. Another layer of opposing charges known as the
Gouy-Chapman layer will form after this and then the bulk of the solution will remain
heterogeneous (Figure 4). This is known as the double layer effect. The double layer
causes a capacitance current by creating charging currents. Charging currents cause
an excess or deficiency of negative charges at the surface of the electrode. Due to this

difference in charge layers of opposing charges form that are different than the bulk of



the heterogeneous solution. The charges assemble adjacent to the electrode surface
within a few hundred angstroms. By subtraction of the background current, the
capacitance current is removed from the voltammogram and the result yields a

voltammogram of the analyte of interest (7).
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Figure 4. Depiction of how charges align creating a double layer when a potential is applied to the
working electrode. iH represents the inner Helmholtz layer, H represents the outer Helmholtz layer and

GC is the Gouy-Chapman layer. Figure based on information found in Bard and Faulkner(18).

1.1.4 Voltammetry in biological systems

Voltammetry, when coupled with microelectrodes, provides advantages over
other means of chemical detection in biological systems. One popular method for
biological sampling is microdialysis. While microdialysis is a powerful analytical
method, the probes used are on average around 200 um in diameter, while
microelectrodes used in voltammetry can range in size from less than 10 pum to 20 pm

in diameter (7). Microdialysis is advantageous in that it allows for the sampling of



multiple types of neurochemicals over long periods of time; however, the size of the
probe may lead to increased tissue damage compared to smaller electrodes (8).
Moreover, the use of carbon-fiber microelectrodes allows for the measurement of
neurotransmitter release and uptake on sub-second timescales, compared to minute

timescales when using microdialysis.

1.2 Microelectrodes

1.2.1 Microelectrodes in FSCV

Microelectrodes used in biological measurements have been constructed using a
variety of configurations, such as cylindrical, disk, ring and spherical, utilizing different
materials including, but not limited to, carbon fibers, platinum, and gold (9-15). This
work has utilized the cylindrical carbon-fiber microelectrode. The surface properties of
cylindrical carbon fiber microelectrodes can be easily manipulated with electrochemical
pretreatments and have been shown to be less prone to surface degradation and
fouling in tissues than microelectrodes made of metal, thus making them beneficial for
use in biological applications (76).

Carbon-fiber microelectrodes are particularly useful for measuring
neurotransmitter concentration changes that occur on fast timescales. Typically, in our
applications, 10 CVs/s are collected using scan rates of 300 or 400 V/s, however, higher
scan rates and CV collection rates may be used. The ability to collect measurements
with these temporal resolutions is facilitated by the diffusional properties of

microelectrodes. The diffusion that occurs around the surface of the microelectrode



yields a much greater current density around the electrode in comparison to
macroelectrodes and is necessary for the analyte to reach the electrode surface and
undergo an electrochemical reaction at the surface of the electrode. The diffusion
occurring around a cylindrical microelectrode occurs in only one dimension, however, in
the case of cylindrical microelectrodes a “quasi” steady state that follows Equation 5
occurs (17-18).

lgss= 2nFADCo*/rolnT Where 1= 4D,t/r,” Equation 5

Where n= the number of electrons transferred in the electrochemical reaction, F= Faraday’s constant, D,=
the diffusional coefficient of the oxidized species, C,*= the concentration of the oxidized species in the

bulk solution, r,= the radius of the electroactive surface of the electrode, and t=time.

Analysis of the equation reveals that, due to time being in the denominator of the
equation, igss is in @ constant decline. However, time is found in the T equation and thus
subject to the logarithmic function and when working in a time scale of seconds, this
time dependent decline of igss Occurs at a relatively slow rate.

Another beneficial quality of using microelectrodes is that the low charging
currents. The charging current is proportional to the surface area of the electrode, thus
decreases as the area of the electrode decreases as shown in Equation 6.

e o< 1/A Equation 6

Where i is the charging current and A is the area of the electrode. Lowering the
charging current lowers the amount of noise in the current detection, thus decreasing
the limit of detection (75). When a reaction occurring at the electrode surface causes
a large increase in current, that excess current, when traveling through a resistive

solution, creates a potential that opposes the applied potential. This potential is known
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as the iR drop and can interfere with the data by distortion of the cyclic voltammogram.
In order to account for the excess current, a counter electrode is used as an electron
sink in a three electrode system. Microelectrodes allow for the use of a two electrode
system, eliminating the need for a counter electrode. The small surface area and small
concentration of analyte produces small currents, causing the iR drop to be negligible
(4, 15). In the two electrode cell, the working electrode both causes the reaction with
the analyte to occur by application of a potential from the potentiostat and also detects

the change in current caused by the redox reaction (4).

1.2.2 Fabrication of cylindrical carbon-fiber microelectrodes

Carbon fiber microelectrodes are constructed by aspirating a single carbon fiber
through a glass capillary tube. The capillary is then pulled with a glass puller to form a
glass seal around the carbon fiber. The carbon fiber is then cut to the desired length
beyond the glass seal under a microscope using a scalpel (Figure 5). Once the fibers
are cut to the appropriate length, the tips of the electrodes are dipped in an epoxy resin.
By capillary action the resin fills in any gaps in the glass seal around the carbon fiber.
The excess resin is rinsed off of the fiber with toluene to ensure that no resin remains

on the surface of the carbon fiber. The resin is then cured by heat in an oven.

11
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Figure 5. Depiction of a carbon fiber microelectrode tip. The glass seal is shown around a cylindrical

carbon fiber which is cut extending beyond the glass seal.

1.2.3 Electrode Calibration

Carbon fiber microelectrodes are calibrated in a flow cell to determine their
response to a specific concentration of analyte. The potential waveform and all other
electrochemical parameters that will be used during data collection are used when
calibrating the electrodes. Artificial cerebral spinal fluid (aCSF) is continuously flowed
across the surface of the electrode. Since FSCV is a background subtracted method,
the aCSF is allowed to flow for 3 to 5 seconds before introducing the dopamine
containing solution. An HPLC injection valve is used to switch the flow solution from
aCSF to aCSF containing a known concentration of dopamine. The electrode is
exposed to the dopamine solution for 5 seconds and then the valve is switched back to
the plain aCSF. The peak current from the DA exposure is measured and used to

determine the nA/uM calibration factor for the electrode.
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1.2.4 Dopamine detection using FSCV at carbon-fiber microelectrodes

Dopamine has been identified as a major catecholamine neurotransmitter that
plays a role in many important neurologic functions, including locomotor activity (79-20),
memory (21-22), motivation and reward (23), cognition (24), food intake and
emotion(21, 25). Alterations in dopamine release and uptake have been characterized
in various neurological disorders including a decrease in stimulated release in mice
models of Huntington’s disease (1), the loss of dopaminergic neurons in both
postmortem human examinations and animal models of Parkinson’s disease, and post-
mortem analysis of human tissue has revealed high levels of dopamine in schizophrenia
(26). The use of voltammetry has allowed for the determination of alterations in
dopamine responses in the brain with little damage to the system being evaluated (2,
27-28).

Because dopamine readily gives up 2 electrons, it can be easily oxidized. The
dopamine-o-quinone that forms from the oxidation reaction can then be converted back
to dopamine by a reduction reaction. Using FSCV with a triangular waveform (-0.4 V to
+1.0 V) and a scan rate of 300 V/s, when the potential applied to the electrode reaches
+0.6 V the dopamine at the surface of the electrode will lose two electrons and produce
a detectable current. As the potential is scanned back down to the starting potential,
when -0.2 V is reached the dopamine-o-quinone will accept two electrons (Figure 6)

and thus a dip in current will be detected as the reduction reaction occurs.

13
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Figure 6. Dopamine is oxidized, losing two electrons, to form dopamine-o-quinone. The dopamine-o-

quinone can then accept two electrons to reform dopamine.

1.3 Dopamine synthesis, release, and uptake
1.3.1 Dopamine Synthesis and metabolism

Dopamine, which does not cross the blood brain barrier, is synthesized in the
brain from the amino acid precursor tyrosine. Tyrosine crosses the blood brain barrier
and is taken up into dopaminergic cells in the brain. The tyrosine is then converted to
DOPA by tyrosine hydroxylase. DOPA decarboxylase then converts DOPA to
dopamine (Figure 7). The dopamine can then be packaged into vesicles by the

vesicular monoamine transporter (VMAT) for release (29-30).

14
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Figure 7. The synthesis of dopamine in the presynaptic terminal.

Metabolism of DA can happen both inside the dopaminergic cell and in the
extracellular space. Inside of the cell, monoamine oxidase (MAO) can act on the DA
converting it to 3,4-Dihydroxyphenylacetic acid (DOPAC), which can then be
transformed to homovanillic acid (HVA) by catechol-O-methyltransferase (COMT)
(Figure 8). Extracellularly, a portion of the released DA can be transformed by COMT
to 3-methoxytyramine (3-MT) which can then be converted to HVA by MAO. DA can

also be converted to norepinepherine by dopamine-3-hydroxylase (37).
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Figure 8. The metabolism of dopamine and its metabolites. Where COMT is catechol-O-methyl

transferase, DBH is dopamine beta hydroxylase and MOA is monoamine oxidase.

1.3.2 Detection of Dopamine and its Metabolites by HPLC

HPLC, when paired with an electrochemical detector, can be utilized in the
separation and detection of electroactive species. It has been previously used to detect
DA and its metabolites in samples prepared from brain homogenate (32-33). Samples
can be obtained from specific brain regions, in this work the striatum was removed, and
homogenized to evaluate total DA content in the striatum and compare DA
concentrations between animal models of neurological diseases to their wildtype

counterparts.
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Briefly, the chromatographic separations were carried out isocratically with a
mobile phase containing 10% organic phase (acetonitrile) and 90% aqueous phase (75
mM sodium dihydrogen phosphate monohydrate, 100 uL/L triethylamine, 25 uM EDTA
tetrasodium tetrahydrate and 1.7 mM 1-octanesulfonic acid sodium salt) at a flow rate of
0.4 mL/min. The column used for compound separation was a C 18 column, utilizing
reverse phase chromatography allowing the separation to occur based on molecular
polarity where the most polar molecules are eluted first. A calibration standard
chromatogram is shown in Figure 9 indicating good separation and detection of
norepinephrine (NE), DHBA (the internal standard), DOPAC, DA and homovanillic acid

(HVA).
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Figure 9. HPLC chromatogram of a calibration standard for the quantification of DA and its metabolites

in the striatum of mice.
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1.3.3 Dopamine release
1.3.3.1 The synapse

The synapse is the junction formed between two neurons and is the site at which
neurotransmitters are released and communications between the two cell bodies takes
place. The release of neurotransmitters from the presynaptic terminal occurs with the
depolarization of the terminal due to an action potential. When neurotransmitters are
released they can either act on the presynaptic receptors, cross to the postsynaptic
terminal where they can act on postsynaptic receptors, be taken back into the
presynaptic terminal by a transmitter specific transporter, or can diffuse out of the

synaptic cleft to act on receptors on other neurons.

1.3.3.2 Vesicular release

Neurotransmitter release occurs by exocytosis of synaptic vesicles at the
membrane surface of the synapse. After DA is synthesized in the presynaptic terminal
it is packaged into vesicles by VMAT2, the neuronal vesicular monoamine transporter.
The vesicles near the surface of the synaptic membrane, considered the active zone,
then undergo docking and priming, preparing them for an action potential that will cause
them to release their contents into the synaptic cleft. When an action potential occurs,
voltage-gated Ca®* channels are opened and the neurotransmitters are released by
fusion of the vesicular membrane with the neuronal membrane, followed by endocytosis
of the vesicle. (34).

Three different modes or vesicular recycling have been observed in single cell

preparations (35). The first and fastest mode has been termed “kiss and run” in which

18



the vesicle quickly binds, releases its contents and is quickly retrieved from the
membrane to be recycled, occurring on a time scale between 400 and 860 ms. The
second type, compensatory, takes between 10 to 30 seconds for the fusion and
recycling of the vesicle to occur. The third mode of recycling, stranded, occurs when
the vesicle fuses and releases its contents, but remains attached to the membrane until
another action potential occurs. DA has been shown to be released under all three of

the mentioned modes of vesicular release and recycling (36).

1. DA Uptake

e ©
(]

©

Docking Priming Fusion/ Endocytosis
Exocitosis

Figure 10. Vesicular release of DA into the extracellular space. 1. DA is packaged into vesicles by
VMAT?2, the vesicular monoamine transporter, which then become a part the vesicles ready for release
(2). 3. The vesicles then dock with the membrane and are primed. 4. After in influx of Ca** the
exocytosis of DA occurs. The vesicle then separates from the membrane and is recycled back (5) to be

refilled with DA.
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Vesicles have been classified as being a part of three distinct categories: the
readily releasable pool (RRP), the recycling pool and the reserve pool (37-40). The
RRP consists of the vesicles that are near the synaptic membrane and exocytose upon
mild stimulation. The recycling pool is made up of those vesicles that will replace the
RRP after exocytosis. The reserve pool vesicles, the largest pool in the presynaptic

terminal, is only mobilized after long periods of synaptic activity (47).

Reserve Pool

Recycling Pool

Readily Releasable
Pool (RRP)

Figure 11. The three pools of DA. The most abundant pool is the reserve pool, however it takes intense

stimulation to activate this pool.

1.3.4 Neurotransmitter diffusion

Most neurotransmission occurs within the synaptic cleft between the presynaptic
and postsynaptic terminals where the released neurotransmitter acts upon the receptors
within that cleft. DA transmission in the striatum has been shown to diffuse outside of

the synaptic cleft of release and acts upon other target receptors distances of over 12
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um away (42-44). The ability of DA to diffuse outside of the synaptic cleft allows DA to

cause an effect on a much larger number of target cells.

rj Postsynaptic receptor

U Presynaptic receptor

. Transporter

@ Dopamine

Figure 12. Simplification of the diffusion of DA in the synaptic cleft after vesicular release. DA can be
taken up back into the presynaptic terminal by the DA transporter, it can diffuse to one of the DA

receptors or it can diffuse out of the synaptic cleft.

1.3.5 Dopamine Receptors

Dopamine receptors were classified into two categories when discovered. These
groups are now known as D1-like and D2-like. The DA receptors are G protein-coupled
metabotropic receptors that primarily function through affecting cyclic adenosine
monophosphate (CAMP) levels (25). The D1-like receptors, which include the D1 and

D5 receptors, increase cAMP levels by increasing adenylyl cyclase (AC) activity, while
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the activation of D2-like receptors, including D2, D3 and D4 receptors cause a decrease
in cAMP by inhibition of AC.

The activity of the D2 receptor is of particular interest when it comes to regulation
of DA release in DA neurons. Activation of the D2 receptor has been shown to
decrease DA release (45-48). The stimulation of presynaptic D2 receptors causes a
feedback mechanism that lowers DA levels by inhibiting DA synthesis and release (49-
50). The D2 receptor agonist quinpirole has been shown to deplete stimulated DA
release in the striatum (57).

Table 1. Dopamine Receptors and their functions (25, 48, 52-58).

Stimulatory effect — activates adenylyl cyclase
Most abundant DA receptor

D1 Regulates D2 responses

D1-Like Predominately postsynaptic

Stimulatory effect — activates adenylyl cyclase
D5 Expressed in limbic regions
Predominately postsynaptic

Regulate DA release by inhibiting DA synthesis,
storage and release

D2 Autoreceptor for Dopamine

Presynaptic and postsynaptic receptor

Inhibits adenylyl cyclase
O Postsynaptic receptor
D2-Like D3 Possible autoreceptor

D4 Function not well characterized

1.3.6 Dopamine Transporter (DAT)

The dopamine transporter (DAT) is a transmembrane protein located on the
plasma membrane of the presynaptic nerve terminal to transport extracellular DA into
the neuron from the extracellular space. DAT is a key element in termination of
neurotransmission by DA by removing it from the extracellular space where it can act on
DA receptors (59-61). DAT is made up of 12 transmembrane domains with alternating
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extracellular and intracellular loops with both the C- and N- terminus located inside the
cell. The transporter is Na*/Cl dependant, requiring a sodium ion to bind extracellularly
in order for DA to bind and the transporter to undergo a conformational change and

move both the sodium and dopamine into the intracellular space (62).

1.4 Measuring Dopamine Release and Uptake in Brain Slices
1.4.1 Neuroanatomy

The area of dopaminergic activity of interest in this work is the Caudate-Putamen
(CPu), also known as the striatum. The CPu receives a substantial amount of
dopaminergic input from two distinct populations of DA neurons, the dorsal tier neurons
and the ventral tier neurons (Figure 13). The dorsal tier neurons have their cell bodies
located in the dorsal substantia nigra pars compacta (SNc), while the ventral tier neuron
cell bodies are located in the ventral SNc (63). These neurons extending from the SNc
to the CPu maintain their topographical pattern between the two regions (64-65). These
projections of neurons that begin in the SNc and terminate in the CPu are known as the
nigrostriatal pathway. The nigrostriatal pathway is involved in motor control by
involvement in the basal ganglia loop and it is the destruction of the nigrostriatal
pathway that plays a major role in causing Parkinson’s disease and the loss of motor
control associated with the disease (64).

Movement is triggered from the SNc by the nigrostriatal pathway causing
activation of DA receptors in the striatum. The activation of these receptors is

fundamental in maintaining normal posture and the origin of normal movements (58). A
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loss of DA activity in the striatum has been shown in both Huntington’s chorea and in

Parkinson’s disease (1, 66).

Figure 13. Depiction of the substantia nigra pathway in a mouse brain. Dopamine neurons project from

the substantia nigra to the caudate putamen.

1.4.2 Brain Slices

Brain slices have long been accepted as an appropriate method of evaluation of
neurobiology and activity (67-69). By perfusion with artificial cerebral spinal fluid, slices
made from brain tissue can be kept functioning (27, 70). There are several advantages
associated with performing experiments in vitro as opposed to in vivo. Drugs can be
applied directly to the slices by perfusion, thus allowing the effects of specific
concentrations to be evaluated. It is also advantageous to be able to visually place
electrodes in specific locations when performing voltammetry experiments and to be

able to move the electrodes to various locations with little damage to the tissue.

1.4.3 Pharmacological Agents that Alter Release and Uptake

Pharmacological agents that alter DA release and uptake can be used to

evaluate neurological diseases and disorders in FSCV brain slice experiments. Some
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of the common drugs used include amphetamine and cocaine. Other Drugs used in this
study include GBR 12909, quinpirole and alpha-methyl-p-tyrosine (aMPT).

Amphetamine (AMPH), a psychostimulant commonly used for the treatment of
attention deficit, narcolepsy and obesity, was first synthesized in 1887 by Lazar
Edeleanu. The stimulating effects of the drug were not known until 1910 when it was
tested in animals by Gordon Alles who was searching for a decongestant (77). The
stimulating effects of AMPH have been shown to be due to the release of
catecholamines caused by AMPH working by two mechanisms. First, AMPH causes
excess DA to be released into the extracelluar space by binding to DAT and reversing
its orientation, allowing outward transport of DA (72-74). AMPH also crosses through
the plasma membrane by lipophilic diffusion (74-76). Once inside of the synapse,
AMPH causes the depletion of vesicular DA by binding interaction with VMAT2, causing
more extracellular DA, which can be outwardly transported by DAT (77).

Cocaine, an addictive stimulant found in the leaves of the coca plant, has been
shown to bind to DAT and inhibit DA uptake, thus increasing extracellular levels of DA
and causing a stimulating effect (61, 78-80). It has also been shown that cocaine can
affect DA release by activating synapsin dependant reserve pools of DA (87). Once DA
synthesis has been halted and its release depleted, administration of cocaine can
restore DA release.

GBR 12909 has been shown to be a highly selective DAT inhibitor, thus
effectively blocking presynaptic DA uptake (82). Because of the selectivity of GBR
12909 for DAT, it is advantageous to use it as a DAT inhibitor over cocaine and AMPH,

both of which will act on transporters for different monoamines as well as DAT (83).

25



Activation of the D2 autoreceptor provides a negative feedback mechanism
inhibiting adenylyl cyclase activity, halting DA synthesis and thus diminishing DA
release and uptake (84). This mechanism of action prevents too much DA from being
released into the extracellular space. Quinpirole, a D2 agonist, has been shown to
activate the D2 autoreceptor and inhibit DA release in the striatum (85).

DA release can also be altered by preventing the synthesis of DA in the
presynaptic terminal. Alpha-methyl-para-tyrosine is a tyrosine hydroxylase inhibitor
(86). Tyrosine hydroxylase is involved in the production of DA. Once it is function is
inhibited, tyrosine is no longer converted to L-DOPA which is a precursor of DA. Thus

the synthesis of DA is halted and its packaging and release will be diminished.

1.4.4 Modeling Stimulated Release Plots
Dopamine uptake has been shown to follow Michaelis-Menten kinetics (27, 87-

88). Based on previous experiments, equation 7 is accepted (89):

(DA), + T (DA)T ——— (DA),;+T  Equation 7

where (DA), is extracellular DA, T is the DA transporter and (DA), is intracellular DA.
where (DA), is extracellular DA, T is the dopamine transporter and (DA), is intracellular
DA. The Michaelis-Menten kinetic behavior of the DAT allows us to model the raw data
to obtain information about [DA],, Vmax and Ku, where [DA], is the peak DA release
corrected for electrode performance and uptake, Vmax is the maximum rate of DA uptake
and is proportional to the number of DAT molecules, and Ky is the concentration of DA

at 2 Vmax and is considered a measure of the affinity of DA for DAT. In the absence of

drugs, the accepted value for Ky is 0.2 uM (87, 90) which allows us to use modeling
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software, developed by the Wightman group at the University of North Carolina, to then
determine [DA], and Vmax based on Equation 8.

d[DAJ/dt = [DA]p — Vmax/(Kw[DA] + 1) Equation 8
Figure 12 shows our experimentally collected data, the black dots, and the model fit to
our data, the red line. By adjusting the value of [DA], in the software, the height of the
model curve changes to fit the experimental data. By adjusting the Vnax values in the
software, the width of the curve changes to fit to the data and thus we can obtain a good
fit to the curve. When a slice is exposed to a drug such as AMPH, which alters the
uptake, the experimentally determined Vnax in the absence of drug is used in the

software and the value of Ky is adjusted to obtain a good fit to the data.

0.5 uM
6 pM AMPH

Figure 14. Modeling raw data. The experimentally collected data is shown by the black dots, the arrow

indicates a stimulus pulse and the red line is the model fit curve to the data.
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1.4.5 Competitive Inhibition
In the presence of a competitive inhibitor, | , the inhibition constant K; can be
determined. In the case of a competitive inhibitor the following is also occurring:

l+T =— IT Equation 9
where K; is the dissociation constant and follows Equation 10.
Ki = [I[T)/[IT] Equation 10
In this situation we can plot (Km)app VS. [l], where (Kwv)app is defined as Ku(1 + [I}/Ki), and
obtain a linear plot with a slope of KwK; (89). In competitive inhibition, Vimax remains
unchanged due to the inhibitor binding, in most cases, to the same location as the
substrate and increasing the concentration of the substrate can overcome the inhibition.
Ku changes in competitive inhibition because the concentration of substrate needed to

reach Vmax has increased, thus shifting the value of Ky (Figure 15).

Vmax -----------------------

No

Inhibitor Competitive
. Inhibitor
[ &)
@
g 1/2 Vmax
[1}]
T
x©

Ky K
[Substrate]

Figure 15. Representation of enzyme rates. The black line represents no inhibitor present, while the red
line represents competitive inhibition. In competitive inhibition, V.« is unchanged, yet Ky increases due

to a higher concentration of substrate being required to reach V.
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1.5 The Force-Plate Actometer

The force-plate actometer was developed by Professor S.C. Fowler of the
University of Kansas, has been well established for monitoring animal behavior
including: locomotion, tremor, special patterning and focused stereotypy (97). The
force-plate actometer consists of a plate with four transducers located under each
corner with a cage over the plate but not touch it. The movement of the animal can then
be traced in x and y directions as the animal move about the plate, as well as the z
direction, detecting vertical force variation. The ability to monitor the vertical
movements of the animal is important when evaluating focused stereotypy due to a
decrease in locomotion that occurs while the animal experiences movement in the
vertical direction. Thus, the force-plate actometer can evaluate focused-stereotypy and

not mistake it for periods of paralysis.

Xz Quadrant I Quadrant | X4
Yy Y
}{3 X4
;f’s Quadrant Il Quadrant IV F’q
3 4

Figure 16. Coordinate system of the force plate actometer.
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To track behavior the force-plate actometer has a transducer under each corner
of the plate. To describe the different areas and transducers, the plate can be thought
of as having four quadrants, each with a transducer in the corner given by their X,Y
location , as shown in Figure 16. A 200 gram weight placed in the center of the plate
will result in the detection of an equal distribution of forces over the transducers as
shown in Figure 17A. When the weight is moved to a different location, the distribution
of forces changes as seen in Figure 17B. Thus position of the object on the force-plate

determines the force (f) detected at each corner of the plate.

A B
50 @ 250 Ve __ 2100

©

¢

50 ° 20 50

Figure 17. (A) The force plate actometer with an object in the center detecting an equal distribution of
forces across the four transducers, located at the corners of the plate. (B) The change in forces detected

once the object moves.
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By Equations 11 and 12, the location of the object can be determined and thus

tracked over time and its locomotor activity mapped out as shown in Figure 18.

X = (X1f1 + ngg + X3f3 + X4f4)/(f1 + f2 + f3 + f4) Equation 11
y= (Y1f1 + Y2f2 + Y3f3 + Y4f4)/(f1 + f2 + f3 + f4) Equation 12
8cm

Figure 18. Depiction of the type of locomotor pattern around the plate of an animal after an actometer

recording session and the determination of animal movement based on the changes of force distributions.

By recording the force measurements at a high rate over time the rhythmic variations in
the animal’s movement can also be detected and not just the locomotion (97). Since
force measurements are being collected as opposed to position measurements, the
rhythmic force variations caused by behaviors such as jumping, tremors or stereotypies
can be detected. By use of Fourier transform these patterns of vertical frequency

changes are detected as shown in Figure 19.
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Figure 19. The use of Fourier Transform to detect rhythmic patterns in the force data. The power

spectrum here represents the focused stereotypy behavior.

Amphetamine-induced focused stereotypy was evaluated in this work utilizing the
force plate actometer. In order to compare the focused stereotypy occurring between
the different genotypes the focused stereotypy scores (FSS) were calculated. The
FSS, which is based on the amount of time and the force variance in the z direction as
well as the number of sectors used, was determined for the animals based on
Equation 13 to assess the response to AMPH (92).

Focused Stereotypy Score = Z(%time x F, variance) Equation 13
# of sectors used

In this work, fast-scan cyclic voltammetry at carbon-fiber microelectrodes (FSCV)
was used to investigate the electrically-evoked release and uptake of DA in striatal brain
slices taken from Fmr1i KO mice and WT mice. These neurochemical measurements

were compared with behavioral measurements of locomotion and focused stereotypy
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obtained using a force-plate actometer, a behavioral device that measures variation in

behavior-induced reactive forces even while the subject is not locomoting (97).

1.6 Summary of subsequent chapters

Chapter 2 describes the use of FSCV in the evaluation dopamine release in
Fragile X Syndrome through the use of Fmr1 knockout mice. Behavioral analyses were
performed using a force-plate actometer. The release and uptake of dopamine was
characterized in three different age groups. Pharmacological agents were also
employed to assess the functionality of the dopamine transporter, the D2 autoreceptor
and dopamine reserve pools. These studies revealed information about how alterations
in the dopamine system in Fragile X syndrome may impact the behavioral phenotype in
Fmr1 KO mice.

Chapter 3 describes our evaluation of the effects of chemotherapy on striatal
dopamine release. Many cancer patients report a significant decline in cognitive skills
after chemotherapy. Male Wistar rats were dosed with carboplatin as an animal model
for the examination of the role of dopamine in the Chemobrain phenomena. Healthy
male rats were used in order to eliminate any hormonal effect or effect due to the
cancerous cells on their neurochemistry. Fast scan cyclic voltammetry was used to
characterize dopamine release and uptake in the striatum of the rats. Dopamine
reserve pools were also evaluated using amphetamine induced dopamine efflux after
inhibition of dopamine synthesis and depletion of the readily releasable and recycling

pools of dopamine by electrical stimulation.
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Chapter 4 introduces the experimental design and instrumentation for the
assessment of immediate dopamine release alterations caused by the photorelease of
caged compounds. Using caged compounds to evaluate dopamine responses in brain
slices gives us the ability to introduce a biologically active molecule that is bound to a
photoprotecting group, which yields the molecule inactive until photolysis removes the
cage and reforms the biologically active compound. The design and setup of the

instrumentation are presented with a brief introduction to its potential use in brain slices.
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CHAPTER 2

DOPAMINE RELEASE AND UPTAKE IMPAIRMENTS AND
BEHAVIORAL ALTERATIONS IN MICE THAT MODEL FRAGILE X

SYNDROME

Fulks, J. L., O'Bryhim, B. E., Wenzel, S. K., Fowler, S. C., Vorontsova, E., Pinkston, J.
W., Ortiz, A. N., and Johnson, M. A. (2010) Dopamine Release and Uptake
Impairments and Behavioral Alterations Observed in Mice that Model Fragile X
Mental Retardation Syndrome, ACS Chemical Neuroscience 1, 679-690.

A clear understanding of the underlying the neurochemical mechanisms of
neurological disease is vital in the search for therapeutic treatments. This work
addresses potential alterations in dopamine (DA) release and uptake mechanisms
associated with fragile X syndrome (FXS), the most common known genetic cause of
mental retardation. We have studied the behavioral effects of amphetamine injections
in Fmr1 knockout (Fmr1 KO) mice, which model FXS, and have evaluated the DA
release and uptake characteristics in brain slices in order to study the relationship
between the behavior and neurochemistry. Behavioral analysis was carried out with the
use of a force-plate actometer, a device that collects movement information at
millisecond temporal resolution and 2 mm spatial resolution. Behavioral analyses
revealed that, injection with 10 mg/kg (ip) amphetamine, Fmr1 KO mice expressed a
lower degree of focused stereotypy compared to wild type (WT) control mice. Brain
slice experiments using fast scan cyclic voltammetry (FSCV) at carbon-fiber

microelectrodes were performed to identify differences in electrically evoked DA release

and uptake between KO and WT mice to identify potential mechanisms that would
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explain the differences seen in the behavioral data. At 10 weeks of age DA per pulse, a
measure of dopamine release corrected for electrode performance and reuptake, was
unchanged between KO and WT mice. However, at 15 weeks and 20 weeks of age
there were decreases seen in DA per pulse and in the rate of DA uptake in the KO mice
compared to the WT mice. Direct application of amphetamine to the brain slices in
increasing concentrations showed that there was equal affinity of amphetamine for the
DA transporter in both the KO and WT mice. Brain slices were also treated with the
mGIuR5 antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) revealing no immediate
effect in the recovery of dopamine release in the KO mice. The D2 autoreceptor
function was evaluated in slices by application of quinpirole, a D2 agonist, showed that
there is no change in D2 autoreceptor sensitivity in FXS. A direct comparison of
predrug and post drug DA release in the presence of amphetamine showed an
increased response to amphetamine by the KO mice. These data support a scenario in
which inferior extracellular dopamine levels in the striatum explain the diminished

focused stereotypy in the Fmr1 KO mice.
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2.1 INTRODUCTION

2.1.1 Fragile X Syndrome

Fragile X syndrome (FXS), the most common known genetic cause of mental
retardation and autism occurring in approximately 1 in 1250 males and 1 in 2500
females (1), is caused by a repeat expansion of greater than 200 CGG repeats on the
fragile X mental retardation 1 (FMR1) gene located on the X chromosome (2). The
repeat expansion leads to a silencing of the transcription of the fragile X mental
retardation protein (FMRP) (3-4), resulting in neurological impairments. FMRP plays a
role in mRNA transport and regulation of their translation (5-8).

The behavioral manifestation of FXS commonly includes ADHD-like symptoms
along with communication and motor control disturbances (9-12). Symptoms that occur
in FXS are often the same as those that common in cases of autism including repetitive
behaviors that appear like those of obsessive-compulsive disorder (OCD), anxiety in
social settings and an increase in sensitivity to sensory stimuli (9-10, 13). Individuals
with FXS lack communications skills as is apparent by their lack of eye contact and
turning their heads and bodies away from others or by attempting to block their eyes

with their hands and arms (74).

2.1.2 Animal Model of FXS
In order to investigate FXS and the pathological mechanisms that lead to the
symptoms of the disorder, an Fmr1 knockout (KO) mouse model was developed in

which the Fmr1 gene is inactivated (15). These mice have been used in various studies

45



to evaluate cognition, behavior and therapeutic treatments. The Fmr1 KO mice have
been shown to be susceptible to seizure (16-18); however, behavioral measurements
that utilize spatial learning tasks, such as the Morris water maze, have only been able to
show mild deficits (19-24). The maze evaluations could likely show only mild deficits
because these tasks evaluate learning and memory, but not attention and inhibitory
control, which are major contributing factor to cognitive deficits in FXS (25). In more
recent studies, when presented with attention based tasks, the Fmr1 KO mice exhibited
a higher rate of premature responses indicating impaired inhibitory control during times

of stress or arousal (26).

2.1.3 Neurological Manifestations of FXS

The mutation in FXS may manifest under several different neurological
mechanisms, influencing brain development. In recent studies it has been suggested
that neural development in FXS is impaired as a result of excessive induction of
hippocampal and cerebellar long-term depression (LTD) (27-28). The dorsal striatum is
heavily laden with dopaminergic neurons (29) where the activation of D2 receptors,
acting in combination with group | mGluRs, CBI cannabinoid receptors and L-type
calcium channels, is required for the induction of a form of LTD (30-33). Due to the high
density of DA in the striatum, an alteration in DA regulation may influence synaptic
plasticity and brain development (34-35). Behavioral disorders, such as stereotypy and
hyperactivity, have been treated by use of DA receptor blockers (36) and are associated
with FXS (37-38) and autism (39-42). Thus DA signaling abnormalities are a potential

neurological disturbance associated with FXS.
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2.1.4 Dopamine Release Altered by Amphetamine

The DA system can be challenged by the psychostimulant AMPH to cause an
excess of extracellular DA (43). AMPH is often used to evaluate differences in behavior
between KO mice and their WT counterparts (44-48). There are dose dependent
responses to AMPH when evaluating the behavioral response of the animals. When
given a low dose (1-2 mg/kg), locomotor stimulation occurs; at a higher dose (8-10
mg/kg) an excited state of small repetitive movements of the head, forelimbs and trunk,
referred to as a focused stereotypy, occur (45, 49). At very high doses (over 15 mg/kg),
self-mutilation is sometimes seen (50-51). Previous studies performed with AMPH
doses on Fmr1 KO mice were done with doses well below the focused stereotypy range
(47-48).

The doses of AMPH used in this work were within the ranges for increased
locomotor activity and focused stereotypy, but below the threshold for self-mutilation.
There is a wide acceptance that the focused stereotypy behavior caused by AMPH is in
part due to increased levels of DA in the dorsal striatum (52-53). The behavioral
changes caused by the AMPH injections were measured using a force-plate actometer,
described in Chapter 1 of this work, which is capable of distinguishing between

locomotor activity and focused stereotypy.

47



2.2 EXPERIMENTAL PROCEDURES

2.2.1 Animals

All animal procedures were conducted in accordance with protocols approved by
the Animal Care and Use Committee of the University of Kansas. Fragile X knockout
mice FVB.129P2-Fmr1™'¢9"/J (19) and wild-type control mice were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA). These mice were received at
approximately 8 weeks of age and were housed in the University of Kansas Animal
Care Unit (ACU) under a temperature-regulated, humidity-controlled environment. The
mice had unrestricted access to food and water and were housed with 12 hour light/dark

cycles.

2.2.2 Drugs
d-Amphetamine sulfate, GBR12909, quinpirole, and cocaine were purchased

from Sigma-Aldrich (St. Louis, MO).

2.2.3 Behavior

Behavioral Apparatus. Behavioral data were collected during the light phase of the
housing light/dark cycle. Eight force-plate actometers (54) were utilized in the collection
of behavioral data for the comparison of behavioral characteristics between KO and WT
mice. Each actometer measured 28 cm X 28 cm and in order to prevent alterations in
behavior due to outside noises, the actometers were placed in sound-attenuating

chambers. In order to provide ventilation, a silent, vibration free ventilation system was
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utilized. Animal activity was tracked by force measurements being recorded at a rate of
100 pts/s with a spatial resolution less than 2 mm. Vertical forces both associated with
locomotion and non-locomotor movements were also recorded and analyzed.
Locomotor activity in rodents is commonly reported in the form of distance traveled,
which was determined by summing the distances between consecutive center of force
coordinate 0.5 s apart. By utilizing this measuring system the locomotion is
accentuated and the contribution to the distance variable of small, high-frequency
movements is reduced. The force-plate method has been used to measure the mouse
behavior even while the animal is “staying in place” allowing the quantitation on focused
stereotypy (49) induced by central nervous system stimulants, such as amphetamine
(55) or cocaine (56). A combination of the animal remaining in one location (spatial
confinement) in combination with the vigor of head, limb and trunk activity (while
confined) was used to determine the FS score. In order to determine the FS score, the
floor area of the actometer was divided into 256 equal-sized square sectors. One
minute intervals were used to calculate the percent of time the animal spent in each
sector. Computation of the FS score was then done by the following: 1) multiplying the
variance in the vertical force in a sector by the percent time in the same sector; 2) the
products across all of the 256 sectors were summed; and 3) this sum of the products
was then divided by the number of sectors used during the 1-min time period to obtain
the FS score. The average of 60 1-min FS scores was taken to obtain the FS score for

a 60-min time period.
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Behavioral Procedures. Fifteen-week old Fmr1 KO mice and age-matched WT control
mice were placed in the actometers for two 1-hr recording sessions conducted 10 days
apart. A few seconds before sessions, separate groups of n = 6 mice each received ip
injections of saline vehicle, 1.0, 3.3, or 10.0 mg/kg of d-amphetamine sulfate. In
experimental design terminology this was an analysis of variance (ANOVA) with 2
genotypes, 4 doses, and 2 injections as a repeated measures variable. Therefore, the
procedure dictated the use of 24 WT and 24 KO mice. Doses of amphetamine were
selected to produce locomotor stimulation at the two lower doses and focused

stereotypy at the highest dose in WT mice.

2.2.4 Brain slice preparation

Striatal brain slices were prepared as described previously (57). Briefly, mice
were anesthetized by inhalation of isoflurane gas and decapitated. The brain was
removed immediately and placed into ice-cold artificial cerebrospinal fluid (aCSF)
saturated with 95%0,/5%C0O, The aCSF solution consists of (in mM) 126 NaCl, 22
HEPES, 1.6 NaH2PO4 2.5 KCI, 25NaHCO3, 2.4 CaCl,, 1.2 MgCl,, and 11 D-glucose, and
was adjusted to a pH of 7.4. For support while slicing, a 1 cm® block of agar gel was
glued to the support block. The cerebellum was removed with a razor blade and the
brain was bisected. Next, the brain was glued to the support block with Roti®coll 1 (Carl
Roth, Karlsruhe, Germany), a quick-setting glue, and the buffer tray was then filled with
ice-cold aCSF. The remaining half of the brain was dissected and the striatum removed
and placed on dry ice and stored at -80°C for HPLC analysis. Coronal slices 300um

thick were made using a Leica VT1000 S vibrating-blade microtome (Leica
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Microsystems, Nussloch, Germany). Striatal slices obtained between 0.4mm and
1.60mm anterior to bregma were used for voltammetry analyses. The brain slices were
stored in ice-cold aCSF saturated with 95%02/5%CO- until needed for use. Prior to
experimentation, slices were placed in a perfusion chamber with aCSF continuously
flowing (1 mL/min) and kept at a temperature of 34°C. Slices were allowed to
equilibrate in the perfusion chamber for at least 90 minutes before data collection.
Drugs were introduced to slices through a three-way valve that allowed aCSF

containing the chosen drug to flow from a separate reservoir to the slice chamber.

2.2.5 Fast-Scan Cyclic Voltammetry

Microelectrodes, with the exposed carbon-fiber tip having a diameter of 7 um
and a length of 30 um, were constructed as previously described (58). Electrodes were
calibrated before and after use by exposure to known DA concentrations in a flow cell.
The stimulation electrodes were made by gluing two tungsten electrodes (A-M Systems
Inc, Carlsborg, WA, USA) and adjusting the distance between the two tips using heat
shrink (3M Electronics, Austin, TX, USA) until they were 200 um apart. Electrochemical
measurements were obtained using an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA) interfaced with a computer through a locally constructed breakout box
and custom designed software written by M.L.A.V. Heien and R. M. Wightman,
Department of Chemistry, University of North Carolina, Chapel Hill, NC.

For brain slice experiments, carbon fiber microelectrodes were inserted 100 um
below the surface of the brain slice between the two stimulus electrodes, situated in the

dorsolateral caudate. To obtain most measurements, DA release was evoked by the
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application of a single, biphasic, electrical pulse (4 ms duration, 350 pA current). A
series of 50 stimulus pulses applied at 10 Hz was used when evaluating the effects of
quinpirole and cocaine. To detect released DA, a triangular waveform was applied to
the carbon fiber microelectrode in which the potential was linearly scanned from a
holding potential of -0.4 V to +1.0 V and back to -0.4 V at a scan rate of 300 V/sec and
an update rate of 10 Hz. A Ag/AgCl reference electrode was used. Currents measured
prior to stimulation were subtracted from those measured during and immediately after
stimulation to yield a cyclic voltammogram for DA. To measure DA release in the
absence of drugs, recordings were collected from four different locations within the
dorsolateral caudate region of each slice and averaged (57). This averaging approach
decreased variability caused by the heterogeneous nature of dopaminergic innervation
in the striatum.

Stimulated release plots were modeled using software written by R. M.
Wightman, University of North Carolina, Chapel Hill, NC. From this modeling operation,
kinetic parameters associated with dopamine release and uptake were calculated.
These parameters include dopamine per pulse [DA],, which is peak dopamine release
corrected for electrode performance and reuptake, Ky, and Vmax. The approach used

here is similar to that applied previously to FSCV data obtained using brain slices (57).

2.2.6 High Performance Liquid Chromatography
High Performance Liquid Chromatography (HPLC) analyses of catecholamine
content were carried out using a Shimadzu Model LC 20 AD, (Shimadzu Corporation,

Kyoto, Japan) with a dual reciprocating pump and a DGV 20A3 degasser and a model
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CBM 20A system controller. An ESA Coulochem Il electrochemical detector (ESA, Inc.,
Chelmsford, MA, USA), consisting of a guard cell and two analytical cells, was used for
detection of catecholamines in striatal lysates. The guard cell was set at 350 mV. The
analytical cells were set at -150mV for the first detector and +220 mV for the second
detector. Mobile phase consisted of 10% organic phase (acetonitrile) and 90% aqueous
phase (containing 75 mM sodium dihydrogen phosphate monohydrate, 0.01%
trietheylamine, 25uM EDTA tetrasodium tetrahydrate, and 1.7mM 1-Octanesulfonic acid
sodium salt) adjusted to a pH of 2.8 with 80% phosphoric acid. Chromatographic
separations were carried out isocratically using a 150mm x 3.2 mm ESA MD-150
column. The flow rate was set to 0.4 mL/min.

Animals were euthanized and the striata removed and stored at -80 °C until
analysis. For analysis, tissue was prepared by homogenizing in 0.500 ml of 0.2N
perchloric acid containing 200ng/ml DHBA as internal standard. Homogenate was
centrifuged at 14,000 rpm for 20 minutes at 4°C. Supernatant was removed and filtered
through a 0.2 micron syringe filter prior to injection in the HPLC instrument. Standard
curve solutions were prepared immediately prior to each HPLC run by dissolving pure
substance in 0.2 N perchloric acid containing 200ng/ml internal standard and diluting by
serial dilution. Nine concentrations were used for each compound (1000, 500, 200,

100, 50, 25, 10, 5 and 1 ng/ml).
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2.2.7 Genotype verification

Tail snips were saved from each mouse to use in genotyping to verify each
animals genotype. A DNeasy Blood and Tissue kit (QIAGEN, Valencia, CA, USA) was
used for DNA extraction. Primer sequences were made according to the design on the
Jackson Laboratory website and were purchased from Invitrogen (Carlsbad, CA, USA).
A 5 mM cresol Red diluted in a 60% sucrose solution was used as the loading dye.
After DNA extraction and PCR, samples were loaded onto a 1.5% agarose gel with 5 pL
of ethidium bromide and were run in a TAE buffer. Each mouse DNA sample was
separated into two different PCR reactions; A and B. Where a band detected in lane A
indicated WT and a band in lane B indicated KO. All genotypes were proved to be

correctly labeled.

2.2.8 Statistical Analyses

Statistical analyses were performed using either student’s t-test or ANOVA. A

value of p < 0.05 was considered significant. Values are expressed as average + SEM.
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2.3 RESULTS AND DISCUSSION

2.3.1 Behavioral Results
2.3.1.1 Locomotor activity

Locomotor activity, expressed as distance traveled shown in Figure 2 (panels A
& B), was significantly higher in the Fmr1 KO mice in the absence of AMPH after both
vehicle injections. Our results are consistent with previous studies reporting on
locomotor activity in Fmr1t KO mice (48-49, 59-65). Methods utilized in these prior
studies included multiple brands of photobeam actometers, manual counting of line
crossings, and computer scored video tracking. Some studies report a non significant
difference between the KO and WT mice (62-64); however, the data reported indicated
that the Fmr1 KO mice were numerically higher than the WT mice. It appears that the

lesser differences in locomotor activity are associated with shorter recording times.
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Figure 2. Induction of locomotor activity and focused stereotypy by d-amphetamine sulfate in
Fmnr1 knockout and WT control mice. Separate groups of mice (n=6) were used at each dose. Data
points are group means and the brackets indicate + SEM. The four symbols, asterisks (*), ampersands
(&), pound signs (#), and dollar sign($) reflect significant differences between means as determined by t-
tests conducted after initial 3-way ANOVA’s. *’s indicate significant differences between Wild type (WT)
and Fmr1 knockout mice at the indicated doses. &’s designate significant differences between vehicle
and each dose of amphetamine for WT mice for a given injection, while #s mark differences between
vehicle and each amphetamine dose administered to the Fmr mice. $'s, used in Panel D only,
designate differences between injection 1 and injection 2 for a given genotype. (A) Distance traveled-
Injection 1: * WT vs Fmr KO at dose 0: t19=4.16, p<0.01. &: WT: 0vs 1.0 mg/kg, ti0=4.42, p<0.01; 0 vs
3.3 mg/kg, t10=4.50, p<0.01; and 0 vs 10.0 mg/kg, t10=2.34, p<0.05 (a decrease). # Fmri: 0 vs 1.0 mg/kg,
t10=3.24, p<0.01; 0 vs 3.3 mg/kg, t10=2.53, p<0.05; and 0 vs 10.0 mg/kg, t10=5.50, p<0.01. (B) Distance-
Injection 2: * WT vs Fmr1 KO at dose 0: t10=2.98, p<0.01; WT vs Fmr at dose 3.3 mg/kg, t10=6.29,

p<0.001. &: WT: 0 vs 1.0 mg/kg, t10=4.12, p<0.01; 0 vs 3.3 mg/kg, 110-7.69, p<0.01. # Fmr1: 0vs 1.0
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mg/kg, t10=4.25, p<0.01; 0 vs 3.3, 1,,=38.32, p<0.01; 0 vs 10.0 mg/kg, t10=4.25, p<0.01 (a decrease). (C)
Focused Stereotypy-Injection 1: * WT vs Fmr1 at dose 10.0 mg/kg, t10=2.897, p<0.05. (D) Focused
Stereotypy-Injection 2: *WT vs Fmrl at dose 10.0 mg/kg, t10=3.33, p<0.01; $ Injection 2 vs injection 1:

WHt: t40=2.60, p<0.05; Fmr: t0=3.04, p<0.05 (66). Figure taken from Fulks et al. 2010.

AMPH stimulated locomotor activity at the two lower doses but decreased
locomotor activity at the 10 mg/kg dose. Each dose group for injection 1, regardless of
genotype, showed a significant dose response to AMPH, either by an increase in
locomotion at the lower doses, or with a decrease in the high dose. The dose effect
pattern for injection 2 was similar to the pattern in Injection 1 with two exceptions. In the
3.3 mg/kg AMPH dose the Fmr1 KO mice were significantly lower than the WT mice,
and at the 10 mg/kg dose the WT mice were not significantly lower than the WT mice
under vehicle conditions, likely due to the low distance traveled by the WT mice
receiving the vehicle after the second injection. Previous studies have reported that at
2.0 mg/kg AMPH there was no significant increase in locomotor activity (48-49),
however, this discrepancy may due to the enhanced temporal and spatial resolution of

the force-plate method.

2.3.1.2 Focused Stereotypy

Focused stereotypy data for AMPH dose-effect are shown in Figure 2 (Panels C
and D). The 3-way ANOVA of focused stereotypy measurements indicated significant
main effects of mouse type, dose and injection number. A significant dose interaction
was seen with both injection number and mouse type. A 2-way post hoc, type x

injection # ANOVA at the 10.0 mg/kg dose showed significantly greater focused
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stereotypy in the WT mice than in the Fmr1 KO mice on both injection days. Focused
stereotypy for both KO and WT mice was significantly higher after injection 2 compared
to injection 1. These data suggest that the Fmr1i KO mice have a diminished high-dose
response to AMPH. For the focused stereotypy measure, AMPH dose effects were not
detected when the 10.0 mg/kg dose groups were removed from the analysis, showing

that the WT-KO differences in focused stereotypy was primarily at the 10.0 mg/kg dose.

2.3.2 DA Release in the Dorsal Striatum

Previous evidence suggests that focused stereotypy expression is strongly
influenced by increased extracellular DA levels in the dorsal striatum (53). Therefore,
the differences in AMPH-induced stereotypic behavior between KO and WT mice
prompted us to determine DA release and uptake characteristics in striatal brain slices
from Fmr1 KO and WT mice. FSCV was used to generate plots of stimulated DA

release and uptake Figure 3.
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Figure 3. DA release is impaired in 15 week-old Fmr1 KO mice. Representative plots of electrically
stimulated DA release obtained in brain slices from a 15 week-old Fmr1 KO mouse and an age-matched
WT control mouse. The application of a single, biphasic electrical stimulus pulse (4 ms total duration, 350
MA current) is denoted by the arrow under each plot. Cyclic voltammograms, provided above each plot,

confirm the presence of DA.

Curve modeling software was then used to calculate DA released per stimulus
pulse ([DA]p), which is peak DA release corrected for uptake and electrode
performance, and Vmax, the maximum rate of DA uptake (Figure 4). Values obtained
from Fmr1 KO mice were normalized against corresponding WT values. At 10 weeks of
age, no significant differences in [DA], was noted between KO mice (n=7) and WT mice
(n=7). This finding is consistent with voltammetric measurements obtained previously in
Fmr1 KO mice (67). However, at 15 (KO n=6 and WT n=6) and 20 (KO n=10 and WT
n=10) weeks of age, [DA], was diminished in KO mice compared to WT mice (p< 0.05

and p<0.001 respectively). Similarly, Vmax was the same in the KO and WT mice at 10
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weeks of age, but was decreased in KO mice at 15 and 20 weeks of age. It is not
known why impairments in release and uptake develop later in life in KO mice; however,
this finding may imply that neurochemical changes occur into adulthood in humans with

fragile X syndrome.

**

10 weeks 15 weeks 20 weeks
Age

C 140- CAOWT
120- I KO

8
S 100-

% WT V
2

10 weeks 15 weeks 20 weeks
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Figure 4. [DA], and V., are impaired in 15- and 20-week old KO mice compared to aged-matched
WT control mice. (A) The open circles represent the experimental data, while the line shows the model
fit to the data. (B) When the stimulated DA release of the KO mice were compared to the WT mice, a

significant difference in the release was seen at 15 and 20 weeks of age. (C) By modeling the data, Viax
was also determined and the KO compared to the WT. A significant decrease in V. was seen in the 15

and 20 week old mice.
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A potential underlying cause for the decrease in [DA], noted in the older KO mice
is a diminishment in the amount of DA available for release. Therefore, striatal
catecholamine content was measured using high performance liquid chromatography
(HPLC) with electrochemical detection (68). Total DA content was the same between
age groups and genotype (n=4 to 7 mince; Table 1). Moreover, no differences were
noted in the striatal content of 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA), two metabolites of DA. Therefore, even though sufficient DA
stores are present in the KO striatum, these stores are not released as effectively as in

the WT mice.

Table 1. Catacholamine content in striatal lysates from KO and WT mice. No significant differences
in the content of DA, DOPAC, or HVA were noted between KO and WT. The n-values in parentheses

indicate number of mice.

KO wT
Age
(weeks) DA(ng/g) DOPAC(ng/g) HVA(ng/g) _DA(ng/g) DOPAC(ng/g) HVA(ng/g)
10 10166 + 1077 £ 91 1336 £ 79 9529+329 1154 + 91 1536 + 81
623 (n=5) (n=5) (n=5) (n=7) (n=7) (n=7)
15 993411051 764 + 81 1177 + 87961637 805 + 38 1483 + 186
(n=5) (n=5) 113 (n=5) (n=6) (n=6) (n=6)
20 93751624 1294 +382 2546 + 96531967 1419 £250 1481 £ 111
(n=5) (n=5) 596 (n=5) (n=4) (n=4) (n=4)

2.3.3 D2 Autoreceptor Function
Presynaptic D2 autoreceptors are G-protein coupled receptors that inhibit DA

synthesis and release upon activation (69). To determine if D2 autoreceptor over-
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activation causes decreased [DA], in KO mice, striatal brain slices from 20-week old
mice were treated with increasing concentrations of quinpirole, a D2 agonist (70). After
treatment with the maximum quinpirole concentration of 150 nM, DA release
disappeared (Figure 5). No significant interactions between drug concentration and
genotype were found (ANOVA, p>0.05, KO n=4 and WT n=6); therefore, over-activation

of D2 autoreceptors is not a likely underlying cause of decreased release in KO mice.
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0 30 }'6\?)\'" 90 120 125 130 135 150 min
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51 2 —e— KO o 40 T
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% ':i, 30
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<! = 20
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0 §‘ 10
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Figure 5. D2 autoreceptor activation similarly and cocaine induced reserve pool activation were
similar in WT and KO mice. (A) Representative data collected in a striatal brain slice from a 20 week
old WT mouse. The slice was exposed to cumulatively increasing concentrations of quinpirole while
measuring electrically-evoked DA release every 5 minutes. After DA release disappeared, cocaine was
added to the slice with the quinpirole to mobilize reserve pool DA. (B) Quinpirole inhibited DA release
similarly in WT and KO mice (ANOVA). (C) The percent DA recovery post quinpirole and cocaine showed

no difference in the KO and WT mice.
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An important aspect of D2 autoreceptor function is inhibition of DA synthesis.
Continuous treatment with quinpirole and concurrent application of periodic electrical
stimulus pulses should deplete terminals of releasable DA, leaving only reserve pool
DA. To identify potential differences in reserve pool mobilization and content, cocaine
(10 uM) was added to the slices in addition to the quinpirole (150 nM) already present,
and the stimulation regiment of a series of 50 pulses applied at 10 Hz every 5 minutes
was continued. The purpose of using the extended pulse sequences opposed to single
pulses was to facilitate the depletion of releasable DA. Cocaine has been shown to
mobilize a synapsin dependent DA reserve pool (71-72). Therefore, as expected, within
5 minutes, the reserve pool vesicles were mobilized and the stimulated release peak
reappeared. After 30 minutes of cocaine exposure, KO and WT stimulated release
peaks, expressed as a percentage of the pre-drug peak, were compared (Figure 5C).
These values did not differ significantly (student’s t-test, KO n=4 and WT n=6, p > 0.05),

indicating that similar amounts of reserve pool DA were mobilized in KO and WT mice.

2.3.4 Neurochemical Response to AMPH

To compare the DA uptake efficiencies between KO and WT mice, brain slices
from both genotypes were treated with successively increasing concentrations of
AMPH, which inhibits DA uptake through the DA transporter (DAT). Drug response
curves were then obtained by plotting the average Ky values against [AMPH]. Linear
regression analyses reveal that the slopes for the KO and WT curves both deviate
significantly from zero (p < 0.001, n=4 KO and 4 WT mice) and analyses by 2-way

ANOVA show that there is no significant interaction between genotype and AMPH
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concentration (Figure 6). Therefore, differences in behavioral activation due to AMPH

administration likely do not arise from differences in the affinity of AMPH for DAT.

0.5 uM

Figure 6. DA uptake is similarly inhibited in the KO and WT striatum. The stimulated release plots
(open circles) were modeled (solid line) to determine Ky for DA uptake during a cumulative treatment
regimen. Average values of Ky at each AMPH concentration were determined and plotted (inset). There

was no significant interaction between genotype and Ky, or between genotype and [AMPH] (ANOVA).

Further analyses of these data revealed no differences in [DA], between KO and
WT mice at any given concentration of AMPH (Figure 7); however, a concern with
these release values was that genotype-related differences in [DA], could be masked by
the high degree of heterogeneity of dopaminergic innervations within the striatum. To

account for this variability, we used a separate experimental approach in which DA
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release was sampled from four locations in the dorsolateral caudate and averaged, both
before and after treating the slice with 6 uM AMPH (a concentration that provided a
large increase in Ky but did not appear to cause diminished release). However, DA
release plots obtained in this way were not amenable to modeling because Vmax
changes when the working electrode is moved to different locations within the striatum.
Because curves generated from these measurements were not modeled, the DA
release values were uncorrected for uptake. For each slice, the peak DA release
values after AMPH treatment were expressed as a percentage of average release prior
to treatment (% no drug release). Slices were averaged to obtain a value for each
mouse. These data revealed that % no drug release was significantly greater in the KO
mice than in the WT mice (p < 0.01, t-test, n=4 WT and 4 KO mice; Figure 7) and
indicate that AMPH treatment enhanced DA release in slices from KO mice, but not in
slices from WT mice. The raw values of DA release following AMPH treatment were
1.50 £ 0.31 uM in KO mice and 0.58 = 0.46 uM in WT mice (p < 0.05, t-test, n=4 WT

and 4 KO mice).
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Figure 7. AMPH enhances stimulated DA release in brain slices from KO mice, but not in those
from WT mice. Representative plots of stimulated DA release are shown for WT and KO mice before
(solid lines) and after (dashed lines) treatment with 6 yM AMPH. After AMPH administration, stimulated
DA release increased, relative to pre-drug values in KO mice, but not in WT mice (inset). Statistics: *p <

0.01, t-test, n = 4 WT and 4 KO mice.

AMPH empties DA from presynaptic terminals and vesicles. To do this, it first
enters terminals either through membrane-bound DAT protein molecules or by lipophilic
diffusion through the membrane. AMPH that enters through the DAT causes allosteric
translocation of the protein and induces the reverse transport of DA from the cytosol to
the extracellular space (73-75). Additionally, AMPH displaces vesicular DA into the
cytoplasm where it can then be released by reverse transport (73, 76). Thus, the
availability of DAT protein molecules for both AMPH entrance and for DA reverse
transport should impact extracellular DA levels in AMPH-injected mice.

Our data show a decrease in Vimax in KO mice at 15 and 20 weeks of age.

According to Michaelis-Menton kinetics, Vmax is directly proportional to the number of
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functioning DAT protein molecules (77) (Vmax — Kea E]t Where kez is a rate constant and
[E]: is the total enzyme concentration). This means that less transporter protein
molecules function properly in KO mice compared to WT mice. Logically, our
voltammetric data are consistent with a scenario in which AMPH cannot enter, and DA
cannot leave, terminals in the Fmr1 KO striatum as readily as in the WT striatum.
Therefore, DA is able to reside within the terminals and vesicles for a longer period of
time in the KO striatum and is, therefore, available for release in the event of an action
potential. These neurochemical results are consistent with those of Ventura et al. (47),
who found that AMPH induces a smaller increase in extracellular striatal DA levels in
KO mice compared to WT mice. More importantly, however, these neurochemical
results agree with our behavioral data in the case of 15 week old KO mice which
showed diminished expression of focused stereotypy compared to age matched WT

mice.

2.3.5 DA response to GBR12909

The effect of slice exposure to GBR12909 (GBR) was also evaluated. Unlike
AMPH, GBR is a selective DAT blocker thus inhibiting DA uptake and has been shown
to cause an increase in extracellular DA levels (78-80). GBR was administered to slices
by perfusion in increasing concentrations (25, 50 and 100uM) over time, while collecting
stimulated DA release data. The data were modeled to determine Ky values for each
concentration (Figure 8). A plot of Ky vs. concentration of GBRsuggests that the

affinity of GBR for DAT is the same in both the WT and KO mice (Figure 8).
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Figure 8. GBR-12909 brain slice data. The data was modeled using modeling software and values of Ky
were plotted against the concentration of GBR-12909 showing no alterations in the affinity of GBR-12909

for DAT in the KO mice.

2.3.7 DA release and the mGIuR Theory

Metabotropic glutamate receptors (mGluR) and FMRP are important in the
regulation of mMRNA transcription (8, 817). Evidence indicates a hypersensitivity of
mGIuR’s in FXS which contributes to the phenotype (5, 82-83). The use of an mGIluR
antagonist 2-methyl-6-(phenylethynyl)pyridine (MPEP) has been shown to recover
some of the phenotypic behavior associated with FXS when given to Fmr1 mutant
Drosophila over time (84). We have shown that FXS has diminished stimulated release
in the 15 and 20 week old age groups likely connected to the behavioral differences
seen between the KO and WT mice. To evaluate the effect of antagonizing the
mGIuR’s on DA release, we exposed slices to MPEP to determine if it would recover
stimulated DA release in the KO mice. Slices from 10 week and 20 week old mice were
exposed to 46 uM & 30 uM MPEP respectively. Stimulated release data was collected

from four locations in each slice before and after MPEP exposure. The data were
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reported as a % of the predrug release (Figure 9). We were unable to detect any

immediate effect on stimulated DA release when exposing the slices to MPEP (p > 0.05,

n=6 for 10 week old and n=3 for 20 week old).
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Figure 9. Stiumulated DA response to MPEP exposure on slices. No significant difference was seen in

either the 10 week or 20 week old groups. (p>0.05, n=6 for 10 week old mice and n=3 for 20 week old

mice)
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2.4 CONCLUDING REMARKS

To our knowledge, this is the first published study to use the force-plate
actometer to provide quantitative measurements of behavior in Fmr1 KO mice in
comparison to WT control mice. This method has the utility of being able to identify and
quantify rodent behavior even when the animal is not locomoting. Our results reveal a
significant difference in behavioral response to AMPH injection. In particular, Fmr1 KO
mice are resistant to the expression of AMPH-induced focused stereotypy. Our DA
release plots support the concept that this resistance is potentially influenced not only
by an impairment in the ability of these mice to release DA, but also by decreased
AMPH-induced efflux of DA from terminals in the Fmr1 KO striatum. Moreover,
because these neurochemical differences were found only in mice 15 weeks of age or
older, it may be that changes in DA release and uptake occur into adulthood of

individuals with fragile X syndrome.
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CHAPTER 3

DOPAMINE RELEASE AFTER CHEMOTHERAPY: INVESTIGATING
THE PHENOMENON KNOWN AS “CHEMOBRAIN”

“Chemobrain” or “Chemofog” is a persistent decline in cognitive function
experienced by cancer patients following chemotherapy. Studies comparing cognitive
function before and after treatment suggest that approximately 20-30% of cancer
patients exhibit decreased mental capacity following treatment. Currently, the
phenomenon is not well understood; however, it is important to develop an
understanding of the neurological effects of chemotherapy as the survival rates of
cancers continue to increase. One of the drugs associated with the cognitive decline of
chemobrain is carboplatin, which is used to treat various cancers including those of the
gastrointestinal tract, breast, head and neck, and bladder.

Dopamine is an abundant CNS neurotransmitter involved in cognition,
motivation, reward, and memory. We hypothesized that treatment with carboplatin
impairs DA system function, potentially leading to problems with cognition. Fast-scan
cyclic voltammetry (FSCV) at carbon-fiber microelectrodes was used to measure
electrically-evoked dopamine release in striatal brain slices from male Wistar rats. The
dosing for each of the four treatment groups was: vehicle, 5 mg/kg, 20 mg/kg, and 60
mg/kg. Measurements were collected from the dorsolateral, dorsomedial, ventrolateral,
and ventromedial quadrants of the striatum. Treatment with carboplatin resulted in a
dose-dependent diminishment in the release of dopamine; however, uptake was

unaffected. Reserve pool dopamine was quantified by sequential treatment with alpha-
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methyl-para-tyrosine (50uM), which inhibits dopamine synthesis, and amphetamine
(20uM), which induces dopamine efflux. The data indicate that reserve pool dopamine
levels are unchanged by carboplatin treatment, suggesting that the release process is

impaired.

3.1 INTRODUCTION
3.1.1 Symptoms Associated with Chemobrain

Chemotherapy treatments come with a variety of unwanted side effects as the
drugs work to kill the cancer cells. As the number of cancer survivors is ever increasing
with the development of new treatments and earlier cancer detection, the reports of
lasting effects of chemotherapy have been rising. One adverse effect that is being
reported more often, especially in cases of breast cancer, treatment of cancer in
children, and in colon cancer patients (7-3), is the alteration and decline of cognitive
function (1, 4). This alteration, referred to as chemobrain, has a serious impact on the
quality of life experienced by sufferers (5-6).

Various problems with cognitive function have been reported in cases of
chemobrain. These alterations include: verbal and visual memory problems, lessened
mental flexibility, slowed information processing speed, attention and concentration
deficits, and troubles with motor function (5, 7). Neuropsychological tests have shown
that a large number of cancer patients and survivors experience altered cognitive
function as compared to age matched control groups (7, 5, 8-9). A study by Furguson
et al evaluated the cognition of monozygotic twins, where one twin underwent

chemotherapy (9). The twin having undergone chemotherapy had significantly greater
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cognitive complaints indicating that the cognitive deficits are due to chemotherapy and
not simply due to aging.

The mechanisms underlying these cognitive deficits are mostly unknown;
however, the drugs used in chemotherapy are toxic chemicals that can damage blood
vessles (10), potentially causing a disruption in blood flow (77), which can lead to
ischemic stroke and cognitive disruption. The chemo drugs may also cause problems
with cognition by causing direct injury to neurons leading to an alteration in

neurotransmitter function.

3.1.2 Chemotherapeutics Associated with Chemobrain

With a wide variety of chemotherapeutic agents now available to those suffering
with cancer, an increase in the occurrence of cognitive decline has been seen as
reviewed in many articles (4, 12-13). Since the principal mechanism of
chemotheraputics involves either cell apoptosis or cell growth/division inhibition, it is not
surprising that many of these agents are associated with chemobrain in patients. Some
of the drugs that have been associated with chemobrain include tamoxifen (74), CAF
(cyclophosphamide, doxorubicin and fluorouracil) (70, 15), CMF (cyclophosphamide,
methotrexate and fluorouracil) (70, 16-17), as well as carboplatin (76, 18-19).

There has been controversy over whether or not chemobrain is a real
neurological condition (74, 20-22). However, after the compilation of many studies,
Argyriou et al determined that long term decline in cognition due to chemotherapy is real
(12). The apparent problem for the acceptance of chemobrain is the development an

objective means of evaluating cognitive function before and after chemotherapy. The
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use of animal studies allows for the direct measurement of the effects of chemotherapy
on neurotransmitters compared to experimental controls, which can then lead to

therapeutic treatment plans for human sufferers.

3.1.3 Carboplatin

Carboplatin (cis-Diammine(1,1-cyclobutanedicarboxylato)platinum(ll)), depicted
Figure 1, was developed in the 1980’s and has been used in treatment in a wide variety
of cancers including: head and neck, breast, ovarian, bladder, colon and others (23-
27). The popularity of the drug increased as trial studies showed a significantly lower
amount of side effects compared to cisplatin (28-29). The ability of carboplatin to cross
the blood brain barrier could be a key to its role in cognition deficits after therapy due to
damage of neurons from its presence in the brain. Studies have shown that
Carboplatin, in combination with other chemotherapeutic drugs, is associated with the

occurrence of cognitive decline (16, 30-31).

H,N o

N/
P

H3N/ Yo

Figure 1. The structure of Carboplatin.

3.1.4 Current Treatments

Currently there are a few treatments that have shown some relief from the
cognitive decline experienced by those experiencing chemobrain. One treatment that
has had some successes is the use of recombinant human erythropoietin, which

increases hemoglobin levels (32). An improvement in cognitive function and attention
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has also been seen with treatments using the psychostimulant methylphenidate (33-35).
A study by Mar Fan et al, however, evaluated the effects of methylphenidate on
cognitive scores and verbal learning scores in women. The study found no significant
improvement in the cognitive function of the methylphenidate group compared to the
placebo group, indicating that methylphenidate had no major effect on cognitive function
(66).

Methylphenidate increases extracellular levels of dopamine by binding to the
dopamine transporter and blocking dopamine uptake (36-38). The effectiveness of a
dopamine uptake inhibitor in the treatment of chemobrain led us to the hypothesis that
damage is done to the dopaminergic system in chemobrain. Thus, the investigation of
the effects of chemotherapy on dopamine release and uptake are well-justified.

Another drug used for treatment of cognitive impairments associated with
chemobrain is modafinil, a wake-promoting drug. The benefit of utilizing modafinil is
that it has a lower abuse potential compared to methylphenidate. In a study by Lundorff
et al a double blind study was carried out for 8 days administering 200 mg doses of
modafinil or placebo (39). The group receiving the modafinil reported a significant
improvement in attention and psychomotor speed compared to the placebo group. In a
separate study by Kohli et alit was also found that administration of modafinil enhanced

memory and attention skills in cancer patients (40).
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3.1.5 Previous Animal Studies

Few animals studies designed to assess the effects of admininistration of
chemotherapeutic agents on neurological function have been published. One study
performed by Mustafa et al. evaluated the effects of 5-fluorouracil (5-Fu), a common
drug used in adjuvant chemotherapy, on spatial working memory and the proliferation of
neurons in adult male Lister-hooded rats (47). They found that there was decline in the
exploratory time spent by the 5-Fu treated rats when they were placed in a novel
location. They also showed that the proliferating cell counts were unaffected by the
administration of 5-Fu, however, the levels of brain-derived neurotrophic factor (BDNF),
a protein necessary for the survival of newborn neurons and their maturation, was
decreased in the 5-Fu rats compared to the vehicle treated rats.

Joshi et al. performed a study evaluating the effects of doxorubicin administered
to mice to evaluate the oxidative stress caused by chemotherapy, which could lead to
cognitive decline (42). Male B6C3 mice were dosed with either doxorubicin or saline by
i.p. injection. The study found that there was a significant decrease in the GSH/GSSG
ratio, a ratio that is indicative of oxidative stress, in the brains of the doxorubicin treated
mice compared to vehicle treated mice. It was also shown that there were significant
increases in glutathione-S-transferase (GST), glutathione peroxidase (GPx) and
glutathione reductase (GR), which also indicates an increase in oxidative stress which
may contribute to the neurological problems experienced by patients receiving or who
have received chemotherapy.

In another mouse study, C57 mice were dosed with 5FU and methotrexate. After

evaluation of the animal learning and memory skills with a after chemotherapy
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administration for three weeks, it was shown that the chemotherapeutic receiving mice
had learning and memory impairments compared to the mice receiving saline injections
(43).

Dietrich et al evaluated the effects of chemotherapeutic agents on CBA mice
after treatment with BCNU (Carmustine), cisplatin or cytrabine injections. When
compairing the mice receiving chemotherapeutic injections to the saline injected mice, it
was found that there was an increase in cell death and decreased cell division in the
following locations in the brain compared to the drug free mice: the subventricular zone,
the dentate gyrus of the hippocampus and in the corpus callosum (44). A negative
effect of methotrexate on cell proliferation in the hippocampus has also been shown in

rats dosed with methotrexate (45).
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3.2 EXPERIMENTAL PROCEDURES

3.2.1 Materials
Carboplatin, alpha-methyl-para-tyrosine and D-amphetamine were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other reagents were purchased from

Sigma Aldrich (St. Louis, MO, USA) unless otherwise noted.

3.2.2 Animals

Male Wistar rats were purchased from Charles River (Wilmington, MA, USA) and
were housed in the animal care unit at the University of Kansas. Animals were allowed
unrestricted access to food and water and a 12 hour light-dark cycle was used. The
Institutional Animal Care and Use committee approved all procedures prior to

experimentation.

3.2.3 Chemotherapy Administration

Solutions containing carboplatin dissolved in biological saline were made in
concentrations of 2.5 mg/mL, 15 mg/mL and 26.6 mg/mL. Male Wistar rats were given
doses of carboplatin by intravenous (V) injections. Four experimental groups,
consisting of two rats each, received one of the following doses of carboplatin: 0 mg/kg,
5.0 mg/kg, 20.0 mg/kg, and 60 mg/kg. Injections were given through the tail vein once a

week for four consecutive weeks.
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3.2.4 Brain Slice Preparation

A previously describe procedure was used to prepare brain slices (46). To
summarize the procedure, rats were decapitated using a guillotine after being
anesthetized by isoflurane inhalation in a closed chamber. After immediate removal
from the skull, the brain was immediately placed in a beaker with ice-cold, oxygenated
artificial cerebrospinal fluid (aCSF). The aCSF solution was made to contain the
following concentrations: 2.5 mM KCI, 126 mM NaCl, 1.2 mM NaH;PQO4, 25 mM
NaHCOs;, 2.4 mM CaCl,, 1.2 mM MgCl,, 20 mM HEPES, 11 mM D-glucose. The pH
was then adjusted to the physiological pH of 7.4. In order to provide a constant supply
of oxygen to the tissue, the solution was oxygenated with 95% O,/5% CO, through
bubbling. The brain tissue was cooled in the aCSF solution for one minute prior to
bisection. One half of the brain was glued to a plate with a small block of agar also
glued to the plate for support while slicing the tissue. 300 um thick coronal slices
containing the striatum were made using a vibratome (Leica, Wetzlar, Germany). The
slices were then placed in a perfusion chamber and equilibrated for 60 minutes by a
continuous flow of oxygenated aCSF heated to 34 °C. Slice exposure to aMPT and
AMPH was carried out by switching the aCSF flow to a reservoir containing the 50 pM
aMPT. After diminishing DA release a solution containing 50 uM aMPT and 20 uM

AMPH was used to cause DA efflux.
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3.2.5 FSCV to Detect Dopamine Release in Brain Slices

Carbon fiber microelectrodes, 7 um in diameter and cut to 30 um in length, were
fabricated following a previously described protocol (47). To summarize, a single
carbon fiber (Goodfellow Cambridge Ltd, Huntingdon, UK) was aspirated by vacuum
pump through a 4 inch glass capillary tube (1.2 mm outer diameter, 0.68 mm inner
diameter, A-M Systems, Carlsborg, WA, USA). To create a glass seal around the
carbon fiber, the capillary was pulled using a heated coil puller (Narishige International
USA, East Meadow, NY, USA). The electrodes were cut to length using a scalpel under
a microscope and the glass seal was reinforced by dipping the electrode tips into epoxy
resin (EPON resin 815C, EPIKURE 3234 curing agent, Miller-Stephenson, Danbury,
CT, USA), rinsing the excess resin with toluene, and cured at 100 °C for one hour.
Potassium acetate was used to back-fill the electrode in order to establish an electrical
connection between the carbon fiber and an inserted silver wire.

The carbon fiber microelectrodes were calibrated prior to use by exposure to a
known concentration of dopamine in a flow cell. The carbon fiber was positioned in the
brain slice using micromanipulators under a microscope such that the tip of the
electrode was approximately 100 um below the surface of the brain slice and between
two stimulating electrodes. A triangular waveform was applied to the carbon fiber
microelectrode beginning at -0.4 V scanning up to +1.0 V and back down to -0.4 V at a
scan rate of 300 V/sec and an update rate of 10 Hz. The voltammetry data was
collected using an Ag/AgCl reference electrode. Data was collected in this manner in
four different locations in each of the four quadrants of the striatum. The stimulating

electrodes were made in house by gluing two tungsten electrodes (A-M Systems Inc,
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Carlsborg, WA, USA) and adjusting the distance of the tips using heat shrink (3M
Electronics, Austin, TX, USA) until they were 200 uM apart. A single biphasic
stimulation pulse (60 Hz, 4 msec pulse width, 350 uA) was used to evoke dopamine
release. The current was measured at the maximum dopamine oxidation potential,
which occurs at about +0.6 V versus a Ag/AgCl reference. Using the predetermined
calibration factor for each electrode, the maximum dopamine release was calculated.
To evaluate DA efflux, single pulses were applied every five minutes while the
slice was exposed to 50 uM aMPT until DA release diminished. Once DA release
disappeared, 20 uM AMPH was added to the aCSF with the 50 uM aMPT. DA efflux
caused by AMPH exposure was detected over 25 minutes without the use of electrical
stimulation. An update rate of 5 Hz was used for the 25 minute file in order to limit to file

size and not exceed memory limitations (48).

3.2.6 Data Analysis

Data was analyzed following a similar approach previously used (46). Modeling
software written by R.M. Wightman (University of North Carolina, Chapel Hill, NC) was
used to evaluate stimulated release plots. By modeling the plots, parameters
associated with the kinetics of dopamine release and uptake were determined, including
dopamine per pulse, [DA],, which is the peak dopamine release corrected for electrode
performance and uptake, Vmax, the maximum rate of dopamine uptake, and Ky,

dopamine concentration at ¥2Vmax.
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3.3 RESULTS

3.3.1 Peak Stimulated Dopamine Release in the Striatum

Peak stimulated DA release data was collected from the dorsolateral (DL),
dorsomedial (DM), ventrolateral (VL), and ventromedial (VM) quadrants of the striatum
and are shown in Figure 2. Four data points were collected from each quadrant and
averaged together. Our investigation of the role of DA release in chemobrain revealed
a significant dose effect in all regions of the striatum (p=0.0002, F353 = 7.79, 2-way
ANOVA, n =41to05). There were no differences seen within a dose between the

different quadrants of the striatum.
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Figure 2. Maximum DA release upon stimulation after chemotherapy. Peak release data is shown for

each dose in all four quadrants of the striatum.
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3.3.2 Modeled Striatal Dopamine Release

The data collected was modeled using software to obtain additional information
about the effects of carboplatin treatment on DA release in the striatum. Dopamine per
pulse, [DA],, which is the peak dopamine release corrected for electrode performance
and uptake, also showed a significant dose effect across all regions of the striatum
(p=0.0025, F35. = 5.45, 2-way ANOVA, n = 4 to 5) and is shown in Figure 3. There

was no effect seen within a dose across the different regions of the striatum.
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Figure 3. Dopamine per pulse data in the four quadrants of the striatum. A significant dose effect was

seen (p=0.0025, F35, = 5.45, 2-way ANOVA, n = 4 t0 5).
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Vmax Was also determined from modeling the data also gave information about
the uptake of dopamine after treatment with carboplatin. Data analysis showed that
there was no difference in the uptake rates between the different doses of carboplatin,
Figure 4. There was also no difference in the uptake rates between the different

regions of the brain within a dose.
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Figure 4. DA uptake data. V. data for each dose of carboplatin throughout the striatum (n = 4 to 5).

3.3.3 Dopamine Reserve Pools

We also evaluated the reserve pools of DA in the DL region of the striatum. After
the stimulated DA release data was collected, the electrode was placed in the
dorsolateral region and the slice was exposed to aMPT to inhibit DA synthesis. The
slice was stimulated until the DA release was eliminated. The raw data (Figure 5)
shows how we began with a good DA signal and how aMPT caused the elimination of

DA release and the efflux of DA caused by the addition of AMPH.
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Figure 5. Raw data showing DA release, the elimination of DA release by aMPT and the efflux of DA

caused by AMPH. Cyclic voltammograms show next to each plot verify the detection of DA.

The maximum amount of DA released by efflux due to AMPH exposure was
calculated based on the electrode calibration and the peak current from the AMPH
exposure data. The DA efflux data for each carboplatin dose group was averaged and
is shown in Figure 6. There was no difference observed in the amount of reserve pool

DA efflux due to AMPH between the different doses of carboplatin.
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Figure 6. DA efflux caused by AMPH. Stimulated DA release was eliminated by slice exposure to aMPT
followed by AMPH, which caused DA efflux. The maximum DA concentration caused by AMPH is shown

for each dose group (n=3).
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3.4 DISCUSSION

In this study the effects of carboplatin chemotherapy on the DA system
were examined. We evaluated DA release in each of the four main quadrants of the
striatum because they are associated with different areas of cognition. The dorsal
region is commonly associated with motor control as well as motivation and reward (38,
49), while the ventral region is associated with learning memory (50). Since the
cognitive decline is experienced in chemobrain, it was important to evaluate the effects
of carboplatin on each region to determine if one region was more strongly affected than
others. Our results showed that there was a generalized effect on DA release
throughout the striatum, finding no difference between any regions within a dose.

The stimulated DA release in brain slices after carboplatin injections showed a
significant dose effect on the amount of DA released upon stimulation in the striatum.
We have also shown a significant dose effect on dopamine per pulse. The higher doses
of carboplatin having a negative influence on DA release could explain the higher
incidence of chemobrain associated with higher doses of chemotherapy (37, 57).
Moreover, we found that Vmax was unchanged between the doses, which indicates that
carboplatin treatment does not cause alterations in the function of DAT (52).

Stimulated DA release causes the exocytosis of DA from the readily releasable
pool (RRP). The RRP only contributes about 1-2% of the total DA vesicles in the
presynaptic terminal Since DA release (53). As the RRP is depleted, the recycling pool
is mobilized (54-56). The largest pool of DA is the reserve pool, which makes up 80-
90% of the DA stores and is thought to be mobilized under conditions of high synaptic

activity (53, 57-58). Evidence also suggests that this pool can also be mobilized
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experimentally by intense electrical stimulation (56, 59-62). Reserve pools can also be
examined through the use of pharmacological agents by first depleating the RRP and
recycling pool by inhibiting DA synthesis in the presynaptic terminal by first exposing the
slice to aMPT and stimulating the slice until DA release was depleted (48). Once the
stimulated dopamine release was eliminated, AMPH was added to the perfusion aCSF
to cause DA efflux by reverse transport, which is caused by allosteric translocation of
the DAT such that dopamine transport into the extracellular space is facilitated (63-65).
We were unable to detect any differences in reserve pool dopamine measure by
maximum current after DA efflux caused by AMPH; however, more experiments are
necessary to confirm this finding. Nevertheless, the finding that DA reserve pools are
unchanged implies that the decrease in DA release with increasing carboplatin dose
may be due to an alteration in the RRP release mechanism.

Our findings may also provide insight into the reason why methylphenidate has
been shown to be a useful treatment in some chemobrain patients (35).
Methylphenidate causes an increase in extracellular DA which helps alleviate symptoms
associated with decreased DA release. Collectively, these data suggest that
enhancement of dopamine release may represent a viable therapeutic option in the

treatment of cognitive deficits associated with chemobrain.
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3.5 CONCLUDING REMARKS

These initial studies have investigated the effects of a commonly used
chemotherapeutic agent, carboplatin, on DA release in the striatum. The results here
have shown a significant dose effect of carboplatin on stimulated DA release in all
regions of the striatum. Our results also indicate that reserve pools of DA are unaltered
by carboplatin. This work and future work in this area have the potential to reveal
therapeutic treatment strategies that could ultimately aid in the management and
treatment of the cognitive impairments associated with chemobrain in patients. We are
currently pursuing the further investigation of other chemotherapeutics on DA release

and the evaluation of the effects of the drugs on total DA content as well.
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CHAPTER 4
CAGED-COMPOUNDS AND THE BRAIN: EVALUATING THE EFFECTS

OF PHOTORELEASING GLUTAMATE ON DOPAMINE RELEASE

The toxic effect of too much glutamate on brain slices poses a serious limitation
in studying the role glutamate has in neurotransmitter release and reuptake. In this
work an apparatus was constructed to apply a technique using glutamate with a
photoactive protecting group in order to “uncage” glutamate by a light source as a
method of applying a small, localized amount of glutamate on a brain slice. A mercury
light source with a shutter in front of the lens was used with a fiber optic to direct
controlled pulses of light on the desired area of the slice. The caged form of glutamate
had no effect on the dopamine (DA) release. HPLC analysis was used to verify the
incidence of "uncaging” glutamate using the Hg light source. The “cage” byproduct also
had no effect of DA release and was determined to be electroactive, thus making
detection and quantification of the released glutamate possible. This work
demonstrates the potential utility of caged glutamate studies on determining the effect of

glutamate on neurotransmitter release in brain slices.

105



4.1 INTRODUCTION

The ability to administer known concentrations of biologically active agents in a
spatially localized area has many advantages in evaluation of biological responses.
The use of photoactive protecting groups bonded to biologically active compounds has
become a popular way to evaluate the immediate response to the biological compound
once the protecting group is photocleaved. These photoprotected compounds were
termed “caged” compounds by Kaplan et al to describe the way in which the photoactive
protecting group will render a compound biologically inert until it is photocleaved, thus

releasing the biological compound (7).

4.1.1 Utility of Photoreleasing compounds

Caged compounds are molecules that have had a photoactive protecting group
placed on the molecule such that it inactivates the molecule (2). When the caged
compound is exposed to a specific wavelength of light, the cage will be released and
the compound converted back into its original, active form and the inert protecting group
(2). Park and Givens have shown that the protecting group used as the cage in the
caged compounds they make is biologically safe so that the caged compounds they
produce can be used for biological applications (2). Exposing the caged compounds to
a certain wavelength of light for a known length of time allows for the amount released

to be known (3).
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4.1.2 Previous studies using caged compounds

The use of fast scan cyclic voltammetry (FSCV) at carbon fiber microelectrodes
allows for the sub-second detection of neurotransmitter release and uptake in brain
slices (4). These release and uptake patterns can also be examined in the presence of
various pharmacological agents; however, this usually requires that the slice be
exposed to a drug by perfusion for an extended period of time. This situation is often
impractical given that continuous exposure to certain chemicals may have deleterious
effects on cell viability. For example, glutamate is an abundant brain neurotransmitter
that participates in the regulation of striatal DA release (5-8). Nevertheless, the
excitotoxicity of glutamate makes it impractical as a perfusion agent for brain slices.

One potential solution to the problem described is to photoactivate a caged form
of glutamate, thereby preventing the prolonged exposure of the tissue, and then
measure DA release using FSCV. A similar approach has been previously employed
using caged DA. Studies done by Lee et al. have shown that caged DA can be used in
brain slices to monitor the uptake of DA by the DA transporters based on the increased
extracellular concentration. In one study the DA transporters were treated with cocaine,
which acts as a DA transporter blocker (9-70). The caged DA was hit by a pulse of light
for a known length of time in a specific location. By releasing the caged compound over
a known length of time it is possible to know the concentration released (70). The
speed of the uptake of this DA could then be monitored. To further investigate the
transport of DA using the caged DA, Lee et al. showed a method of quantifying the DA
that is released, showing that when the DA transporter was inhibited the release of

endogenous DA was lessened by the release of the caged DA (77). A notable
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drawback with the approach of Lee et al. is that the caged DA used was also
electroactive and thus required a background subtraction operation to remove the

electrochemical signal from the uncaged DA still present in the sample (77).

4.1.3 Types of Photoactivatable Compounds

Over the last 40+ years many different compounds have been bound to photo-
releasing groups for activation by light exposure. Since one of the main uses for caged
compounds is in biological applications, the primary focus has been on adding cages to
compounds that will elicit some sort of biological response after light exposure. Some
of the molecules that have been “caged” include; ATP (1), calcium (12-13), DA (3),
GABA and glutamate (2, 14-15), as well as other biological molecules.

These caged compounds have been valuable resources in obtaining spatial and
temporal resolution that is not allowed by total submersion or perfusion. The light
source can be focused on a small, specific area to probe and the release of the cage
can be timed to detect the immediate response due to the reformation of the biologically
active compound, which happens on a very short time scale.

Different molecules can be utilized as the phototrigger when synthesizing caged
compounds. The four most popular groups of chromophores include: 1. 2-nitrobenzyl
(2NB), 2. benzoin, 3. p-hydroxyphenacyl (pHP), and 4. arylmethyl derivatives (16). The
2NB group has been a popular choice of cage; however, the time scale of photorelease
is in the millisecond to second range (2). Park and Givens investigated the use of pHP
as an alternative to the use of 2NB providing a phototrigger that releases with a rate
constant of 10° s and gave a byproduct that is biologically inert (2). Using the pHP

group, a fast and efficient means of releasing biologically active molecules with
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biologically inert by-products has been achieved. The pHP group has been attached to
glutamate and GABA, which have been successfully used in evaluating cellular

response to the released glutamate (717-18).

4.1.4 Photoactivation of pHP-Glutamate

Mechanistic studies have been perfomed on the pHP photoleaving group by
Givens and Lee, which have probed the way photocleaving occurs with the pHP
protecting group (79). To briefly summarize the study, it was determined that the
mechanism can be described in four primary phases once the caged compound is
exposed to 300 nm light: 1) a triplet intermediate is formed after light exposure and the
loss of a proton and the leaving group, 2) the diradical triplet intermediate undergoes
bond reorganization, 3) a spirodienedione is formed along with a substrate-phenacyl
bond cleavage, and 4) the spirodienedione undergoes hydrolysis with further bond

reorganization (Figure 1) (19).
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Figure 1. Reaction mechanism for the photocleaving of pHP-compounds (79). Figure provided by Dr.

Richard S. Givens.
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4.1.5 Oxidation of 4-hydroxyphenylacetic acid (4-HPAA)

It has been previously shown that an irreversible oxidation of 4-
hydroxyphenylacetic acid occurs at +0.95 V vs Ag/AgCl reference at a graphite
electrode under slow scan rates (50 mV/s) (20). Based on this previous work, it is
hypothesized that the4-HPAA should oxidize at a carbon fiber electrode. By utilizing
higher scan rates it is possible that either the oxidation peak may shift as an effect of
the scan rate. The ability to detect the oxidation of 4-HPAA in a CV will allow for the
simultaneous quantification of the glutamate which was photoreleased while quantifying

DA release.
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4.2 EXPERIMENTAL PROCEDURES

4.2.1 Materials
The p-hydroxyphenacyl glutamate (pHP-glu) was a gift from Dr. Rich Givens
(University of Kansas, Department of Chemistry, Lawrence, KS). All other materials

were obtained from Sigma Aldrich (St. Louis, MO) unless otherwise specified.

4.2.2 HPLC Analysis

A gradient high performance liquid chromatography (HPLC) method was used on
a Shimadzu Model LC 20 AD with a dual reciprocating pump and a DGV 20A3
degasser. The detector was a Simadzu SPD-201V UV-VIS detector set to the
wavelengths of 220 nm and 240 nm for the detection of the pHP-glu and 4-HPAA. The
mobile phase reservoirs were as follows: (A) 99% water, 1% methanol and 0.06%
formic acid; (B) 99% methanol, 1% water and 0.06%formic acid. Samples were injected
by an autosampler and the gradient reached 90% B. The flow rate was set to 0.4

mL/min.

4.2.3 HPLC sample preparation

Stock solutions of caged glutamate were made by dissolving caged glutamate in
10 mL of aCSF to obtain concentrations near 10 mM. More dilute solutions of the
caged glutamate were made by dilution of a portion of the stock solution into aCSF to

obtain concentrations between 100 uM and 500 pM.
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For verification of uncaging by our light sources, samples of the caged glutamate
dissolved in aCSF were exposed to light from a Lambda DG-4 (Sutter Instruments,
Novato, CA), a Mercury (Hg) lamp and natural sunlight. After light exposure samples
were analyzed using HPLC.

For analysis, calibration curves were collected of the predominant byproduct, 4-
hydroxyphenylacetic acid, and the caged glutamate each in aCSF. The samples of
caged glutamate exposed to the different light sources were then compared to the two

calibration curves to verify photorelease of the caged glutamate.

4.2.4 Voltammetry

4-HPAA release was detected using carbon fiber microelectrodes 7um in
diameter and 30um in length, constructed following a previously described method (27).
A triangular waveform was applied to the carbon fiber microelectrode beginning at -0.4
V scanning up to +1.3 V and back down to -0.4 V at a scan rate of 300 V/sec and an
update rate of 10 Hz. The voltammetry data were collected versus a Ag/AgCl reference

electrode.

4.2.6 Shutter control/light exposure

A UNIBLITZ® optical shutter (Vincent Associates, Rochester, NY, USA),
controlled by a controller designed and constructed by Kenneth Ratzlaff
(Instrumentation Design Laboratory, University of Kansas), was triggered by the
stimulus pulse and opened by a timed delay set by the control software. The length of

time the shutter remained open was also controlled by the software.
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4.3 RESULTS

Monoamines, such as DA, play large roles in the brain as
neurotransmitters. DA is a neurotransmitter that participates in the signaling for
physical movements (22). There are many physiological conditions that deal with an
altered level of DA, including Huntington’s disease, Parkinson’s disease, Tourette’s
syndrome and Fragile X syndrome (4, 23-28). The physical effects of Huntington’s
disease include the physical degeneration of the brain, uncontrollable physical
movements and dementia (4, 24). The way in which DA transmission is altered in
Huntington’s disease and other neurological disorders has been investigated through
the use of cyclic voltammetry (4, 26, 29). By using fast scan cyclic voltammetry and
brain slices from disease model mice, extracellular concentrations of DA can be
monitored (4, 30). The response of the DA system can be measured in real time and
changes caused to DA release and uptake by glutamate can be determined using
FSCV paired with the photorelease of pHP-glu, avoiding toxicity issues and maintaining

high temporal and spatial resolution (3, 77).

4.3.1 Construction of Uncaging and FSCV Apparatus

Our original experimental design for releasing pHP-glu in brain slices was to
utilize a Lambda DG-5 high speed wavelength switcher (Sutter Instruments, Novato,
CA, USA) to expose the brain slice to select wavelengths of light through the
microscope objective. However, our setup would not allow light less than 340 nm
through to the slice, and at 340 nm the intensity was low. By HPLC analysis (Figure 2)

we confirmed that we were not causing the photorelease of glutamate with this
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experimental setup. The photorelease of caged compounds generally occurs between
250 and 360 nm (37), however, our original light source was not providing the intensity

needed at 340 nm to photorelease the pHP-glu, thus a different light source was

needed.
Caged

| pHP-glu  _ pHP-glu Glutamate ..
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Figure 2. HPLC data of caged glutamate samples (wavelength of 220 nm). The top green trace was
exposed to light from the original experimental setup, while the bottom trace was the unexposed caged
glutamate sample, showing in the major peak in the chromatogram. No difference in the intensity of the

caged glutamate peak was seen.

In order to achieve wavelengths around 300 nm with enough intensity to photo

release the pHP-glu, a 100 W Oriel mercury (Hg) lamp (Newport Corporation, Irving,

114



CA, USA) was used for UV light emission. To control the length of time the samples
were exposed to light, a shutter was positioned in front of the focusing lens on the Hg
light source. The shutter is controlled by software produced in the Instrument Design
Laboratory at the University of Kansas and can be programmed to remain open for a
desired length of time. The stimulus pulse used to cause DA release can also be paired
to the shutter, signaling it to open based on the software parameters. The light output
was focused to an intense dot and a fiber optic was positioned such that the light was
successfully transmitted to the desired location. The fiber optic was held by an
adjustable holder so that’s its position in front of the light source could be easily
adjusted to give the most intense output through the fiber optic (Figure 3). The light

source design was based on work previously done by Karl Kandler (37).
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R

Figure 3. Mercury lamp with the shutter and fiber optic set up in front of the lens.

The light system then needed to be paired to the apparatus used for brain slice
experiments. Figure 4 depicts the resulting setup of the uncaging apparatus which is
paired with a FSCV setup. The fiber optic was connected to a micromanipulator so that
the position of the fiber relative to both the carbon fiber microelectrode and surface of
the brain slice could easily be adjusted and moved. Micromanipulators allow us to
easily move the working and stimulating electrodes to various locations in the brain slice

and thus allow us to collect multiple data points from the same slice. By using a
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micromanipulator with the fiber optic, it becomes possible to move the location of the
light exposure to various positions throughout the brain slice as we move our stimulating
and working electrodes. Since the fiber optic produces such a small area of light, it
should be possible to move the electrode to a new location in the brain slice and collect
more data points from unexposed locations.

Shutter Controller

Focusing
Lens
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Fiber Holder

g
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/ Electrode
Stimulating 7
Electrode

Figure 4. Experimental design for the uncaging of glutamate in slices.

We then had to verify release of caged glutamate by exposure to light from the
new light source and evaluate how stable the samples were when allowed exposure to
ambient light. Samples of the pHP-glu were also placed out in the room exposed to
both sunlight and the room lights in order to determine if the ambient light would cause
significant amounts of uncaging of the pHP-glu. After 10 minutes of expose the sample
was evaluated using HPLC and no increase in the presence of the 4-HPAA byproduct

was seen. To ensure glutamate release using the Hg lamp, samples of the pHP-glu
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solution were exposed to light from the Hg lamp and analyzed using HPLC. Figure 5
shows that we were able to successfully uncage glutamate using our light source. A
sample containing the major release byproduct (Green) was evaluated by HPLC to
confirm the peak placement. The unexposed sample (Blue) produced a large peak at a
later time than the peak caused by the 4-HPAA standard. After light exposure (Red) the
intensity of the caged glutamate peak greatly diminished, while a peak at the same
retention time as the byproduct peak was detected confirming the release of 4-HPAA
and indicating the release of glutamate. There were also other smaller peaks that were
detected in the sample exposed to light from the mercury lamp. These other peaks
correspond to other minor byproducts caused by photorelease (peaks were confirmed

by collecting chromatograms of the other byproducts, data not shown).
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Figure 5. Confirmation of uncaging caused by light exposure from the mercury lamp. The blue trace
shows the original sample with no 4-HPAA byproduct peak, which is the major byproduct from the
uncaging. The green trace shows the 4-HPAA standard and the red trace shows the sample exposed to
light from the mercury lamp with a major peak overlapping the 4-HPAA standard with other minor

byproduct peaks detected as well. (Wavelength = 220 nm)

4.3.2 Detection of the Photorelease Byproduct

The amount of caged compound released is dependent on the concentration of
the caged sample, the duration and intensity of the light exposure and the area of the
light spot (37). The heterogeneity of the striatum paired with repositioning of the fiber
optic caused a need for a method to determine how much glutamate was released.
Work is being conducted in our laboratory to develop a means of quantifying the release

of caged glutamate by using FSCV to detect the 4-HPAA byproduct.
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4.4 DISCUSSION

Various caged compounds have been used in biological systems over the last
several decades to elucidate the immediate responses to compounds one they are
photoreleased (32-33). The utilization of p-hydroxyphenacyl protecting group has
provided investigators with a photoreleaseing group that releases on a much faster time
scale (2). The faster response time of the pHP photoreleasing group makes it a
valuable compound for evaluation of neurotransmission.

Glutamate bound to the pHP photoprotecting group has been utilized in the
evaluation of neuronal responses in brain slices using whole cell patch clamp
recordings (717, 31). Since FSCV allows us to detect real time alterations in
neurotransmitter release and uptake, combining photoreleasing compounds with FSCV
opens up opportunities to evaluate the immediate effect of compounds on the release or
uptake of the targeted neurotransmitter, in our case DA. There has been work done
utilizing caged DA with FSCV in brain slices (3); however, having other compounds that
cause changes to the DA system will allow greater understanding of how the DA system
is functioning.

We have shown that our experimental setup works to release pHP-glu in solution
and that we can detect the release of the byproduct to verify the amount of glutamate
released. The use of this instrumentation will allow FSCV to be paired with
photoreleasing compounds in slices for the investigation of the immediate response of
the DA system in various locations of the brain and also in animal models of different

neurological disease states. The information obtained by utilizing caged compounds in
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FSCV brain slice experiments will elucidate important information that may provide

therapeutic targets.
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4.5 CONCLUDING REMARKS

To establish a means of utilizing caged compounds in FSCV brain slice
experiments, a mercury lamp setup with a micromanipulator controlled fiber optic was
constructed. Our original experimental design was proven to be flawed after light
exposure and a failure to cause any photorelease of the pHP-glu. During the study the
release of pHP-glu by the mercury lamp setup was confirmed using HPLC analysis. To
determine if the pHP-glu in aCSF solution was stable in ambient light, a sample was
exposed to room lighting and analyzed using HPCL, confirming that the sample was not
photoreleasing due to exposure to ambient light. The ability to oxidize 4-HPAA, the
photoreleasing byproduct, has also been shown by work in our laboratory. Using this
method for the release and detection of compound effects on DA release will provide

great insight into the dopaminergic system in different animal models.
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CHAPTER 5

SUMMARY OF FINDINGS AND FUTURE DIRECTIONS

Understanding the alterations caused to the dopaminergic system in disease
states involving alterations in cognition and motor function will aid in the development of
therapies to help improve the quality of life for sufferers. This work has presented
insight into the changes to the dopamine (DA) system that occur in both a genetic
neurological disorder and in neurological problems cause by drug administration. A
method to evaluate the real time DA response to photoreleased neurotransmitters has
also been presented. The major findings of each project and potential future research

ideas are presented below.
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5.1 FRAGILE X SYNDROME

5.1.1 Major Findings

Our behavioral analysis of the Fmr1 KO mice using the force plate actometer
showed a significant difference in the locomotor activity of the KO mice compared to the
WT mice, which agrees with earlier findings (7-2). The mice that received injections of
amphetamine showed similar locomotor activity, however, the Fmr1i KO mice were less
sensitive to amphetamine in their focused stereotypy behavioral response. At the 10
mg/kg dose, a dose in the range known for causing focused stereotypy (3-4), the KO
mice showed a significant lesser amount of time spent in experiencing focused

stereotypy.

By evaluation of DA release and uptake using brain slices from the Fmr1 KO
and WT mice, we have shown that as the mice age, a significant difference in striatal
DA release and uptake was seen in the 15 week and 20 week old mice, but no
difference was found in the younger 10 week old mice. The mice that had undergone
the behavioral analysis were in the 15 week group and the altered behavioral response
may be explained by the impaired release. DA content analysis was done using HPLC
to determine if the altered release was due to an alteration in the amount of DA present
in the striatum. No differences in the concentration of DA in striatal homogenate were

found.

By exposing the slices to increasing concentrations of AMPH and in another
experiment GBR12909, we found that the affinity of AMPH and GBR for DAT is the

same in both the KO and WT mice. Our results are consistent with the concept that

128



release impairments contribute to the altered behavioral response to AMPH. However,

differences in the number of DAT protein molecules may also contribute.

We have also shown that there is no significant difference in the DA response
after slice exposure to MPEP, an antagonist for MGIUuR5 receptors which are
hypothesized to be hyperactive in Fragile X syndrome. The response to quinpirole, a
selective D2 agonist, was also unchanged between the KO and WT mice, indicating
proper D2 function in the KO mice. Data from mobilizing DA reserve pools by use of
cocaine, after stimulated DA release was eliminated by D2 activation with quinpirole,

indicated that reserve pools are unaltered in Fragile X syndrome.

5.1.2 Future Research Ideas

The levels of DAT are known to decrease with aging (5) and may decline more
rapidly in FXS leading to alterations in the uptake of DA after stimulated release. In
order to assess the amount of DAT present in the striatum of the Fmr1 KO mice

compared to the WT mice, Western Blot analysis can be used.

DA release was impaired in the KO mice yet the total DA content was unchanged
indicating a problem with the mechanism of release or the filling of vesicles. Since DA
release is dependent on Ca®* entry and studies have shown alterations in Ca**
sensitivity in neurological disorders (6), a study evaluating the DA response to different
concentrations of Ca®* in the perfusion aCSF could lead to insight into the role of Ca** in
the altered DA release seen in FXS. A study using Fura-2 would also provide a means

to quantify calcium levels in brain slices (7-8).
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One study has shown a potential utility of dosing Drosophila flies with small
molecules to recover some of the phenotypical characteristics in FXS model Drosophila
flies (9). One of the small molecules used was MPEP (2-Methyl-6-
(phenylethynyl)pyridine). Fmr1 KO mice could be given MPEP in their food over time
and the DA release and uptake studies done in brain slices repeated to evaluate if the

administration of MPEP helps to recover the impaired DA release that we have shown.
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5.2 “CHEMOBRAIN”

5.2.1 Summary of Findings

After dosing male Wistar rats with carboplatin weekly for four weeks, stimulated
DA release and uptake was detected in slices. Data were collected in each of the four
regions in the striatum. ANOVA analysis revealed a significant dose effect in the peak
stimulated DA release as well as in the [DA],. However, Vmax showed no significant
effect over the doses. We also found no significant difference between the
measurements taken in the different quadrants within a dose, showing that carboplatin
had a generalized effect on DA release in all four quadrants of the striatum. DA efflux
was also measured by inhibition of DA synthesis with aMPT and efflux caused by
AMPH. There was no significant difference seen in the amount of DA efflux in the

carboplatin treated rats.

5.2.2 Future Research Ideas

This work was done to collect preliminary data and confirm our hypothesis that
the DA system undergoes alterations due to chemotherapy and contributes to the
problem known as “chemobrain.” There are many different prospective experiments
that could advance the project and further our understanding of the neurological
problems occurring during and after chemotherapy.

The experiment presented here should be repeated to confirm our findings as

well as to provide more samples to use in collecting DA content data by HPLC since we
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did not have enough samples to get statistically relevant data after this first study. It
would also be beneficial to verify the reserve pool data.

It would also be advantageous to evaluate neurotransmitter release in other
regions of the brain that are associated with cognition. One such location is the
hippocampus, which may provide further insight to the chemobrain problem.

Various other chemotherapeutic drugs have been indicated in “Chemobrain” (10-
13), especially in cases of breast cancer treatment. Since chemobrain is a post
chemotherapy complaint most commonly from women who have undergone treatment
for breast cancer, tailoring the drugs to match those most commonly used in breast
cancer treatment would provide further insights into treatment of the cognitive issues
experience by the reporting women.

After using male rats to establish the effects of just the chemo drugs on DA
release, beginning to dose female rats will introduce hormonal effects, which can play a
part in the experiences of the women reporting cognitive issues after therapy.

All of the data collected in this project will assist in the development of ways to
treat the cognitive decline experienced by cancer patients. There have been successes
with the use of methylphenidate and erythropoietin (74-17); however this work would

open up more opportunities to find other, more suitable treatments.

132



5.3 CAGED COMPOUNDS
5.3.1 Summary of Findings

While caged compounds have been used in brain slices (18-20), utilizing caged
compounds paired with FSCV opens up many opportunities to evaluate DA responses
in real time to the photorelease of different compounds. We have shown that our
instrumentation can successfully release glutamate bound to the p-hydroxyphenacyl

photoprotecting group.

5.3.2 Future Research Ideas

The effects of photoreleasing pHP-glu on DA release and uptake in brain slices,
while quantifying the amount of 4-HPA byproduct is produced by the light exposure to
quantify the amount of glutamate released. After characterizing the immediate effects
of releasing glutamate on DA release and uptake, GABA could be used since it has
already been synthesized with the pHP protecting group.

Applying the use of caged compounds in brain slices of neurological disease
states could also provide valuable information about the response to glutamate and
GABA. It would be especially helpful in evaluation of the response of the DA system to
glutamate and GABA photorelease in FXS since it is hypothesized that glutamate may
play a role in the phenotypical problems associated with the syndrome.

The synthesis of other compounds utilizing the pHP “cage” would also allow for

many other experiments to be performed to investigate the real time DA response.
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