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ABSTRACT

ELECTRODE FABRICATION FOR in vitro MONITORING OF CATECHOLAMINE
SECRETION: CONSEQUENCES AND EXPLANATIONS FOR DOCA-SALT
SENSITIVE IMPAIRMENT OF ADRENAL CHROMAFFIN CELL SECRETION

By

Matthew J. Fhaner

Sympathetic activity is increased in multiple forms of hypertension. This
observation led our group to hypothesize that increased sympathetic activity play an
integral role in the on-set and long term maintenance of blood pressure in salt-sensitive
hypertension (SSH). This form of hypertension is unique, as it is characterized by
increased salt retention in the kidneys, leading to an increase in blood volume and in
turn blood pressure. Studies were performed investigating the release of
norepinephrine from sympathetic neurons innervating smooth muscle cells of
mesenteric blood vessels, which determined that sympathetic neurons isolated from

DOCA-salt rats released a higher amount of norepinephrine. This increase in overflow

is partly attributed to impairment in the auto-regulatory a2-AR and the norepinephrine

reuptake transporter. A gap remained in this work due to the spatial limitations of
performing electrochemistry at individual neuronal junctions. To solve this, my work will
use adrenal chromaffin cells to elucidate the affects of DOCA-salt hypertension on the
frequency and kinetics of individual vesicle secretion. To accomplish this goal,
electrode fabrication and optimization for single cell electrochemistry is required,

alongside the isolation of single adrenal chromaffin cells.



The results of this work revealed significant findings in both electrode fabrication
processes and biological alterations in chromaffin cell signaling. 1) Applying a novel
nucleation process to our published boron-doped diamond electrode fabrication process
decreased the growth time needed to deposit a continuous diamond film in half. These
electrodes will be useful for in vitro electrochemistry work for larger tissue such as
mesenteric blood vessels and gastrointestinal neurotransmission; however carbon-
fibers are superior for single cell work due to the ease at which they can be manipulated
into a disk-shape. 2) Chromaffin cells isolated from DOCA-salt rats had a higher
frequency of release events, with individual events occurring more rapidly, than Sham
chromaffin cells. 3) These alterations appear to at least in part be caused by
impairment in the function of BK and ATP-sensitive potassium channels in DOCA-salt
cells. Further mechanistic investigation led to the conclusion that calcium influx,
reactive oxygen species levels and catecholamines metabolism are not responsible for
any alterations observed in DOCA-salt chromaffin cell secretion patterns. 4) Finally,
fast-scan voltammetry determined that the ratio of norepinephrine:epinephrine secreting
cells remains unchanged in DOCA-salt hypertension.

These results suggest that increased release frequency along with more rapid
secretion may also contribute to the alterations found in sympathetic neurons by
previous group members. Also, potassium channels may provide a viable treatment
option for managing salt-sensitive hypertension. Finally, for future work requiring BDD
electrodes, application of a pre-growth carbon layer greatly enhances film deposition

rates.
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Chapter 1

Introduction

1.1 Hypertension

Hypertension is a chronic elevation in blood pressure defined as a sustained

systolic pressure above 140 mmHg and a diastolic pressure above 90 mmHgl.

Consequences of prolonged hypertension include a decrease in renal function, vascular

. . 2 . .
endothelial function and output™. The multifactoral effects of hypertension can lead to

serious health complications in chronic patients including renal injury, heart attack and

2 . . .
stroke . Hypertension can be a challenging disease to treat because of the

unidentifiable causes in many patients and often goes undetected due to the lack of

obvious outward symptoms. For this reason, the disease is known as the “silent killer”.

Hypertension can be classified into two forms. The first is essential

hypertension, or primary hypertension. Essential hypertension is the most common

type and accounts for nearly 95% of hypertensive patients3. This form of the disease

has no identifiable cause. The second is referred to as secondary hypertension.

Secondary hypertension is the direct result of some identifiable cause. Examples

) ) ) ) . 1,45
include smoking, neurotransmitter secreting tumors or even diet )



Our research group is focused understanding neurogenic effects in a specific type of
essential hypertension known as salt-sensitive hypertension (SSH). Salt sensitivity
occurs in 30 percent of people who have normal blood pressure and 50 percent who are
hypertensive®. SSH occurs more frequently in African Americans, the elderly and those
suffering kidney disorders®. SSH is characterized by a deficiency in sodium clearance,
which leads to an increase in blood volume’. Salt-sensitive patients can develop
chronic hypertension if the disease is not properly managed®. Further understanding of
the pathophysiology of this disease may provide for more comprehensive and effective

treatments.

1.2 Regulation of Blood Pressure

Mean arterial blood pressure (MAP) is the product of cardiac output (CO) and total

peripheral resistance (TPR)g. TPR is the combination of the resistance to blood flow

through peripheral vessels and is determined by the diameter of small arteries and

arterioles. The MAP is regulated by feedback from chemo and cardiopulmonary
receptors and also by the baroreflexlo. The baroreflex stabilizes short term changes in
blood pressure to the carotid MAP. These same receptors are also involved in long-

, 11 .
term regulation of blood pressure™ . Baroreflexes and central nerve signals from the

brain dominate real-time control of blood pressure through both the sympathetic and

parasympathetic nervous systems which are both part of the autonomic nervous

systemlz. Activation of the sympathetic nervous system (SNS) can increase both TPR

and CO, which increases in blood pressure. It is also important to note that the kidneys



. 13
are under the control of the SNS which regulates renal blood flow™ . Other factors that
can influence blood pressure are aldosterone levels, circulating epinephrine levels,

. . 14-17
vascular function and the endothelin system :

1.3 Sympathetic Nervous System

The sympathetic nervous system (Figure 1-1) is a division of the autonomic
nervous system and is positioned between the first thoracic segment of the spinal cord

and the second or third lumbar. Heart rate, digestive secretions, pupil dilation and blood

. . 18
vessel contraction are all regulated by the sympathetic nervous system™ . Nerve
activity in the sympathetic system is a critical factor controlling vasoconstriction in the
. . . 19-20 . . ,
splanchnic circulation . Neurotransmitters, such as epinephrine (EPI),
. . 21-22 . . .
norepinephrine (NE) and ATP are involved in regulating basal levels of vaso- and

venoconstriction. When neurotransmitter levels are elevated, for example when

sympathetic nerve activity is increased, there is a greater likely hood of hypertension
23 . . . L . .
development . It is known that increased sympathetic activity is associated with both
. . 24-25 . .
essential and secondary hypertension . For this reason, work in our group has

focused on the role of sympathetic nerve activity and the development of hypertension.

. . . 26
Due the large volume of blood stored in the splanchnic circulation™, our group has

focused attention on sympathetic nerves innervating these blood vessels as a location



increased sympathetic nerve activity in

that would be highly affected by

deoxycorticosterone acetate (DOCA)-salt hypertension.
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Figure 1-1. Overview of the sympathetic nervous system. Reprinted from McNelill et al.
Neural Development 2010, 5:6. For interpretation of the references to color in this and
all other figures, the reader is referred to the electronic version of this dissertation.



1.4 Mesenteric Blood Vessels
The splanchnic region of the body consists of the pancreas, spleen, liver, small

and large intestines. This region is home to roughly 33% of the body’s total blood
volume26. The blood vessels within the mesentery are supplied by the sympathetic
nervous system. Importantly, the basal firing frequency of these nerves is elevated in

.27 o .
hypertension™ . Hyperactivation of sympathetic nerves has been found to cause a 60%

. o ) . 28 )
reduction in the stored blood within the mesenteric veins . Blood that is forced out of

mesenteric veins due to heightened constriction moves to more resistive arteries
causing an increase in blood pressure. This increased cardiac output leads to an
increase in mean arterial pressure. Therefore, people with heightened SNS activity are
at risk for developing hypertension. Vascular tone is controlled by, among other factors,

the neurotransmitters released from sympathetic nerves including NE and ATP.

. . .29 .
Neurotransmitters are stored in vesicles and are released from sympathetic nerve
terminals. It acts at the alphaj-adrenoreceptor (a1-AR) located on vascular smooth

... 30 I L .
muscle cells to evoke constriction . Upon activation of the ai-AR, calcium influx into

. ... 31 .
the smooth muscle cells will cause constriction . Understanding neuroeffector

signaling mediated by NE and ATP is a target of research in our group as they are

, 32 . . . .
potent vasoconstrictors . Unlike ATP, NE is electrochemically active and can be

measured locally as an oxidation current using a small carbon microelectrode. Dynamic

changes in NE concentration at the adventitia surface can be measured using



. 33-34 . o I
electrochemical methods . The simultaneous monitoring of NE availability along

with the blood vessel diameter using video microscopy offers insight into sympathetic
neurogenic control of blood vessel tone in hypertension. Figure 1-2 shows a diagram

depiciting the sympathetic innervation of mesenteric blood vessels.

Sympathetic
NE Nerve Fiber

Vascular Smooth
Muscle Cells

Figure 1-2. Sympathetic nerve innervation of a mesenteric blood vessel and the
signaling by NE, which is one vasoconstricting neurotransmitter stored and released by
sympathetic nerves. Reprinted by permission from Macmillan Publishers Ltd: [Nature
Reviews Genetics] (Blood vessels and nerves: common signals, pathways and
diseases), copyright (2003).

Prior work in our group focused on characterizing sympathetic neuroeffector

signaling in the DOCA model of salt-sensitive hypertension in using vitro
. . . 35 .

electrochemistry and video microscopy . NE released from nerve terminals has

several fates. First, NE can diffuse across the neuroeffector junction and bind to and

activate aj3-ARs located on vascular smooth muscle cells. This binding evokes



constriction. NE can also diffuse to bind with the prejunctional alphaz-adrenoreceptor

(a2-ARs), which through negative feedback terminates further NE release. Most of the

NE molecules secreted are taken back up into the nerve terminal by the norepinephrine
transporter (NET) protein. Uptake by NET is the predominate fate and occurs on the
millisecond time scale so that the nerve can be “reset” for the next signaling event. After
uptake into the releasing nerve terminal, NE may be repackaged into vesicles for “re-

release” or metabolized. A key finding from this work is that in this animal model of

hypertension, there is impaired function of prejunctional the az-adrenergic autoreceptors

33, 36-37

and clearance by and the NET The functional impairment of both az-AR and

NET leads to greater availability of NE in the neuroeffector junction and this increases
vascular smooth muscle cell constriction. Another alteration found in DOCA-salt blood

vessels are different innervation patterns for sympathetic neurons on mesenteric veins

. 35
and arteries

One mechanistic factor that could not be determined from our prior work is how
NE storage and individual secretory kinetics are altered in this model of hypertension.
Due to the small size of neuroeffector junctions, there is no way to place a
microelectrode in the neuronal-junction gap to monitor secretion from a single nerve
ending. This means that the transient oxidation current recorded amperometrically at a
blood vessel surface results from NE release from multiple nearby varicosities.
Additionally, information about release kinetics is convoluted with the kinetics of

reuptake making it challenging to know if any aspect of the storage and exocytotic



release are altered in the disease state. An attractive alternative is to use model

systems with larger vesicles and higher concentrations of the neurotransmitter to

. . 38 . .
monitor exocytosis . Such a model system is the adrenal medullary chromaffin cell

. 39-41 .
line . Over the years, electrochemical methods have been used to measure

chemical secretion from a variety of single cells isolated in culture including mouse mast

42 , 43 44
cells ~, human pancreatic B-cells , and rat pheochromocytoma (PC12) cells .

Measurements using single cell model systems provide direct information about quantal
release from individual vesicles (number of molecules per release event), the number of
release events per stimulus and the release kinetics of secretory events. In order to
better understand how exocytotic release from sympathetic nerves might be altered in

DOCA-salt hypertension, adrenal medullary chromaffin cells were used as a model.

1.5 Adrenal Gland and Chromaffin Cells

The adrenal gland is located above the kidneys and is an integral part in the
body's response (hypothalamus-pituitary-adrenal axis) to stress45. The glands are
supplied by a number of suprarenal arteries and veins and, along with the thyroid gland,
have the greatest blood supply per gram of tissue of any organ46. The adrenal gland is

composed of two zones. The cortex, or the outer zone, is where mineral- and

glucocorticoids are produced. Of particular importance is the mineralcorticoid,

, . 47 .
aldosterone. Aldosterone promotes salt and water retention by the kidneys . This

causes an increase in blood pressure as blood volume increases making these organs



an integral piece in development of SSH. The second zone of the adrenal gland is the

adrenal medulla. The adrenal medulla is home to the chromaffin cells, which

. . 48 . .
synthesize, store and secrete the neurotransmitters NE and EPI ~. Secretion is

stimulated by pre-ganglionic sympathetic nerves originating between the T1 — T10

. 49 . . . .
spinal segments ~. These nerves release acetylcholine, the physiological stimulant of

catecholamine secretion from adrenal chromaffin cells. Adrenal chromaffin cells secrete

EPI and NE at approximately a 3:1 ratio. These cells are the primary source of EPI

. 48 )
released into the blood stream ~. Both molecules are electroactive and can be

monitored as an oxidation current.

, . . . 3
Chromaffin cells have been extensively studied as a model for exocytosis

41, 50-54 : . o N .
’ . They are an ideal platform for investigating the kinetics of exocytosis due to

their large size, as compared to neurons, lack of expressed transporter protein, and

. o 55 , . .
ease of isolation in culture . Chromaffin cells store and release neurotransmitters in a
L . . .- + +
manner similar to sympathetic neurons. They contain voltage-sensitive Na , K and
+2 . + +2 T .
Ca ~ channels, receptor-mediated K and Ca ~ channels and nicotinic acetylcholine
48 . . . - +2 .
receptors . Upon chemical stimulation, these cells exhibit Ca -dependent exocytosis.

Prior to secretion, NE and EPI are synthesized inside the chromaffin cellsSG. The

synthesis, which is outlined in Figure 1-3, begins with the conversion of tyrosine into

3,4-dihydroxyphenylalanine (DOPA) and finally converted into dopamine. The reactions



are catalyzed by specific enzymes at each step. Dopamine is packaged into chromaffin

granules by the vesicular monoamine transporter (VMAT) using a pH gradient from the

5.5 value inside of chromaffin vesicle to the 7.2 value of the cytoplasm57. Once inside
the chromaffin granule, dopamine is converted to NE via DOPA decarboxylase. NE can
diffuse out of granules and if there is phenylethanolamine N-methyltransferase (PNMT)
present in the cytoplasm, NE can be converted to EPI. The EPI is then repackaged into

vesicles for secretion. The two predominate vesicles are those that contain only NE or

only EPI. There is also a smaller subset of vesicles that contain both NE and EPI.

. . o N .58 .
The major stimulant for granule secretion is a rise in intracellular calcium™". Calcium

enters the cell in response to an external stimulus, such as acetylcholine, via the
nicotinic acetylcholine receptor (nAChR). nAChRs are non-specific cationic channels

that allow sodium and calcium to enter after activation with acetylcholine (ACh). Cation

. L 59 . .
influx leads to a local depolarization of the cell membrane . This local change in cell

membrane potential activates voltage-gated calcium channels, facilitating greater
calcium entry. Influx of extracellular calcium causes intracellular calcium to be released

from the mitochondria and endoplasmic reticulum resulting in a complete depolarization
60 . . . . ..

of the cell membrane . Calcium is also important for soluble N-ethylamide-sensitive

factor attachment protein receptor (SNARE) proteins, which tether the granules to the

S . . .61 . .
cell membrane, leaving it primed for vesicle fusion and secretion . Further information

regarding the steps involved in vesicle packaging and secretion are provided in the

following section.

10
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Figure 1-3. Catecholamine synthesis inside adrenal chromaffin cells. L-Tyrosine is
converted to DOPA (Tyrosine Hydroxylase), which is converted to dopamine (DOPA
decarboxylase). Dopamine is converted to norepinephrine (dopamine beta-
hydroxylase) and then finally into epinephrine (phenylethanolamine N-
methyltransferase).

1.6 Chromaffin Granule Secretion

Chromaffin granules (also known as vesicles) start their life in the Golgi region of

the intracellular complex62 (Figure 1-4). Various peptides are synthesized in the

endoplasmic reticulum and then transported to the Golgi apparatus for packing into
granules. After incorporation of peptides into the vesicular matrix, granules break away
from the Golgi and move into the cytoplasm. At this point, vesicles start to become
packed with neurotransmitters. The synthesis of NE and EPI occurs as described in
Figure 1-3. Neurotransmitter packaging is a dynamic process as catecholamines

continuously leak out of vesicles and are repackaged via VMAT. At this point of the
. . . . .63
granule life-cycle, they take in ATP and catecholamines without bias . Granules
become mature and completely filled with neurotransmitters within 12-24 h after
. 64-65 . . . .
creation . When fully mature, vesicles will contain a variety of small molecules

including NE, EPI, ATP, nucleotides, ascorbic acid, neuropeptide Y and chromogranin

with the majority of the contents (>90%) in vesicles being due to catecholamine

. 66
packaging .

Transport of newly formed vesicles occurs along the dense microtubule network

. 67 . .
that supports the organelle architecture” . Also, F-actin plays a key role in granule

12



. . . . . 68-69 L
transport in both the interior and cortical region of the cytoplasm . The majority of

. i . I .70 . .
granules will be held within the actin network until stimulation ~, upon which the actin

network will undergo changes to promote granule movement towards the cell

71 . . .
membrane ~. There is a pool of vesicles that reside near the cell membrane and are

Tyrosine

DOPA

Dopamlne

VeS|cIe 1 @é J

EPI

Golgl\
Apparatus

Figure 1-4. Life cycle of chromaffin granules. Newly formed vesicles break away from
the Golgi apparatus (1) and are packaged with either NE or EPI (2). Packaged vesicles
are transported to the cell membrane for interaction with SNARE proteins (3). After a
stimulus, CAs are released from the chromaffin cell (4) and the empty vesicles are
transported back to the Golgi for recycling (5 & 6).

readily available for release in response to a stimulus. These vesicles are known as the

readily releasable pool and are primed for secretion. Once vesicles reach the cell

membrane, they become tethered by SNARE proteins72. The SNARE protein makes

13



contact with the granule through synaptobrevin, which inserts into the chromaffin
granule and SNAP-25, which is anchored to the cell membrane. This connection is

believed to be crucial in exocytosis by overcoming the free energy barrier between the

61 . . .
cell membrane and the granule membrane ~. Upon stimulation, calcium enters the cell

and promotes fusion of the granule and the cell membrane, creating a small pore for
neurotransmitters to escape. More potent simulation will cause the fusion pore to

completely open dispelling all contents within the chromaffin granule into the blood

73
stream

1.7 Mechanisms Affecting Adrenal Chromaffin Cell Secretion
1.7.1 Nicotinic Acetylcholine Receptors

NAChRs are large protein ligand-gated channels that consist of five subunits

. 59 .
arranged around a central membrane-spanning pore . nAChRs consist of a large N-

terminal domain containing the binding site for ACh, four transmembrane segments and

) . 59 . ) )
a short C-terminal domain ~. After activation of nAChRSs, cations enter the intracellular

space causing voltage-gated calcium channels to open, resulting in an influx of

. . 60 . . . . . .
extracellular calcium into the cell” . This calcium influx is essential for exocytosis, as

calcium sensors near the exocytotic sites, such as synaptotagminl, react to the calcium

L . . 58
resulting in catecholamine secretion

14



. . .74-75
The nAChRs desensitize after prolonged or repeated exposure to stimuli :

Rats exposed to nicotine for long periods of time produce an up-regulation in nAChR

.76 . . . - . ,
expression . It is possible that the increased activity of the nerves innervating the

adrenal medulla could have an effect on nAChR activity or expression. Such alterations
would have a direct effect on the efficiency and frequency of catecholamine secretion,

which makes these receptors possible targets for further investigation.

1.7.2 Catecholamine Metabolism
Catecholamine  synthesis occurs within individual chromaffin cells.
Catecholamines undergo two basic metabolic fates (Figure 1-5). The first is via

monoamine oxidase (MAQO). This pathway converts norepinephrine into 3,4-

dihydroxyphenylglycol (DHPG)77. Approximately 80% of circulating DHPG at rest is

due to metabolism of NE that leaks from sympathetic nerves78. Adrenal chromaffin

cells are different from sympathetic nerves in terms of how catecholamines are
metabolized. Chromaffin cells contain not just MAO, but also catechol-O-
methyltransferase (COMT). In fact, the COMT that is present in the cells is the

membrane-bound form that has a higher affinity for catecholamines than does the
. . 79-81
soluble form found in other regions of the body . When NE and EPI are

metabolized by COMT, the metabolites, normetanephrine (NMN) and metanephrine

(MN) are generated, respectively77. NMN and MN produced can diffuse into the blood

stream. In fact, the COMT pathway is favored so highly in adrenal chromaffin cells that

15



93% of circulating MN levels and 25 to 40% of circulating NMN levels within the blood

) ) L ! 77
are derived from catecholamine metabolism inside chromaffin cells .

NE EPI
Sympathneuronal Sympathoadrenal
Pathway Pathway

MAO l lcow
DHPG NMN MN

Figure 1-5. Overview of catecholamine metabolism differences between sympathetic
neurons and adrenal chromaffin cells. In sympathetic neurons, monoamine oxidase
(MAO) degrades norepinephrine (NE) to 3,4-dihydroxyphenylglycol (DHPG). In adrenal
chromaffin cells, however, catechol-O-methyltransferase metabolizes NE and EPI to
normetanephrine (NMN) and metanephrine (MN), respectively.

These metabolites are of particular interest in catecholamine secreting adrenal

tumors known as pheochromocytomas. Metabolite levels are often used as a screening

. . 82 S
tool for diagnosis of pheochromocytomas . In fact, a quick literature search reveals

that the majority of research into MN or NMN surrounds identification of these tumors.

Previous research has shown that perfused adrenal glands from spontaneously

. . 83 .
hypertensive rats release more NE and EPI than glands from normotensive rats . Itis

16



possible that these differences may be somehow be related to a dysfunction in
catecholamine metabolism within adrenal chromaffin cells, resulting in excess NE and

EPI levels for secretion.

1.7.3 Calcium and Exocytosis

Calcium is an essential part of the exocytosis and its importance was first

. , 84 . ,

demonstrated in cat adrenal glands stimulated by ACh . Knight et al. first

. . . , , 85
demonstrated the requirement of calcium for exocytosis in bovine chromaffin cells .
Another key finding was the necessity of calcium and ATP-dependent priming to prompt

. . 86 N o , . ,

vesicle exocytosis . Investigation of calcium’s role during exocytosis has yielded
o . . ., 87-89 .
insights into the different pools of secretory vesicles . Though calcium promotes

secretion, the relationship between calcium and exocytosis is not linear in the sense

. . 2+ . . . .90
that a two-fold increase in [Ca™ ] will not yield a two-fold increase secretion™ . It has

been demonstrated in frog neuromuscular junctions that doubling the concentration of

2+ . . . .91
extracellular Ca~ produced a 16-fold increase in acetylcholine secretion

The innate relationship between calcium and exocytosis is evident. This leads to
the possibility that calcium handling in DOCA-salt hypertension may be altered. In rat
chromaffin cells, there is a variety of calcium channels located on the cell membrane.

The breakdown of calcium channels present on rat chromaffin cells is as follows: L-type

(50%), N-type (25%), P/Q-type (15 %) and R-type (10%)°°. Calcium channel blockers

17



have been found to enhance the protective effects of angiotensin receptor blockers in

" .92 . o . .
salt-sensitive hypertension™ . Calcium activity can be monitored using the fluorescence

probe, fluo-4 AM. Investigating calcium flux into cells from normotensive and
hypertensive test animals could provide further insight regarding the mechanisms of

exocytosis in the DOCA-salt animal model.

1.7.4 Potassium Channel Function
Potassium channels are a family of ion channels that set the resting membrane

potential of a cell and return the cell membrane potential to a resting state following

. .. 93 , . .
depolarization™ . Rat chromaffin cells have been found to express big potassium, small

. . . 94-97
potassium, ATP-sensitive and voltage-gated potassium channels . Once a cell

body, such as a neuron or chromaffin cell, receives an electrical or chemical stimulus,

sodium and calcium channels open allowing ions to travel across the cell membrane
. 98 L . . . .

and into the cell” . Increasing intracellular sodium and calcium leads to an increase in

the cell membrane resting potential, which for rat chromaffin cells at equilibrium is near -

98 L L .
50 mV™ . As the cell membrane potential increases, it will reach a threshold causing

o . . . .99 .
depolarization which promotes vesicle fusion and secretion . Following the

depolarization, potassium channels are responsible for restoring the cell membrane
potential to its resting value by removing positively charged potassium ions from the
cell. Briefly, after the cell membrane has been depolarized potassium channels will

open. This causes a net flux of potassium to exit the cell. Once a threshold value has

18



been obtained for the cell membrane, ion channels promoting the entrance of inward
positive charge will close leaving only potassium channels open. Potassium channels
will continue to move potassium ions out of the cell until the resting membrane potential
once again set. Alterations or impairments in potassium channel function or expression

could lead to a prolonged depolarization resulting in increased secretory firing.

Recent work has shown that blood pressure in big potassium (BK) channel

knock-out mice, specifically the BKB1-KO, is sensitive to dietary potassium levels and

. . . . 100
can cause an increase in blood pressure due to increased salt and water handling™ .

These findings parallel the physiological mechanisms associated with the DOCA-salt
hypertension model. Work by Sausbier et al. also yielded similar results by determining
that small arteries in BKa-KO mice had increased vascular tone and decreased

vasodialation. These alterations were accompanied by higher levels of aldosterone,

- . 101 :
further linking vascular tone to adrenal gland function™ ~. These links between

potassium channel expression and vascular function provide the foundation for the
hypothesis that altered potassium channel function may be present in adrenal

chromaffin cells also.

Alterations in either potassium channel function or expression could lead to a
delayed time course for repolarization of the cell. In other words, the cell would stay
depolarized longer. Delaying repolarization would create a longer time-course for
catecholamine secretion if potassium channels are impaired. In fact, it has been shown
in spontaneously hypertensive rats that there is a higher frequency for catecholamine
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. . . . 102 .
secretion from hypertensive chromaffin cells versus normotensive cells™ . This could,

in part, be due to impaired potassium channel function.

1.7.5 The Involvement of Superoxide in DOCA-salt Hypertension

Superoxide, also known as hyperoxide or Oz , is produced naturally within the

103 , . . . .
body” . The production of superoxide starts with two oxygen molecules interacting

with nicotinamide adenine dinucleotide phosphate-oxidase (NADPH-oxidase). This

. . . + . 104
reaction forms two molecules of superoxide, a hydrogen ion and a NADP cation

. . . . . 105
The enzyme, Superoxide dismutase, clears excess superoxide following production

In a healthy body, superoxide can act as a signaling molecule. Increased superoxide

concentrations, either by increased production or decreased removal, result in cellular

106
damage

Oxidative stress has been implicated in a number of diseases including obesity,

. . 107-108 . -
diabetes and hypertension . Previous work has shown that there is increased

production of superoxide in the vascular walls of various animal models of hypertension,
109-111

including spontaneously hypertensive and DOCA-salt hypertensive rats . Work

by Cuzzocrea et al. demonstrated that introducing a superoxide dismutase mimetic

causes a reduction in the mean arterial blood pressure of spontaneously hypertensive

ratsllz. Our group has also studied the effects of superoxide in the DOCA-salt

20



hypertension model. Work by Dr. Hua Dong demonstrated that the impairment found in
the prejunctional a2-AR found on sympathetic neurons could be reversed when animals
were given chronic treatment of apocynin, an NADPH-oxidase inhibitor and tempol, a

. . 33 .
reactive oxygen species scavenger . Our group has also found evidence that

superoxide is associated with the impairment of the norepinephrine transport clearance
efficiency (unpublished data). A goal of this dissertation was to further investigate the
potential role of reactive oxygen species on the frequency and kinetics of individual

secretory events from adrenal chromaffin cells.

1.8 DOCA-salt Model of Hypertension

There are several hypertension animal models used in research including

spontaneously hypertensive, Dahl-salt sensitive and DOCA-salt modelslls. The work

reported in this dissertation used the DOCA-salt model114. DOCA-salt animals are

made hypertensive by the synthetic mineralcorticoid DOCA chronically. This model is

ideal for investigating the pathophysiology of heightened sympathetic nerve activity, and
L . . . 115 :

oxidative and inflammatory stress in the cardiovascular system™ . A unique

characteristic of DOCA-salt hypertension is that blockade of angiotensin receptors does

116 -
not have any effects on blood pressure values™ . This is because DOCA-salt

hypertension is characterized as a low-renin and increased blood volume form of
hypertension. DOCA-salt rats mimic most of the changes seen in chronic

cardiovascular remodeling in humans including hypertension, hypertrophy, fibrosis,
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: . " . 115 .
electrical conduction abnormalities and vascular hypertrophy and dysfunction™ . This

model was selected for our research because it exhibits heightened SNS activity and

oxidative stress (elevated O2). As mentioned above, our group is interested in

sympathetic nerve-mediated control of vascular tone and how these control
mechanisms are altered in hypertension. DOCA-salt treatment reliably induces the
development of salt-sensitive hypertension in rodents and has a gradual onset. Finally,

current research indicates excessive mineralcorticoid action contributes to a larger

. . . 117
number of cases of clinical hypertension than generally appreciated™ ™ .

1.9 Monitoring Catecholamine Secretion from Adrenal Chromaffin Cells
1.9.1 Electrochemical Methods

Historically, intracellular electrophysiological techniques have been used to
. . . , , . 118 . .
investigate ion channel function during exocytosis™ . These techniques are ideal for
monitoring how ion channels function during the exocytotic process.

Electrophysiological techniqgues have yielded a wealth of information, including the

discovery of new types of calcium and potassium channels associated with
. 119 . . . . . .
exocytosis™ . However, these techniques do not yield direct information about the time

course and quantal size of individual exocytotic events. Over the past 20 years,

electrochemical methods, including amperometry and fast-scan cyclic voltammetry,

. . . L . 38, 120-
have (Figure 1-6) become an important tool for the investigation of exocytosis

121
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Ideally, one would like to measure dynamic changes in neurotransmitter
concentration in a single neuroeffector junction. However, this is not possible due to the
small size (nm). Carbon fibers are typically used for these measurements for their
relatively small probe size (1-10 ym is common) and their biocompatibility. Use of these
small recording microelectrodes enables one to dynamically measure changes in
neurotransmitter concentrations in the extracellular fluid surrounding neurons or
secretory cells. Electrochemical measurements also offer good sensitivity for
electroactive neurotransmitters, high temporal resolution (us) and good response
reproducibility if the microelectrode preparation is well controlled. Additionally,
electrochemical measurements offer some selectivity for the neurotransmitter being
detected by virtue of the formal redox potential of the molecule. In other words, if
different neurotransmitters undergo redox chemistry at different potentials, then this can

be used as a means to identify the molecule being detected.

NE and EPI are part of the catecholamine family. This family of molecules
contains an oxidizable hydroquinone group via a reversible 2-electron/2-proton redox
reaction. By taking advantage of the electroactive nature of these molecules, one can
monitor real-time secretion via electrochemical detection if a sufficient voltage is applied

for oxidation.

23



CAs,, CAs,

O
@
O
>
O
©
e
-
)
——
O
(al

CAsre:d CAsre:d

©
D
Q.
o
<
.0
-
C
O]
]
O
(a
r—
-
4y}
]
W
-
o
O

Figure 1-6. Differences between continuous amperometry and FSCV. The current
measured in amperometric measurements is often diffusion limited (A). Either and
oxidation or reduction reaction is used for analyte monitoring. There is no recycling of
the molecule between oxidation states and a depletion layer extends from the electrode
surface out into the solution. For this reason, amperometry is an excellent technique for
monitoring rapid transient changes in neurochemicals of known identity. In FSCV, the
analyte is cycled between the oxidized and reduced states of the molecule (B). If the
scan rate is relatively fast, then no significant depletion layer develops near the
electrode.

1.9.1.1 Continuous Amperometry

Continuous amperometry is an electrochemical technique in which a constant
potential is applied to a working electrode. Amperometric measurements utilize a
reference electrode, counter electrode and microscale working electrode. The current
response is monitored as a function of time. Dynamic changes in current are reflective
of transient changes in analyte concentration near the electrode. For a redox reaction

under pure diffusion control, the time-dependent current response is given by the
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Cottrell equation (Equation 1-1) where the variables are n (number of electrons
transferred), E (Faraday’s constant), A (electrode area), D, (diffusion coefficient), C,

(analyte concentration), t (time in s).

. nFAD.’C,
I(t) = JETERTE
Equation 1-1

Amperometry is a useful analytical tool due to its high temporal resolution (us)
and low limits of detection (fM) which allows for the detection of small amounts of

catecholamines released over millisecond time spans during exocytosis from chromaffin

38 . L . . .
cells”". The technique has been employed for in vitro work to investigate a variety of

biological questions. For example, amperometry was a critical tool for initial

38, 40-41

investigation of exocytosis in model systems These studies provided the first

evidence of different modes of exocytosis, including the kiss-and-run theory which

provided insight into how vesicles merge with the cell membrane and then secrete their

122 ) ) .
contents” . Amperometry has also been used to investigate neurotransmission in a

number of different tissues including blood vessels, chromaffin cells, neurons in the

. 50-51, 123-127
brain, and many more :

1.9.1.2 Fast-Scan Cyclic Voltammetry
Fast-scan cyclic voltammetry (FSCV) is a potential sweep method in contrast to
amperometry which is a fixed potential method. By recording a cyclic voltammogram,

molecules can be identified based on their half-wave potential. As mentioned,
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chromaffin cells can secrete both NE and EPIl. A technique such as amperometry
oxidizes (or reduces) any molecules that have a half-wave potential below the potential
being applied. Amperometry is useful for investigation of secretory kinetics due to its
high temporal (us) and spatial (um) resolution. Amperometry is not an ideal technique
for identifying the molecules secreted during an exocytotic event. Signal detected via
amperometry can be a combination of the oxidation of multiple molecules, such as NE
and EPI. In order to identify the contents of exocytotic events, voltammetry at high scan
rates can be used, which is commonly referred to as FSCV. FSCV provides good
temporal resolution (ms) with the same spatial resolution as amperometry. However,
the key difference between the two techniques is that by scanning the potential NE and
EPI can be differentiated based on their molecular structure. Both molecules have an
oxidizable quinone structure, however only epinephrine has a secondary amine
structure. These two structures are oxidized at different potentials, with the quinone
being oxidized near 0.600 V and the secondary amine being oxidized near 1.425 V
(both cases vs. Ag/AgCI, Figure 1-7). Oxidation of the quinone and secondary amine
give rise to two distinct oxidation waves in a voltammetric measurement. Many groups
have used FSCV to identify and quantify electroactive molecules secreted from cells
and nerves. For example, Wightman et al. provided initial evidence for profiling bovine

chromaffin cells and determined that cells were differentiated into primarily NE or EPI

secreting cells4 Ewing et al used FSCV to probe single PC12 cell exocytosis

. . 128-129
using microelectrode arrays . The Mathews group has also used fast-scan

, . . : 130
voltammetry to characterize dopamine receptors in the mouse striatum™ . Fast-scan
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voltammetry provides real-time identification for secretory events from normotensive
and hypertensive chromaffin cells, which will provide a profile on any alterations that

might occur in the secretion ratio in DOCA-salt hypertension.

OH OH
N N
SR _-2e5 -2HY, ~R
HO O
OH o)
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\R -2e’, -2H+\ Z \R
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o) o)

Figure 1-7. Oxidation mechanisms for identification of NE and EPI. Oxidation of NE

(R=H) and EPI (R=CHg3) to their quinone form is a two electron process that occurs near
0.6 V vs. Ag/AgCI (A). Only EPI has a secondary amine that can also be oxidized
through a two electron process resulting in the formation of a non-reversible imine (B).

Presence or absence of the amine oxidation allows for the identification of secretory

. 121
events as resulting from release of NE or EPI" .

1.9.2 High performance liquid chromatography

One of the oldest techniques for identifying neurotransmitters released
chromaffin cells in urine or blood samples is high performance liquid chromatography
(HPLC). HPLC works by separating molecules based on their polarity and size. Initial

work used urine, blood or tissue samples to determine the levels neurotransmitters and
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83, 131-132

their metabolites HPLC has low limits of detection and can separate a wide

variety of molecules. However, the lack of real-time analysis makes HPLC a poor
option for investigating the kinetics of neurotransmission in adrenal tissue. HPLC does
allow for quantification of tissue levels for NE and EPI, which is why it will be used for
determining how DOCA-salt hypertension affects full tissue levels in adrenal medulla of

normotensive and hypertensive rats.

1.10 Microelectrode Materials and Construction
1.10.1 Carbon Fiber Materials and Fabrication
Graphitic carbon has been vigorously studied due to its low cost, wide potential

window, relatively inert electrochemistry, and electrocatalytic activity for a variety of
. 133 e - , .

redox reactions™ . Of specific interest to this dissertation are carbon fibers. Some

carbon fibers possess a microstructure consisting of radially aligned graphite sheets

which are very disorganizedl34'135 (Figure 1-8 A). Disorganization leads to surface

. . . 133
oxides being present on the surface of the majority of carbon surfaces” . These

surface oxides can lead to an adsorptive effect for positively charged analytes. For in

vitro measurements of NE and EPI, which are cationic neurotransmitters, oxide
. . 136-138 . .
functional groups promote adsorbtion . Oxide functional groups prefer the

disordered edge plane of graphitic carbon which implies a highly disorganized electrode

. , . . 133
material would greatly benefit catecholamine detection
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Previous group work has investigated two types of carbon fiber for

norepinephrine detection, which are the T-650 and the P-55 carbon fibers produced by

CYTEC industries33. This group investigated the effects of various agonist and

antagonists on norepinephrine detection for the two fiber types. No other
characterization was performed however, which will be necessary for detecting the
small amount of catecholamines (attomole levels). Thus, the requirement for a highly
disorganized carbon structure is needed in order to promote a high percentage of

absorption onto the electrode surface.

To accomplish this goal, electrodes will be fabricated similarly to Wightman et al

in a disk-shaped mannarlgg. The disk-shape leads to an electrode surface with high

signal to background, which is ideal for discerning individual secretory events from one
another. Raman spectroscopy and electrochemistry was used to characterize the two
fiber types and to provide a set of quality-control values for identifying superb electrodes

to be used for in vitro studies. Raman spectroscopic characterization of carbon

133, 140

materials is well known The organization of the carbon microstructure, in the

simplest definition, can be determined by the intensity of Raman bands found at 1360

cm® and 1582 cm™t respectively. The 1360 cm® is associated with the breakdown of
symmetry in the graphite lattice, where the 15820m'1 is associated with the stretching of
the graphite lattice. For these reasons the 136Ocm'1 is often referred to as the “D”

(disorganized) band and the 15820m'1 is known as the “G” (graphite) band. The ratio of
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. ... 140 .
these two peaks can be used as a measure of lattice organization™ . Electrochemical

investigation using voltammetry can provide insight into the electron-transfer kinetics
and relative cleanliness of the electrode surface. By using two surface sensitive redox
systems, potassium ferrocyanide and norepinephrine, limiting currents and half-wave
potentials can be obtained which will provide quality-control values for determining if

electrode fabrication was successful or not.

A

A i B
| Jo=
Edge i .
Plane I
v
—>
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Figure 1-8. Lattice shapes for sp2 and sp3 carbon. Graphite forms overlapping sheets
(A), which are layered in a radial structure for carbon fiber electrodes. Surface oxides
form preferentially along the edge plane of graphite. A basic diamond lattice is shown
which describes the first (black spheres) and displaced (grey spheres) lattices.

1.10.2 Diamond Film Enhancement Using a Novel Nucleation Process
Another carbon material often used for electrochemistry is boron-doped diamond
(BDD). BDD microelectrodes are formed by depositing films onto a metal wire

substrate. Diamond electrodes offer exceptional microstructural stability over a wide

. . . . 141
range of potentials, are electrically conductive and exhibit a low background current™ .

Furthermore, molecular adsorption, particularly polar molecules, is generally weak on
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the hydrogen-terminated diamond surface. Compared to carbon fibers, diamond
generally offers improvements in response reproducibility, limit of detection and
response stability. The electron-transfer kinetics for a number of redox systems are
similar for diamond and activated carbon fiber microelectrodes. However, the kinetics

for NE and EPI oxidation are more sluggish on diamond as compared to carbon
. 33 . . . . . 3

fibers”. Diamond is a unique carbon substance that is comprised of a sp~ bonded
carbon lattice (Figure 1-8 B). In the past 20 years, synthetically made diamond films

. L 142 .
have become a material of high interest and have been utilized to measure

. - . .3 6 . .
sympathetic neuroeffector transmission at arteries and veins along with nitric

. . . ... 143 -
oxide release in guinea pig illeium™ . Within our group, we have created BDD

41, 144

o1 , " .
electrodes for use in vitro The electrodes were fabricated by depositing thin

. , , . . . " 145 .
diamond films onto platinum wires using chemical vapor deposition (CVD)™ ~. Diamond
is an ideal electrode material for biological use due to its low background signal, high

. . - , . . . 141 .
chemical stability and minimal adsorption of biological species™ . This protocol has led
to a number of discoveries regarding neurotransmitter function in DOCA-salt

hypertension3 26, however the key drawback of BDD electrode fabrication is the

lengthy time required. Tachibana et al. found that diamond grows heteroepitaxially on

, 146 . . o
platinum substrates™ ~. To increase the growth rate in our group’s fabrication protocol,

platinum substrates are sonicated in a diamond seeding solution. These diamond

seeds provide initial deposition sites for film growth. Even with this seeding however,
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continuous diamond film coverage requires 8-10 h of deposition time. It has been

shown diamond growth rate can be increased by first depositing an amorphous carbon

, , . 147 . L
film onto a substrate prior to seeding” . Adding this initial step should reduce the

growth time required to deposit a continuous film on our platinum wires. Further
investigation will determine if films grown in this manner have ideal characteristics for in

vitro biological work.

1.11 Research Objective and Specific Aims

Sympathetic nerve control of vascular tone is altered in DOCA-salt

37, 126, 148-150

hypertension Previous work from our group showed that (i) there is

greater NE availability at sympathetic neuroeffector junctions in this model of

hypertension due, in part, to impaired prejunctional a2-AR and NET function, and (ii)

33, 36

that this impairment is due, in part, to oxidative stress and inflammation What

could not be determined in the prior work is if vesicular storage and exocytosis is

altered.

To this end, research was conducted using a model system, adrenal medullary
chromaffin cells, to determine if the neurotransmitter release mechanism in sympathetic
nerves is altered in the DOCA-salt model of hypertension. Electrochemical
measurements were made to study the exocytosis mechanism using single adrenal
chromaffin cells isolated from Sham and DOCA-salt hypertensive rats. It was

hypothesized that a greater number of secretory events with more rapid release

32



kinetics would be found for chromaffin cells isolated from DOCA-salt rats than
from cells isolated from Sham controls. It was also hypothesized that the
impairments in exocytosis are linked to oxidative stress and inflammation. The

work consisted of four aims:

Specific Aim 1: Fabricate and characterize carbon-fiber disk electrodes and BDD
electrodes deposited using a novel nucleation process to be used in the single
cell measurements.

la. Work out the protocols for preparing reproducibly behaved carbon-fiber disk
electrodes for use in the single cell measurements. 1b. To characterize the material
properties and electrochemical performance of the disk electrodes. 1c. To implement a
novel nucleation process to improve the initial nucleation density for depositing boron-
doped diamond thin films on sharpened Pt wires. These microelectrodes are most

practical for measurements at in vitro blood vessel preparations.

Specific Aim 2: To measure catecholamine secretion from single Sham and
DOCA-salt chromaffin cells isolated in culture and to determine if altered
catecholamine release is related to impaired potassium channel function.

2a. To use continuous amperometry to monitor individual secretory events and
secretion profiles from Sham and DOCA-salt chromaffin cells evoked by a chemical
stimulus. 2b. To determine if the release frequency and kinetics are altered in DOCA-
salt chromaffin cells. 2c. To measure catecholamines (NE and EPI) and their

respective metabolite levels in adrenal glands using HPLC to determine if there are any
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changes in whole tissue levels (i.e., metabolism) in DOCA-salt hypertension. 2d. To
use pharmaceutical approaches to determine the types of potassium channels

expressed by these chromaffin cells and to identify which subtype might be impaired.

Specific Aim 3: To determine in the altered catecholamine release in DOCA-salt
cells is linked to oxidative stress and inflammation and or to altered calcium
handling.

3a. To compare and contrast calcium handling in Sham and DOCA-salt
chromaffin cells using fluorescence spectroscopy with calcium-sensitive fluorescent
probe, fluo-4. 3b. To probe for oxidative stress effects at the chromaffin cell level by
administering the NADPH oxidase inhibitor, apocynin, to Sham and DOCA-salt rats over
a 4-week period. Prior work showed that administering this drug over a 4-week period
lowers blood pressure and super oxide levels in sympathetic nerve terminals of DOCA-

salt rats.

Specific Aim 4: To use fast-scan cyclic voltammetry to determine if there is any
difference in the ratio of NE to EPI released from DOCA-salt chromaffin cells.

4a. To use fast-scan cyclic voltammetry to qualitatively identify NE and EPI —
containing vesicles and to quantify the ratio of these neurotransmitters released from

DOCA-salt cells as compared to Sham controls.
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Chapter 2

Experimental Section

2.1  Carbon Fiber Electrode Characterization
2.1.1 Raman Spectroscopy

Raman spectroscopy was used to probe the carbon fiber microstructure. Raman
spectra were obtained using a Raman 2000 instrument (Chromex, Albuquerque, NM),
equipped with a 50-mW Nd:YAG laser (532 nm line). The laser beam was focused to a

spot approximately 5 um diameter, which results in an estimated power density of ca.
2 . . . . .
150 kW/cm™~. Spectra were obtained using a 10 s integration time. The spectrometer

was calibrated using 2-acetyloxybenzoic acid (aspirin). Figure 2-1 shows a Raman

spectrum of the T-650 carbon fiber used for the electrochemical recordings. Two peaks

are observed, one at 1380 cm'1 and another at 1582 cm'l. The peak at 1360 cm'l,

also known as the “D” (disorder) band, is attributed to a breakdown in the symmetry in

133, 140

the graphite lattice and the resulting effect on Raman selection rules . This peak

is due to the less ordered carbon within the microstructure. On the other hand, the peak
at 1582 cm'l, also known as the “G” (graphite) band, is due to the single crystal E24
phonon from graphite Iattice14o. These two peaks are characteristic of a disordered

microstructure with a high fraction of exposed graphitic edge plane, such as carbon

.. 133 . . . . .
fiber . An ideal electrode for catecholamine detection will have a high level of
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disordered carbon, as these edge plane sites serve as sites for catecholamine

. . 138, 151
adsorption, which promotes electron transfer :
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Figure 2-1. Raman spectrum of a T-650 carbon fiber. Two peaks are found from the
T-650 carbon fiber seen at 1360 cm (D band) and 1582 cmt (G band).

2.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to probe the morphology and
shape of the polished electrodes. Images were obtained using a JEOL 6400V electron
microscope equipped with a LaBes emitter (Tokyo, Japan). Electrode tips were carefully
removed using a fine pair of scissors and attached to a specimen stub via carbon tape
(SPI Supplies, West Chester, PA). Carbon ink (SPI Supplies, West Chester, PA) was

used to make electrical connection between the glass capillary and the substrate stage.
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As shown in Figure 2-2, polished electrodes have an elliptical shape. The image was
taken at a 4,300x magnification, 10 kV SEI (secondary electron imaging) and a WD

(distance from lens to sample surface) of 9.3 mm.

Carbon Fiber

Figure 2-2. Scanning electron micrograph of a polished carbon fiber disk
microelectrode. The image is a polished carbon fiber disk electrode after exposure to
fast-scan voltammetric experiments. It can be seen that there is a gap between the
carbon fiber and the glass capillary, most likely due to etching of the carbon fiber during
the high scan rate and applied potential. The image was obtained under the following
conditions: 4,300x magnification, 10 kV SEI and a WD of 9.3 mm.

Unfortunately, SEM was not a high priority for characterizing carbon fiber
electrodes early in the research process. SEM images were only obtained to determine
the effects of FSCV on the construction integrity. The images verify the oval shape of
polished electrodes. The carbon etching (i.e. corrosion) results at the positive potentials

used in the FSCV experiments.

2.1.3 Electrochemical Characterization
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Cyclic voltammetry was used to determine the surface area for individual
microelectrodes, to check for cracks in the epoxy seal and to ascertain the level of
surface cleanliness. The physical, chemical and electronic properties of an electrode
can all influence the electrode reaction kinetics and mechanisms for a redox system. All
voltammograms were obtained using CHI potentiostats (CHInstruments, Inc., Austin,
TX). A three electrode system was employed consisting of a carbon fiber working

electrode, a platinum counter electrode and an in-house fabricated Ag/AgCI reference

electrode, potassium ferrocyanide (K4Fe(CN)g) and NE were used as test probes for

the electrochemical characterization. Both molecules undergo electron transfer through

. 133 .
a so-called inner-sphere pathway . Inner-sphere electron transfer is often referred to

as surface sensitive redox systems. In other words, inner-sphere redox system’s

electron transfer rates depend of the condition of the surface (microstructure, debris,

etc...). The key differences between the two redox probes is that Fe(CN)e,'?’/'4 does not
require adsorption to the electrode surface as where NE doe5133. Therefore, surface

. . . . 152 .
cleanliness is an important parameter affecting the electron transfer rate™ . Figure 2-3

shows the cyclic voltammograms for polished carbon fiber microelectrodes in the

presence of 100 uM KsFe(CN)g (A) and NE (B), respectively. These voltammograms

were recorded at 100 mV/s. Both voltammograms exhibit a limiting current. The

sigmoidal curves indicate that steady-state mass transport rates are achieved for both

compounds. The half-wave potentials, E1/2, are 138 mV and 270 mV, respectively. The
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curves’ shape, in particular the E1/2 values, indicate that the microelectrodes are clean

and exhibit relatively rapid electron-transfer kinetics for both dissolved redox species.
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Figure 2-3. Cyclic voltammograms for carbon-fiber microelectrodes exposed to for
ferrocyanide and norepinephrine. Cyclic voltammograms are shown for 100 uM
ferrocyanide (A) and NE (B). Both voltammograms have a mass-transfer limited current
at higher potentials. This indicates that the electrode’s current response is limited by
the rate at which molecules diffuse to the electrode surface.

The Ey/2 for KgqFe(CN)g is near 275 mV and for NE is near 190 mV, which are both in

. . . . . 33,153
agreement with previous work done in our group for this carbon fiber :

2.2 Sham and DOCA-salt Rat Preparation and Surgery

All biological experiments were performed using male Sprague-Dawley rats, 250-
275 g (Charles River Laboratories, Ml). All protocols were approved by the Michigan
State University Committee on Animal Use and Care. Rats were housed 2-3 per cage
in a temperature- and humidity-controlled room. They were exposed to a daily 12-h
light/dark cycle and given free access to standard laboratory rat chow (8640 Rodent
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Diet; Harlan/Teklad) and water. Briefly, the rats were anesthetized and underwent a
uninephrectomy to remove their left kidney. Sham animals were stitched up and placed
back in their cages. DOCA-salt rats were prepared by implanting a DOCA-salt pellet
subcutaneously, producing a dose of 200 mg/kg (body weight). Animals were allowed
to recover for four weeks before experiments. At the time of experiment, the animals
were euthanized with a lethal pentobarbital injection (100 mg/kg, i.p.) and the adrenal
glands were removed through the abdomen via laparotomy. The gland was
immediately placed into cold HEPES buffer for dissection. The adrenal medulla was
dissociated, as more fully described in section 2.5, and single cells were deposited on to

coverslips for microscopy or electrochemical investigation. The full surgical procedures

. . . . 34-35, 149
and post-operative treatments have been described in detail elsewhere :

2.3 Superoxide Measurements

For investigation into the affects of superoxide on adrenal chromaffin cell
function, rats were prepared as described in section 2.2. Sham and DOCA-salt rats
were split into two groups each. For Sham rats, one group received tap water
supplemented with 2 mM apocynin and the other received only tap water. Apocynin
inhibits the superoxide generating enzyme NADPH oxidase. The same protocol was
implemented for DOCA-salt rats, where one group received high salt-water
supplemented with 2 mM apocynin and the other was left on just high salt water.
Treatment began two days following surgery and continued until sacrifice four weeks

later. Blood pressures for rats were recorded the week of experiments.
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2.4  Cell Isolation

For chromaffin cell isolation, coverslips that were to be used for cell plating were
autoclaved. Autoclaved coverslips were placed in small petri dishes (3 coverslips per
petri dish, 2 petri dishes total). Each petri dish was filled with 3 mL of poly-D-lysine for

cell adhesion and placed under UV light for 10 min. After UV light exposure, the petri

dishes were placed in an incubator set at 37 °C with a 5% CO2/0O2 atmosphere content

for 30 min. The poly-D-lysine was then removed from the dishes and replaced with 3

mL of Locke’s buffer (154 mM NaCl, 3.6 mM KCI, 5.6 mM NaHCO3, 5.6 mM glucose,

and 10 mM Hepes buffer, pH 7.2), which had been previously filtered through a Millipore
disposable vacuum filtration system. The Locke’s buffer was then swirled in the petri
dishes for 2-3 min and then removed. Coverslips were covered and left at room
temperature until the day of surgery. Coverslips were prepared in batches large enough

for two weeks worth of cell isolations.

Male Sprague Dawley rats were anesthetized with 50 mg/kg pentobarbital. A
laparotomy was used to gain entrance into the stomach cavity. Both adrenal glands
were located and removed, and placed in an ice-cold Locke’s buffer. The adrenal
glands were then placed into a large dish and pinned in place inside a sylgard
elastomer. The fat and connective tissue were then carefully removed. The cortex was
carefully trimmed away to reveal the adrenal medulla. The adrenal medulla was then
placed in a vial containing 6 mL Locke’s buffer containing 12 mg collagenase type | and
24 mg Bovine Serum Albumin. Exposure to collagenase is a critical step in the cell
culture procedure. Care must be taken to keep the exposure time and physical
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agitation constant. This solution is then placed in a 37 °C water bath for approximately

29 min. After 10 and 24 min respectively, careful and gentle agitation was applied to
the medulla through flame-etched glass pipettes. The medulla was gently moved in and
out of the pipette in order to help break the tissue apart. After 29 min, the vial was

centrifuged for 5 min at 120 g. The collagenase solution was then removed and

replaced with warm (37 °C) Locke’s buffer. The vial was placed back in the centrifuge

for another 5 min at 120 g. This step was repeated a second time. After the second

centrifuge in Locke’s buffer, the solution was removed and replaced with warm (37 °C)

Dulbecco's Modified Eagle Medium (DMEM) solution supplemented with 5% Fetal
Bovine Serum, 50 IU/mL penicillin and 50 pg/mL streptomycin. The vial was then
placed on a cyclone briefly to re-suspend the cells in solution. The cell suspension was
transferred to a 1 mL plastic pipette. Two to three drops were placed on each coverslip,
which was then placed back in the incubator for 30 min. After 30 min, the petri dishes
were removed and filled with 3 mL of warm DMEM and placed back in the incubator for

2-3 h.

2.5 High Performance Liquid Chromatography
High performance liquid chromatography was used to determine catecholamine
and metabolite levels from adrenal medulla isolated from Sham and DOCA-salt rats.

After removing both adrenal glands from an animal, the adrenal medulla was isolated by

carefully trimming away the cortex of the gland. The medulla was snap frozen at -80 °C

until time for measurement (< 2 weeks). The frozen medulla (2 medulla were used for
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each rat) were weighed and placed into 0.1 M perchloric acid. For both Sham and

DOCA samples, the tissue was homogenized using an OMNI TH-01 homogenizer with

a5 mm blade. This was followed by centrifugation at 13,520 g for 10 min at 4 °C. The

resulting supernatant was then collected and passed through a 30 kD filter and re-
centrifuged. The centrifugate was analyzed immediately afterward by HPLC-EC
(electrochemical detection) for catecholamine and metabolite levels. 10 pL of the
supernatant was directly injected onto a reversed-phase column for separation using an
autosampler. The analysis was accomplished using a commercial HPLC system (ESA

Biosciences, Chelmsford, MA) that consisted of a solvent delivery module (model 584),

an autosampler (model 542) with sample cooling to 4 °C and a coulometric detector

(Coulochem Il1). The detector was equipped with a 5021A conditioning cell (electrode I)
and a 5011A high-sensitivity analytical cell (electrode Il and Ill). An HR-80 (C18, 3 um
particle size, 80 mm length X 4.6 mm ID) reversed-phase column (ESA Biosciences)
was used for the separation. The mobile phase was a commercial Cat-A-Phase Il (ESA

Biosciences) that consisted of a proprietary mixture of acetonitrile, methanol, phosphate

buffer and an ion-pairing agent (pH 3.2). The separation was performed at 35 °C using

a mobile phase flow rate of 1.1 mL/min. Quantification was achieved using external
standards and creating a calibration curve for analytes of interest. No internal standard
was used due to the fact that there was no extraction performed on the medulla tissue.
HPLC data are presented as the mass of the molecule detected (ug) normalized to the

mass of the frozen adrenal medulla (g).
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2.6  Microscopy
2.6.1 Dopamine-Beta-Hydroxylase and Vesicular Monoamine Transporter

Staining

For all microscopy experiments, coverslips plated with isolated adrenal
chromaffin cells were used as described in section 2.4. Initial work focused on verifying
that the isolated cells were catecholamine-containing cells from the adrenal gland.
Cover slips, plated with cells, were placed in staining trays containing 1 mL of
phosphate buffered saline (PBS) to wash away cell culture media. The PBS was then
immediately replaced with 1 mL of Zamboni fixative (15% picric acid, 5.5%
formaldehyde, 79.5% PBS) and cells were fixed at room temperature for 20 min. The
fixative was washed away with fresh PBS and was replaced with 300 uL of blocking
serum (5% goat serum in 95% Triton PBS (1% Triton-X, 99% PBS)). Blocking serum
was left for 1 h at room temperature with primary antibodies (1:200 dilution) raised
against a rabbit polyclonal dopamine-B-hydroxylase (DpH, SC-15318, Santa Cruz
Biotechnology) or a mouse monoclonal vesicular monoamine transporter (VMAT1, SC-

166391, Santa Cruz Biotechnology). Cells were incubated with the primary antibody

overnight at 4 °C. The following day, the cover slips were washed at 5 min intervals

with PBS. Cells were then incubated with a secondary antibody for 1 h. The secondary
antibody for DBH staining was goat anti-rabbit 1gG conjugated to fluorescein
isothiocyanate (FITC, Jackson ImmunoResearch, West Grove, PA) at a final dilution of
1:40 (v/v). Goat anti-mouse Cy3 (Cyanine Dye 3, Jackson ImmunoResearch, West
Grove, PA) was used to localize VMATL1 at a final dilution of 1:200 (v/v). Cover slips

were then washed at 5 min intervals, removed from the staining wells and placed on
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glass slides. Images were obtained using laser scanning confocal microscope (TCS SL
Leica Microsystems, Bannockburn, IL). The excitation wavelength for FITC was 488 nm
and 550 nm for Cy3. Emission wavelengths for FITC and Cy3 are 525 nm and 568 nm,
respectively. The fluorescence intensity was analyzed offline using Image-Pro Plus 2
software (Media Cybernetics, Inc. Bethesda, MD). Figure 2-4 shows confocal

microscopic images of DBH (A) and VMAT (B) and as an overlaid image (C).

Overlay

Figure 2-4. Fluorescence microscopy of isolated chromaffin cells. Dopamine beta-
hydroxylase (DBH, A) and the vesicular monoamine transporter (VMAT, B) were stained
for immunocytochemical imaging. DBH is the precursor for NE synthesis and VMAT is
the transporter responsible for packaging catecholamines into chromaffin vesicles. An
overlay of the DBH and VMAT staining is shown in C. The presence of DBH and VMAT
in the isolated cells provides evidence that cells have machinery for catecholamine
synthesis and packaging, suggesting they are adrenal chromaffin cells.
2.6.2 Calcium Imaging

Chromaffin cells were plated onto coverslips as previously described. After
allowing cells to adhere for 2-h, coverslips were placed in a 35 mm petri dish containing
2 mL of OPTI-MEM 1 + GlutaMax-1 (Gibco 51985), 2 uL of fluo-4 AM (Invitrogen

F14201) and 10 pL of Pluronic F-127 (Invitrogen P6866). Cells were incubated in the

fluo-4 AM solution at 37 °C with 5% CO,/O> for 30 min. After incubation, coverslips

were placed into a flow bath mounted on a scanning laser confocal microscope, the

same one used for the DBH and VMAT studies. HEPES buffer (150 mM NaCl, 5 mM
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KCI, 2 mM CaClp, 1 mM MgCl2, 10 mM Hepes and 12 mM Glucose) was flowed

through the bath using an automated flow control.

To stimulate calcium flux into the cells, 1 mM acetylcholine (ACh) or 70 mM K+,

both in HEPES solution, were flowed through the bath. Fluo-4 AM fluorescence was

captured at 488 nm using a “xyt” collection mode for 60 frames over a 4 min time span.

After the first 5 frames, which were used as the background, ACh or K" were flowed

through for 30-40 frames and then switched back to HEPES buffer to start washing out
the stimulant. A fluorescence profile over time was created by normalizing the signal

intensity to the first 5 frames of each experiment.

2.6.3. Dihydroethidium Staining
Dihydroethidium (DHE) was used to stain for super oxide (O2). Similar to the

other staining protocols, chromaffin cells were plated onto coverslips. Coverslips were
placed into wells of a 24-well plate. Two coverslips from Sham and DOCA animal
controls and two coverslips from a Sham/DOCA animals treated with apocynin were

used for each experiment. All four wells were filled with 2.5 mL of Krebs-Ringer-Hepes

(KRH) buffer (130 mM NacCl, 1.3 mM KCI, 2.2 mM CacClp, 1.2 mM MgSO4, 1.2 mM
KH2POy4, 1.0 mM HEPES, 0.09 mM Glucose). Two of the wells also contained 5 pL of

DHE (10'3 M). 2 coverslips from the non-drug treated and treated animal were run in

parallel. A cartoon depicting the set-up is shown below in Figure 2-5.
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A = Sham/DOCA

B = Sham/DOCA with DHE

C = Sham/DOCA treated with apocynin

D = Sham/DOCA treated with apocynin with DHE

Figure 2-5. Dihydroethidium staining protocol. Coverslips with adhered chromaffin cells
were placed into wells containing Krebs-Ringer-Hepes buffer (A & C) or buffer and the
superoxide probe dihydroethidium (DHE) (B & D).

Coverslips were left in the wells containing KRH buffer (both non-DHE and DHE

containing buffer) for 30 min at 37 OC and 5% CO»/O». After incubation, the coverslips

were mounted on microscope slides with a small drop of fluoromount G. Fluoromount G
is used to reduce fluorochrome quenching during microscopy. Slides were placed
under the same confocal microscope used for the other imaging studies. Images were
taken for both non-apocynin treated and apocynin treated cells on the same day without
changing any experimental conditions between the groups. This allowed for the

normalization of the apocynin treated cells to the non-apocynin treated group.
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2.7 InVitro Electrochemical Measurements
2.7.1 Amperometry
All continuous amperometric experiments were set-up in the same general manner. To

start, coverslips were placed in a homemade flow cell which had HEPES buffer (150

mM NaCl, 5 mM KCI, 2 mM CaClz, 1 mM MgCly, 10 mM HEPES and 12 mM Glucose)

perfused through it. An Ag/AgCl (ESA Biosciences Inc, 66-EE009) reference electrode
and a platinum wire counter electrode were placed inside the flow cell to complete the
three-electrode circuit. Cells were found visually through an Olympus inverted
microscope. After visual inspection to find a viable cell, a small glass capillary
(containing a chemical stimulant), previously pulled on a capillary puller, and a carbon-

fiber microelectrode were positioned for experimentation through the use of two

. . 154 . .
micromanipulators” . The glass capillary was used as a delivery system for the

stimulating drug, acetylcholine or high-potassium, using a pressurized N2 burst that was

controlled by external hardware (picospritzer Il, General Wave Corporation). The
capillary was positioned near the cell approximately 20-30 um away. A pressurized
pulse of nitrogen gas expels the stimulant onto the cell. This delivery system controlled
the length of time and pressure used to apply the drug (hence the concentration or
amount of drug delivered). The volume of stimulant was not determined; however a

single capillary was used through a set of experiments to maintain consistency. The
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Figure 2-6. Cartoon depicting the electrochemical set-up for in vitro measurements. (A):
Chromaffin cells are placed into a flow bath containing HEPES buffer (pH = 7.4). A
carbon fiber electrode (0.600 V vs. Ag/AgCl) is placed in contact with a chromaffin cell
and the electrical cell is completed using a platinum wire as the counter electrode and a
Ag/AgCI reference electrode. Cell secretion is stimulated using acetylcholine or high
potassium and secretion is monitored as an oxidation current offline via AxoScope
software. (B): A magnified view of the electrode near a chromaffin cell. Acetylcholine or

high potassium is delivered to the cell via a pressurized nitrogen burst.
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recording microelectrode was connected to a potentiostat (Omni-90, Cypress Systems)
poised at an anodic potential of 0.60 V versus the Ag/AgCI reference electrode. A 60
Hz filter was connected between the potentiostat and the DC amplifier in order to
remove electrical noise. Data were presented on a Dell personal computer using
Axoscope software. Figure 2-6 A shows a representation of the experimental set-up

and Figure 2-6 B provides a zoomed in view near the cell.

The catecholamines released were measured as an oxidation current versus
time. As catecholamines are secreted from the chromaffin cells, a resulting current
“spike” occurs in the oxidation current-time profile. These spikes can yield a variety of
information including the amount of catecholamines released per event and the kinetics
of the release event. This information was used to determine if changes secretion occur
in DOCA-salt hypertension. An example of the current spikes is found in Figure 2-7

along with the different criteria used for kinetic and quantal release assessment.

10-90% Rise Time
Max Rise Slop

Width at
Half Amplitude

0

(Charge)

Figure 2-7. Individual current spike analysis representing an individual secretory event.
The spikes were analyzed for the max rise slope and rise time between 10-90% of the
generated oxidation current, half-width and quantal charge (Q).
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2.7.1.1 Control Measurements and Initial Investigation of DOCA-salt hypertension
Initial measurements using chromaffin cells consisted of simply placing the

electrode in contact with the cell, positioning the pulled capillary containing either ACh

or K+, and applying a 2 s burst of 1 mM ACh. In order to determine if the signal that

was being detected was real, hexamethonium and calcium-free buffer were used as

controls.

Hexamethonium is a nAChR antagonist. It works be binding to the nAChR, thus

blocking ACh from activating the receptorlss. Thus, in the presence of hexamethonium,

secretion should be attenuated. Experiments were performed using Sham cells, in
which a group of cells was stimulated with 1 mM ACh and another group was stimulated
using 1 mM ACh in the presence of 100 uM hexamethonium. Calcium-free buffer was
also used for initial control experiments. External calcium is needed for catecholamine
secretion. Removing calcium from the physiological buffer should block any secretion

that might occur from stimulation.

2.7.1.2 DOCA-salt Hypertension Affects on Adrenal Chromaffin Cell Secretion:
Frequency and Kinetics
To probe how DOCA-salt hypertension affects the secretion patterns from

adrenal chromaffin cells, continuous amperometry was used to monitor secretion

evoked by 1 mM ACh or 70 mM K'. Acetylcholine is the physiological stimulant

. . . . 59
released by pre-ganglionic sympathetic nerves innervating the adrenal medulla™™. We
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used this drug to initially investigate the differences between healthy control chromaffin
cells and hypertensive cells. Differences found between Sham and DOCA cells could
be attributed to altered catecholamine release or a change in the nAChR expression or
activity. To rule out the latter possibility, high potassium was used to evoke

catecholamine release. Potassium stimulates secretion by directly depolarizing the cell

without the use of the nAChR58.

2.7.1.3 Potassium Channel Function

After a cell undergoes depolarization and begins to secrete catecholamines,
. . . . 156 .
potassium channels are responsible for re-setting the membrane potential”™ . This
process repolarizes the cell and effectively shuts-down secretion. For the potassium

channel studies, we used paxilline (BK channel blocker, 0.5 uM)gs, 4-aminopyridine

+ 97 . 96
(voltage-gated K channel blocker, 1 mM)~ ", apamin (SK channel blocker, 0.1 uM)™ ",
glibenclamide (ATP-sensitive K" channel blocker, 50 MM)94 and NS 1619 (BK channel

activator, 100 nM). The effects of the K" channel agonist and antagonists were

evaluated by measuring the S2/S1 ratio for which S2 is the oxidation current evoked by
the second ACh application in the presence of the drug relative to S1 which is the
oxidation current measured initially in the absence of drug. In each experiment, after
the initial recording (S1), a potassium channel drug would be applied through the flow
bath for 20 min. Following the 20 min application, a second recording was performed to

analyze receptor function in the presence on an antagonist.
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2.7.1.4 Reactive Oxygen Species Effects on Chromaffin Cell Secretion
Previous work by our group showed that reactive oxygen species (ROS) are

involved in the impairment of auto-receptors located on sympathetic nerves innervating

. 36 . , ,
mesenteric smooth muscle cells”". Since adrenal chromaffin cells are heavily

innervated by sympathetic neurons, it is possible their function is also impaired by
reactive oxygen species. Methods for how the apocynin was administered to the animal
and surgical preparations can be found in sections 2.2 and 2.3, respectively. An
apocynin treated and non-apocynin treated animal were sacrificed in pairs. This
resulted in two Sham or DOCA animals, a non-treated and treated rat, being sacrificed
on the same day. The animals were randomized so that on half the days a control
animal was sacrificed and tested first, and on the other half an apocynin-treated animal
was sacrificed and tested. This served to remove experimental bias form the results.
After the cells were plated onto their coverslips and allowed time to adhere, coverslips
were placed in the flow bath and set-up in a similar manner to the initial investigation of
chromaffin cells outlined in 2.7. Four cells were investigated for each animal using 1

mM ACh, with a carbon-fiber electrode being used for each new animal.

2.7.2 Fast-Scan Voltammetry

FSCV was used to expand our findings from the amperometric studies.
Specifically, the method was used to determine if the NE/EPI secretion ratio was altered
in DOCA-salt Amperometry is a fantastic tool for investigating temporal and quantal
changes in secretion between Sham and DOCA cells. However, amperometry provides

little specificity, as all molecules that are oxidizable at the applied potential will
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contribute to the detected current. As mentioned, the applied potential used for our
amperometric studies was 0.600 V vs. Ag/AgCl. At this potential, the quinone on both
NE and EPI (molecules shown in Figure 2-8 A & B) can be oxidized in a two-electron

reaction. Only EPI (Figure 2-8 A) has a secondary amine structure that is oxidized

around 1.425 V vs. Ag/AgCIlZl. NE is not oxidizable at this potential.

A) Epi OH B) NE OH

=1

NH,
(R) (R)

HO HO
OH OH

Figure 2-8. Molecular structure of epinephrine and norepinephrine. Both EPI and NE
contain a quinone group which is oxidizable near 0.600 V vs. Ag/AgCI under fast-scan
voltammetry conditions. Only EPI contains a secondary amine which is oxidizable at
higher potentials near 1.425 V vs. Ag/AgCI.

Electrodes were prepared for FSCV as detailed in section 3.2.1. Cover slips with

plated cells were placed in a flow cell containing Tris-HCI buffer (150 mM NacCl, 4.2 mM

KCI, 2 mM CacClp, 0.7 mM MgCl2, 50 mM Tris-HCl and 11.2 mM glucose) flowing at 2-3

mL/min. The flow cell was positioned on the stage of an inverted microscope for

monitoring the electrode positioning.  High K' (70 mM) was used to evoke

catecholamine release via a pressurized burst of N2 gas for 2 s (Picospritzer Il, General

Wave Corporation). Catecholamine secretion was recorded using a computer running
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TH-1 FSCV software (ESA Inc). FSCV was run at 600 V/s from 0.1 V — 1.5 V vs.
Ag/AgCI at a frequency of 60 Hz for a total time of 30 s. The signal was filtered through

a two-pole Bessel filter at 2 kHz.

Time (s)

%

00 50 100 15.0 20.0 25.0 30.0

Voltage

Time (s)

0 300 600 900 1200 1500 1600

Scan Number

Figure 2-9. 3D color-plot obtained via TH-1 software. Current-time traces and
individual cyclic voltammograms are obtained by selecting a potential (y-axis) and scan
number (x-axis) of interest (white cursor). Next, a background potential and cyclic
voltammogram are selected (blue cursor) to be subtracted from your signal of interest.
The software generates current-time traces for an individual potential and cyclic
voltammograms for a given scan number.

The TH-1 software creates current-time (i-t) traces for a particular potential, along
with the ability to select cyclic voltammograms (CVs) for a given time point. These data
are generated in a separate panel of the software in their background subtracted form.
Background subtraction is achieved by manually selecting a cyclic voltammogram (or
range) and potential within the 3D color-plot created after the completion of an

experimental run (Fig. 2-9). The background selected must be at a time point before
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cell stimulation and catecholamine secretion. By doing this, all the voltammograms at a
given potential (i.e. — 0.600 V vs. Ag/AgCI) will be normalized to the control signal,
which leaves the user with an i-t trace that is due to oxidation of the quinone on
catecholamines. Individual voltammograms can then be selected from the 3D color plot
and used to identify an event as either NE or EPI. Manually selecting the background
introduces bias, because the point selected as the background can influence the
amplitude of the signal generated thus leading to mislabeling current signals as NE or

EPI.

To remove this bias, an average i-t trace was created for the quinone and amine
peaks. The quinone i-t trace was generated by taking the average of i-t traces between
600 £ 50 mV, and the amine i-t trace was generated using the average between 1425 +
25 mV. These averages were put through a MatLab peak finding algorithm. The
algorithm converted the data into the second derivative of the input signal. In the
second derivative form, the signal will have a value of zero when the slope of the first
derivative (original data) is zero (Figure 2-10). Peaks are selected if the second
derivative signal has a slope of 0.03 for 5 consecutive data points and then the time
point where the second derivative crosses the y-axis at zero is marked as an oxidation

event.

If peaks were observed at the same time point for both the 600 and 1425 mV

average these peaks were identified as EPI, if peaks were only observed at 600 mV
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Figure 2-10. Data treatment for MatLab identification of individual peaks. Current-time
traces generated from FSCV experiments contain peaks associated with vesicular
secretion. Within individual peaks there is a rising (A), peak (B) and falling (C) part. For
peak identification, a MatLab algorithm converts the current-time signal into its second
derivative that still contains the original rising (A), peak (B) and falling (C) part of the
oxidation spike. In the second derivative the current initially increases along the rising
part of the spike (A) and then crosses the zero line at the oxidation peak (B). By setting
a minimum slope for the rising part of the second derivative, peaks can be discriminated
and identified at points where the second derivative crosses the zero line.

then they were identified as NE. Using the TH-1 software, we validated the MatLab
analysis using voltammograms to identify peaks as either NE or EPI for several

randomly selected cells.

2.8 Statistical Analysis
HPLC data are reported as a mean + S.E.M. with “n” values indicating the
number of animals used for the study. Amperometric recordings were made at a

sampling rate of 10 kHz and filtered using a low-pass Gaussian filter with a 1 kHz time
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constant. Individual oxidation currents (spikes) were analyzed using a threshold event
detection routine. A threshold limit of twice the background current was used as an
event discriminator. Spikes were not used in the analysis if there was any evidence of
superimposed events, the current did not return to baseline, the signal was twice the
background signal and only positive deflecting spikes were investigated. The

guantitative and kinetic parameters analyzed for each spike were the total charge (Q),

the full width at half maximum (t1/2), the rise time (10-90%) and the number of

exocytotic events. Data are reported as a mean £ S.E.M. with “n” indicating the number
of cells or the number of individual release events from a cell. Statistical differences
between groups were determined using a Student’s t-test for paired or unpaired data as

appropriate. One-way analysis of variance and Dunnett’'s multiple comparison tests

+ . . .2
were used to analyze data from the K channel antagonist studies. A Chi -test of

association was used to determine any changes in NE and EPI release in the FSCV
studies. A one-way ANOVA followed by a Tukey’s honestly significant difference test
and Kruskal-Wallis followed by Dunn’s test was used to analyze the water intake for
Sham and DOCA animals respectively. A student’s t test was used for interpretation of
the frequency, kinetic and microscopy data for the reactive oxygen species work.

Differences were considered significant when p<0.05.
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Chapter 3

Carbon Fiber Microelectrode Fabrication and Characterization for In Vitro

Electrochemical Measurements

3.1 Introduction

Electrochemical methods, such as amperometry and voltammetry, have been
used over many decades for the in vitro and in vivo investigation of neurotransmitter
release. A number of neurotransmitters are electrochemically active, including NE and

EPI, meaning that they can be detected as an oxidation current at an appropriate

40-41, 51-52, 126, 130, 157

recording electrode . Two electrode materials commonly used

for these measurements are carbon fiber and BDD. Both electrodes are responsive to

catecholamine oxidation; however, each offers unique advantages and disadvantages.

Carbon fiber microelectrodes provide superb sensitivity for catecholamine
oxidation as well as good spatial and temporal resolution in measurements because of
the micrometer dimensions. The sensitivity arises, in part, from catecholamine

adsorption onto the carbon fiber surface. Adsorbed catecholamines self-catalyze the

oxidation of diffusing catecholamineslBS. This process is shown in Figure 3-1. When

used in tissue or other complex environments, carbon fiber microelectrodes often have
limited response stability due to strong molecular adsorption by matrix components or

by biomolecules or reaction products. Generally speaking, they are not re-usable
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. . ... . 158 . .
without some kind of surface reconditioning” . Depending on the microelectrode

geometry, easy surface pretreatment may not be possible (i.e., microcylinder).
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Figure 3-1. Mechanism of catecholamine oxidation at a graphitic carbon electrode.
Catecholamines diffuse to and adsorb onto the electrode surface (A). Catecholamines
in the solution transfer electrons to the electrode surface through the adsorbed
catecholamines (B). Adapted with permission from Self-catalysis by catechols and
guinones during heterogeneous electron transfer at carbon electrodes. Copyright (2000)
Journal of the American Chemical Society.

Carbon fiber microelectrodes have been utilized in the peripheral nervous system

to measure sympathetic neuroeffector transmission at the adventitial surface of

33, 37, 120, 123, 153, 159-160

mesenteric arteries and veins and rat tail arteries A

microcylinder geometry is used in these measurements. This architecture is useful for
measuring local changes in NE concentration, by release from innervating sympathetic

nerves, at the blood vessel surface. For single cell measurements, a disk-shape
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geometry is more appropriate to decrease the background current arising from the

“extra” electrode area. The fabrication of carbon fiber microdisk electrodes has been

40-41, 121, 161-162

described previously by other groups . In this chapter, a protocol is

described for preparing carbon fiber microdisk electrodes for use in catecholamine

secretion measurements from single chromaffin cells isolated in culture.

One drawback of carbon fibers is their susceptibility to undesirable molecular
adsorption (i.e., fouling). Undesirable adsorption makes the electrode material
susceptible to biofouling during in vitro electrochemical measurements. One electrode

material that is significantly more resistant to adsorption/fouling is BDD. BDD

. e , 35, 125-126,
microelectrodes are formed by depositing films onto a metal wire substrate

163 . . . - .
. Diamond electrodes offer exceptional microstructural stability over a wide range of

. . . - 141
potentials, are electrically conductive and exhibit a low background current” .

Furthermore, molecular adsorption, particularly polar molecules, is generally weak on
the hydrogen-terminated diamond surface. Compared to carbon fibers, diamond
generally offers improvements in response reproducibility, limit of detection and
response stability. The electron-transfer kinetics for a number of redox systems is

similar for diamond and activated carbon fiber microelectrodes. However, the kinetics

for NE and EPI oxidation are more sluggish on diamond than on carbon fiberng. While

conical-shaped diamond microelectrodes have been utilized to measure sympathetic

L ) . 35,126 ... ... ) )
neuroeffector transmission at arteries and veins , it is difficult to fabricate diamond
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electrodes into the disk geometry needed for single cell measurements. Another
drawback to using diamond electrodes is the time required for film deposition and
microelectrode preparation. The lengthy deposition time is due to the relatively low
initial nucleation density that exists on non-diamond substrates. Substrate surfaces are
typically seeded with nanodiamond particles to increase the initial nucleation density.
When coating some metal substrates, like Pt wires, achieving a high nucleation density
buy ultrasonic seeding can be a challenge. Another option for increasing the initial
nucleation density is to deposit a thin film of amorphous carbon prior to seeding the
surface with naonometer-sized particles of diamond. This method is known as the

“Rotter” method. This method promotes a more uniform diamond coating than just

directly seeding the platinum wire itself164. By applying the Rotter method, it was

hypothesized that our group’s established diamond electrode fabrication process145

could be accomplished faster while retaining the ability to readily detect catecholamines.

This chapter describes the fabrication and characterization of carbon fiber and
BDD microelectrodes used in this research. The electrodes were characterized using

electrochemistry, Raman spectroscopy and scanning electron microscopy.

3.2 Protocols
3.2.1 Carbon Fiber Disk-Shaped Electrode Fabrication

Recording microelectrodes were constructed according to the protocol described

by Wightman et aI.161 The protocol is outlined in Figure 3-2. A carbon fiber (T-650
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CYTEC Industries) is inserted into a single barrel borosilicate glass capillary (1.2 mm
0.d., 0.68 mm i.d., 10.2 cm length). The capillary was filled with acetone prior to fiber
insertion in order to decrease static forces. A carbon fiber was inserted into the
capillary using forceps. After insertion, the bottom of the capillary was touched gently
against a Kimwipe to remove any residual acetone. The capillary was then placed into
a capillary puller (P-30 Sutter Instruments) so that the center of the capillary was inside

the heating coil. The heat and pull forces were both set to a value of 980 and the trip

« Glass ——

Capillary ‘ ] l ‘ ‘

Carbon fiber
T 10um

Place Carbon Place G.C. in Cut tip of

Fiber in G.C. Puller and Pull Glass/carbon fiber
interface Heat Epoxy to 70°C

And add hardening agent.
Than dip electrode

Silver Copper for30-60s
epoxy wire

Polish electrode at an angle 45° Create connection

To expose carbon fiber using copper wire
and silver epoxy

Figure 3-2. Schematic depiction of the basic steps in the fabrication of carbon fiber disk
microelectrodes. Carbon fibers are placed inside glass capillaries and then put into a
capillary puller. After drawing the glass down to make a seal with the fiber, the tip is
trimmed slightly and the capillary is placed (tip-first) into a heated epoxy resin briefly.
Capillaries are cured and electrical connection is accomplished via a copper wire with a
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small amount of silver epoxy. Finally, electrodes are polished using a diamond wheel to
produce disk-shape at the surface.

point for the solenoid was set to 4.25 um. The capillary was pulled and the exposed
carbon fiber was trimmed with a pair of fine scissors before removal from the puller. The
electrodes were then placed under a stereomicroscope, and the tip was cut flush with

the capillary using a pair of fine scissors. Next, an epoxy resin (Epon 828) was heated

to 70 °C and mixed with 14% (w/w) of the hardening agent, m-phenylenediamine. The

electrode was dipped into the mixture for approximately 30-60 s in order to allow for the
heated epoxy to fill the capillary tip via capillary forces. The epoxy-filled capillary was

placed horizontally into a homemade holder and allowed to sit/cure overnight. The

electrode then received a final heat treatment at 80 °C for 2 h. Electrodes prepared in

this manner were ideal for continuous amperometric measurements.

The protocol for making electrodes used in fast-scan cyclic voltammetry was

slightly different. Instead of curing for 2 h, electrodes were initially exposed to an 8 h

cure at 100 °C. Without removing the electrodes, the temperature was increased to 150

°C and applied overnight. This extra curing time is crucial for fully curing the epoxy and

minimizing carbon electrode corrosion/degradation during the potential excursions

required for the voltammetric measurements.

Following curing, a copper wire containing silver epoxy on the tip was gently

inserted into the back end of the capillary until the copper wire attached to the carbon
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fiber. This creates an electrical contact point for electrochemical experiments. The back

end of the capillary was then filled with superglue epoxy to impart some mechanical
stability to the wire. The electrode was then placed in a holder at a 45° angle for
polishing on a diamond polishing plate (104 C or D, Sutter Instruments) for 5 min. Next,
the electrode received a second polishing in 3 um diameter alumina slurry for 3 min.
The polishing procedure produces electrodes with similar areas, providing higher
response reproducibility between batches. Next, electrodes were immersed in deionized

water and ultrasonicated for 20 min to remove polishing debris. Following sonication,

electrodes were briefly polarized in order to create a disorganized electrode surface that

. . 165 o
is consistent from one electrode to another” . The polarization protocol | used was to

cycle each electrode from -0.4 — 1.3 V (vs. Ag/AgCl) in phosphate buffer (pH = 7.2) for
approximately 1 min at a scan rate of 5 V/s. Following polarization electrodes were
tested in a solution of potassium ferrocyanide or norepinephrine. The theoretical area
of each electrode fabricated using this method should be that of an elliptical disk, which

is shown in Equation 3-1.

A=rab
Equation 3-2

where the area A is equal to pi &, multiplied by the radius of the minor length a and the
major length b. When polished at a 45° angle, the major length should be 1.41 times

longer than the minor length which was found using Equation 3-2:
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Length = I
cos(45)

Equation 3-2
Therefore, for a carbon fiber electrode with a diameter of 6.8 um, the expected minor
length would be 3.4 um and the major length would be 4.8 um. Plugging this into
Equation 3-1 yields an ideal value of 5.1 x 10'11 umz. This value was used to calculate

the theoretical limiting current expected in a voltammetric measurement for a know

redox system. Using the steady-state current equation (Equation 3-3),

. _4nFADC,

s
AR

Equation 3-3

one can calculate the limiting current. In this equation E is Faraday’s constant, n is the
number of electrons transferred in the oxidation/reduction reaction for a given molecule,

A is the electrode area, D is the diffusion coefficient, C is the concentration and r is the
electrode radius (radius units are cm2). When NE was measured using cyclic
voltammetry at a concentration of 100 uM, a carbon fiber radius of 3.4 um (T-650
carbon fiber, Cytec) and a scan rate of 100 mV/s, one obtains a value of 2.8 x 10'10 A

for the theoretical current. Microelectrodes exhibiting a limiting current close to this

value were judged to be ideal for biological measurements.
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3.2.2 Boron-Doped Diamond Deposition

Platinum wires (76 ym diameter, Sigma Aldrich) were cut into 1.3 cm lengths.
Each wire was then electrochemically etched in 1 M KOH to form a conically-shaped tip.
The etching was performed by lowering the end of a wire into the KOH solution and
applying a 12 V AC relative to four carbon counter electrodes positioned equidistant
from the Pt wire. The voltage was applied using a variable autotransformer (Staco
Energy Products, Dayton, OH). The wire was etched until visible bubble evolution
ceased (ca. 30 s). This process was then applied to the other end of the wire. The

sharpened wires were then ultrasonically cleaned in clean acetone for 30 min while

126, 145, 153, 163

suspended vertically in the solvent in order to avoid tip damage The

clean wires were then positioned horizontally on the reactor stage of a microwave CVD

system (1.5 kW, formally AsTex Inc., now Seki Technotron, Japan). The wires were

then exposed to a 2% CHga/H2 source gas mixture (4 sccm CHg4 and 196 sccm Hp) for

30 min at 600 W and 45 Torr. The total gas flow was 200 sccm. At the end of this
period, the plasma was extinguished and the wires were cooled to room temperature
under reduced pressure with the plasma extinguished (i.e., no cool down in atomic
hydrogen). The wires were then removed from the reactor and each was seeded with
nanoscale diamond particles by ultrasonication in a diamond powder (3—6 nm diameter,
Nanostructured and Amorphous Materials Inc., Los Alamos, NM)/ethanol suspension for
30 min. Each wire was suspended vertically during the seeding to avoid damage to the
tip ends. This process embeds diamond particles into the relatively soft amorphous
carbon layer and these particles, as well as sites on the carbon layer itself, serve as the

initial nucleation zones for ultra-nano crystalline diamond growth (see Fig. 3-3).
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Prior Electrode Pretreatment
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Figure 3-3. Diagrams illustrating the steps involved in conventionally (top) seeding the
Pt wires for diamond growth and the steps associated with the NNP treatment.

The seeded wires were then placed back into the CVD reactor, mounted

horizontally on the quartz stage and coated with boron-doped microcrystalline diamond.

The diamond film was deposited from a 0.5% CHg4/H2 source gas mixture with BoHg

added for boron-doping. The total gas flow was 200 sccm (197 sccm Hp, 1 sccm CHag,

and 2 sccm BoHg). The microwave power and system pressure were 600 watts and 45

Torr, respectively. To study the effect of deposition time on the film properties, the

wires were coated over the pre-growth carbon layer for 2, 4 and 6 h periods. At the end

68



of the deposition period, the CH4 and B2Hg gas flows were stopped and the wires
remained exposed to Hz plasma. Over a 30 min period, the plasma power and

pressure were slowly reduced to cool the films to a temperature below ca. 400 °C in the

presence of atomic hydrogen. The wires were then cooled to room temperature under

reduced pressure prior to removal from the deposition chamber.

3.3 Results
3.3.1. Carbon Fiber and Diamond Film Evaluation by Raman Spectroscopy

Two types of pan-based carbon fibers were used in our studies, T-650 and P-55
(CYTEC Industries), to determine the ideal fiber for catecholamine measurements.
Generally speaking, the more microstructurally disordered the carbon fiber is, the
greater the molecular adsorption will be (e.g., catecholamines), and the greater the
oxidation current response will be for a given analyte concentration in solution. To
determine the fiber type best for the single cell measurements, Raman spectroscopy

was used to assess the microstructure. Figure 3-4 shows spectra for a P-55 (A) and a

T-650 (B) carbon fiber. Each spectrum consists of two peaks near 1360 cm'1 and 1582

cmt. The 1360 cm™ peak (D peak) is due to a breakdown in symmetry in the graphite

lattice that produces scattering along the graphene edge plane sites, whereas the 1582

cm'1 peak (G peak) is attributed to the Exg phonon peak associated with the graphite

Iattice133. For the P-55 fiber, the D peak has a much lower intensity than the G

peak14o. The D/G ratio for the P-55 fiber as seen in Figure 3-4 is 0.46. The ratio of the
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D and G peak intensities can provide insight into the organization of the fiber

133, 140

microstructure . Anincrease in the D peak intensity is reflective of an increase in

the amount of “microstructurally disordered” carbon in the fiber | and a decrease in the
nominal crystallite size. The higher D/G intensity ratio for the P-55 fiber suggests that
this fiber has a more disordered microstructure with a relatively high fraction of edge
plane exposed. The T-650 fiber, which has a D/G ratio of 0.97, is more

microstructurally ordered. The T-650 spectrum also shows a broadening of the G peak,

which is found as disorder in the graphite lattice increasesl4o. Based on the higher D/G

ratio, the T-650 fibers were selected for use in the single cell electrochemical

measurements.
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Figure 3-4. Raman spectra for P-55 and T-650 carbon fibers. Spectra were obtained

using a 50-mW Nd:YAG laser (532 nm line) at 150 kW/cm2 and an integration time of
10 s.

Figure 3-5 A-D shows Raman spectra for the pre-growth carbon layer as well as

for diamond films deposited over the pre-growth layer for 2, 4 and 6h periods. The
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spectrum for the pre-growth layer looks like that typically seen for ultrananocrystalline

diamond deposited from Ar-rich source gas mixture (Fig. 3-5 A)166'171. There are four

peaks, a relatively weak one at 1193 cm'l, a strong one at 1333 cm™ and moderately

intense ones at 1493 and 1570 cm'l. The peak at 1333 cm'1 is ascribed to the first-

order phonon for cubic diamond. The full width at half maximum (FWHM) of this peak is

137 cm™. The large FWHM, compared to 2-4 cm™t seen for single crystal diamond,

indicates that carbon layer is nanocrystalline in morphology with a large number of
phonon scattering centers, such as grain boundaries. This is completely consistent with

the nanocrystalline morphology revealed in the SEM images (section 3.3.2). The peak

at 1570 cm'1 is ascribed to the G-band well known for sp2-bonded carbon. This peak

arises from the in-plane stretching modes of the spbonded carbon in the grain

boundaries of the nanocrystalline diamond that comprise the pre-growth carbon layer.

The peaks at 1193 cm™t and 1493 cm ™ are attributable to C-H bonds of the sp2-bonded

166-170, 172

carbon domains Birrell et al. showed that the intensity of these peaks

correlates with the amounts of hydrogen used during the growth168. Furthermore, they

showed that these peaks are absent in the spectrum using UV-Raman. The reduction

in peak intensity with decreasing excitation wavelength is consistent with the

. 2 .
assignment of these peaks to sp carbon, although the exact nature of these bonds is

yet unknown. Clearly, the pre-growth carbon layer is composed of small grains of

diamond with a high volume of grain boundaries. The grain boundaries are composed
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of sp2-bonded carbon. Additionally, the presence of the 1570 cm'1 is consistent with

2 .
the presence of a more amorphous sp -bonded carbon layer at the interface between

the Pt and the diamond nanocrystallites. For these reasons, the visible Raman

. . . 2 .
spectrum is dominated by the scattering of the sp -bonded carbon as the scattering

L 2 3 173-174
cross section is 50x greater for sp than for sp -bonded carbon :
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Figure 3-5. Raman spectra of the NNP layer (A) and BDD films deposited for 2, 4 and 6
h (B-D) on the NNP layer. Spectra were obtained using a 50-mW Nd:YAG laser (532
nm line) at 150 kW/cm? and an integration time of 10 s.
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Spectra for the diamond films grown over the pre-growth layer are shown in Fig.
3-5 B-D. These spectra were recorded using a different integration time and spot size

than were used to record Fig. 3-5 A so direct comparison to the spectral intensities is

not possible. The spectra are all similarly shaped with an intense peak at 1333 cm'1

and a weaker but broad peak at 1560 cm'l. The intensity of the diamond phonon peak

(1333 cm'l) relative to the intensity of the sp2-bonded carbon peak (1560 cm'l)

increases with the deposition time. This is due to a thicker film with a larger crystallite

size that results with increasing deposition time.
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Figure 3-6. Visible Raman spectra recorded at different points along a sharpened Pt
wire coated with the pre-growth carbon layer.
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Figure 3-6 shows a series of Raman spectra recorded along the length of a wire
coated only with the pre-growth carbon layer. The spectra are quite similar in shape at
the different wire positions. This suggests that the microstructure of the pre-growth

carbon layer is uniform along the length of the wire. The intense diamond phonon peak

is seen at 1332 cm'1 along with the broad scattering intensity in the 1500-1580 cm'1

. 2 . . .
region due to the sp -bonded carbon that exists at the grain boundaries and the

interface between the Pt and the diamond nanocrystals. The 1190 and 1490 cm_1

peaks are not as well resolved in these spectra as they are in Fig 3-5 A.

3.3.2. Scanning Electron Microscopy of BDD Films Grown on an NNP layer

Figure 3-7 A-C shows scanning electron micrographs of the pre-growth carbon
layer on a sharpened Pt wire. The images presented in Figure 3-7 A and B reveal that
the cone tip is more of less uniformly coated with a carbon film while the image in Figure

3-7 C shows the side of the cone is only partially covered. This is a typical observation.

The interesting finding is that at the 2% CH4/H2 source gas ratio used to deposit the

pre-growth carbon layer in our CVD reactor, the carbon film is predominantly composed
of nanoscopic crystals of diamond 100-500 nm in diameter. Higher magnification
images of the (Figure 3-7 B) tip and (Figure 3-7 C) cone reveal the faceted
nanocrystalline morphology. The thickness of this layer is on the order of 1 um, based
on cross sectional SEM image analysis (Figure 3-8). In summary, three key findings

are (i) diamond can readily nucleate on Pt as the pre-growth layer is essentially
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Figure 3-7. SEM images of the pre-growth carbon layer on an etched Pt wire. Images
shown are for (A) the entire microelectrode, (B) the tip region and (C) the cone. The

pre-growth carbon layer was deposited for 30 min using 2% CHg/H2 at 600 W and 45
Torr.

nanocrystalline diamond, and (ii) the pre-growth carbon layer thickness is near 1 pm on

Pt instead of the typical tens-of-nanometer thickness on the other substrates as

reported by Rotter164, and (iii) the pre-growth carbon layer does not uniformly form over

the Pt wire.
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Figure 3-8. SEM cross-section of a 4 h diamond film deposited on the carbon pre-
growth layer. The thickness of the pre-growth layer is approximately 1 pm.

Figure 3-9 A-C shows SEM images of wires of coated with boron-doped diamond films
grown over the pre-growth carbon layer for 2, 4 and 6 h periods. Figures 3-10 A-C and
3-11 A-C show higher magnification images of the tips and cones, respectively. Clearly,
the diamond film is not continuous after the 2 h growth (Figure 3-9 A). The tip of the
wire looks to be covered with a continuous faceted film (Figure 3-10 A), but the cone is
only partially coated with diamond (Figure 3-9 A and 3-11 A). The films deposited for 4
and 6 h do, however, appear continuous (Figures 3-9 C, 3-10 C, and 3-11 C). Waell
faceted crystallites, micrometers in dimension, are seen for both films with a crystallite

diameter that increases with growth time (Figure 3-11 A-C). This is indicative of a van
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der Drift growth mechanism. The number of secondary growths appears to be minimal
for these two films. The aspect ratio of the conically-shaped microelectrode is nicely
visualized in Figure 3-9 B, which reveals a tip diameter of 10 um and a cone height of

115 pm.

Figure 3-9. SEM images of boron-doped diamond films grown the pre-growth for (A) 2,

(B) 4 and (C) 6 h. The diamond films were deposited using a 0.5 CH4/H2 at 600 W and
45 Torr.

Additionally SEM images are presented in Figure 3-12 A-D for the pre-growth

carbon layer and diamond films grown over the pre-growth layer for 2, 4 and 6 h periods
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of time. These provide additional evidence for the distinct morphological differences
between the carbon coatings. Interestingly, the image of the pre-growth carbon layer

(Figure 3-12 A) reveals a thick (~1 pm), high surface area, and discontinuous coating.

Figure 3-10. SEM images of boron-doped diamond films grown over the pre-growth
carbon layer for (A) 2, (B) 4 and (C) 6 h. The images shown are for the tip region of

each electrode. The diamond films were deposited using 0.5% CHg4/H2 at 600 W and
45 Torr.
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Figure 3-11. SEM images of boron-doped diamond films grown over the pre-growth
carbon layer for (A) 2, (B) 4 and (C) 6 h. The images shown are for the cone region of

each electrode. The diamond films were deposited using a 0.5% CHa/H2 at 600 W and
45 Torr.
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Figure 3-12. SEM images of (A) the pre-growth carbon layer and boron-doped films
grown over the pre-growth carbon layer for (B) 2, (C) 4 and (D) 6 h.

3.3.3. Electrochemical Characterization of Carbon Fiber and BDD Electrodes
3.3.3.1 Caron Fiber
Cyclic voltammetry (CV) and amperometry were used to investigate the

electrochemical activity of the carbon fibers. Three redox systems were used to probe

the activity: Ru(NH3)6+3/+2, KaFe(CN)g and NE. The redox reactions for each analyte

are shown below.
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A Ru(NH,):" +e~ <> Ru(NH,)Z*

B Fe(CN). +e <> Fe(CN):

C NE(Hydroquinone) <> NE(Orthoquinone)+2e™ +2H"

Figure 3-13. Overview of redox systems used for electrochemical investigation of
carbon fiber electrodes. Three systems were used including (A) ruthenium hexamine,
(B) ferrocyanide and (C) norepinephrine.

N 3/+2
The kinetics of the Ru(NH3)6+ a redox system on carbon electrodes are

relatively insensitive to surface cleanliness and chemistry. The main factor controlling

the kinetics is the density of electronic states at the formal potential of the redox system.

/-4

L -3 . .
In contrast, the kinetics for Fe(CN)g and NE are extremely sensitive to the density

. . ., 138, 145, 153, 175
of electronic states as well as the surface cleanliness and chemistry :

Using these three systems enable one to probe the electrical conductivity of the

/-

electrodes (Ru(NH3)6+3/+2) and the surface cleanliness (Fe(CN)e,'3 4 and NE). Figure

/ 4

3-14 shows representative cyclic voltammograms for Ru(NH3)6+3 +2, Fe(CN)6'3/' and
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Figure 3-14. Cyclic voltammograms recorded for disk-shaped carbon fibers using (A)
ruthenium hexamine, (B) ferri/ferrocyanide and (C) norepinephrine. The
voltammograms were recorded at a scan rate of 100 mV/s using a Ag/AgCI reference
electrode. The supporting electrolyte for ruthenium hexamine and ferrocyanide is

potassium chloride. Supporting electrolyte for NE is 0.1 M potassium phosphate buffer
atpH=17.2.

NE (A, B & C, respectively) with 1M KCI| used as the supporting electrolyte for

Ru(NH3)6+3/+2, Fe(CN)e,'3/'4 and 0.1M Potassium Phosphate buffer at pH 7.2 for NE. It

can be seen that all voltammograms have a sigmoidal appearance, which is indicative

of steady-state diffusion. The half-wave potentials (E1/2) for all three redox system are
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near the values seen for freshly activated glassy carbon. This means the fibers are

. . . 176
active and support relatively rapid electron transfer™ . It can also be seen that the

current for 100uM NE is roughly twice the current of the same concentration of Fe(CN)g

3/-4 . . S
/ . This is due to the fact that NE undergoes a two-electron transfer during oxidation,

. -3/-4 .
while Fe(CN)g / only undergoes a single electron transfer. These voltammograms

also show that the electrodes have high electrical conductivity, as seen by the

Ru(NH3)6+3/+2. Ru(NH:<’,)e,+3/+2 should have a half-wave potential roughly -100 mV vs.

176 . . .
an Ag/AgCI reference electrode™ -, and the value obtained from cyclic voltammetry is

~150 mV vs. Ag/AgCl. Voltammograms also indicate a clean electrode surface from the

-4

Fe(CN)6'3/ and NE have theoretical half-wave potentials of 160 mV176 and 200

mV153 vs. Ag/AgCI respectively.

The more positive half-wave potential for Fe(CN)e,'3/'4 is most likely due to poor

polishing conditions. Initial work preparing disk electrodes used both Fe(CN)e,'?’/'4 and

NE as redox tools to investigate surface cleanliness. K4Fe(CN)g was not used, as it is

not a system of interest for in vitro experiments. It was found that the diamond wheel
used for polishing away the epoxy layer around the carbon fiber becomes dull after 15-
20 batches of electrodes. NE is less sensitive to minor surface imperfections due to
physically adsorbing onto the electrode for electron transfer. For 29 electrodes that

exhibited a half-wave potential less than 400 mV for K4Fe(CN)g, a limiting current of
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138 £ 15 nA was obtained with a half-wave potential of 308 14 mV (reported as
average = standard error of the mean). For 49 electrodes that exhibited a half-wave
potential of less than 300 mV for NE, a limiting current of 270 + 17 nA and a half-wave
potential of 223 £ 5 mV (Table 3-1) was found. These provide good criteria for
discriminating electrodes that would be unfit for in vitro use, as the average limiting
current for electrodes with half-wave potentials less than 300 mV is very similar to the
ideal electrode area obtained for a perfect disk shaped electrode as calculated in earlier

in this chapter.

Table 3-1. Cyclic voltammetric data for the carbon fiber microelectrodes. Values of the
limiting current (i) and half-wave potential (E1/2) for three different redox systems.

Redox Svstem Limiting Current | Half-Wave Potential
y (pA) (mV vs. Ag/AgC)
Fe(CN)s > *(n=20)] 138%15 308 + 14
NE (n=49) 270 + 17 223+5

Carbon fiber microelectrodes were also evaluated for their stability over time
using amperometry. Electrodes were evaluated by being placed in the flow cell used for
in vitro tissue work. Three electrodes were tested at random. Electrodes were poised at
0.650 V vs. Ag/AgCl and exposed to a 10 uM NE solution to obtain a baseline value.
Electrodes were then exposed to a 10 puM solution of NE, EPI and ATP for varying time
periods (5, 10, 30 and 60 min). 10 uM NE was once again used to assess the electrode

activity before and after exposure to the potential contaminants. The results are shown
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in Figure 3-15. It can be seen that there is a significant difference in the current for
electrodes exposed to neurotransmitters for 60 min. To counter fouling, electrodes were

held at a potential of 0.00 V vs. Ag/AgCl in between experiments.
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Figure 3-15. Carbon fiber electrode response over time after exposure to a solution

containing 10 pM adenosine triphosphate, norepinephrine and epinephrine. * p<0.05 as
compared to the 60 min data.

3.3.3.2 Boron-Doped Diamond

Boron-doped diamond electrodes grown via the novel nucleation procedure

(NNP) method were characterized in 1M KCI and in 0.1 mM Ru(NH:<’,)e,+3/+2 and

-3/-4 . . .
Fe(CN)s / . Voltammograms were run in the supporting electrolyte KCI. With no redox
system present in solution, the voltammetric current is related to the capacitance of the
double layer Cgj, scan rate v and area A, as shown in equation 3-4.
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lokga = AC,v

Equation 3-3

Figure 3-16 shows the background cyclic voltammetric current-voltage curves for Pt
wires coated with the pre-growth carbon layer (A) and with boron-doped diamond

overlayers deposited for 2, 4 and 6 h (B-D). The curves were all recorded at 100 mV/s

in 1 M KCI. Importantly, none of the curves show any evidence for exposed Pt163. This

o . . 2
observation is consistent of a thin layer of amorphous sp carbon. The curve for the

wire with the pre-growth layer is featureless over the potential range, but the current is
10-50x greater than the current for the diamond-coated wires (B-D). The large

background current results from the (i) high surface area morphology of the pre-growth

layer (shown in SEM images), (ii) the exposed amorphous sp2-bonded carbon, and (iii)

the nanoscale roughness imparted to the wire during the formation of the pre-growth

layer. The curves are featureless within the potential range with no evidence for any

. , 177-180
electroactive surface carbon-oxygen functional groups . There was no BzHg

added during the formation of the pre-growth carbon layer; however, the carbon
possesses good electrical conductivity as evidenced by the flat, relatively symmetric

current-voltage curves about the zero current line. The electrical conductivity

. 2 . . .
presumably arises from the sp~ carbon domains in the grain boundaries as well as from

some adventitious boron-doping that the reactor used for coating the pre-growth carbon

layer is routinely used for depositing boron-doped diamond films.
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Figure 3-16. Background cyclic voltammetric i-E curves for wires coated with (A) the
pre-growth carbon layer, and boron-doped diamond for (B) 2, (C) 4 and (C) 6 h.
Electrolyte solution = 1 M KCIl. Scan rate = 100 mV/s. Stable traces are shown for
each electrode recorded after at least 10 cycles.

The background voltammetric current-voltage curves for the Pt wires after 2, 4
and 6 h diamond growths all have much lower background currents than the wire
coated with just the pre-growth carbon layer, for reasons mentioned earlier. The curve
for the 2 h film is somewhat sloped about the zero-current line consistent with there

being some ohmic resistance within the film or between the film and the Pt. After the 4
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and 6 h growths, the electrical resistance appears to decrease as the curves become

more symmetric about the zero-current line. The curves are largely featureless except

for the anodic and cathodic peaks at ca. 0.8 V just prior to the onset of Clo evolution.

The faradaic reactions or surface processes responsible for these peaks are unknown;

. . . . . 126, 145, 153, 163
however, this curve shape is typical for diamond-coated Pt wires :
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Figure 3-17. Cyclic voltammetric i-E curves for 0.1 mM Fe(CN)e,'B/'4 at wires with (A)

the pre-growth carbon layer, and boron-doped diamond for (B) 2, (C) 4 and (D) 6 h.
Electrolyte solution = 1 M KCIl. Scan rate = 100 mV/s. Stable traces are shown for
each electrode recorded after at least 10 cycles.
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Figure 3-17 shows cyclic voltammetric current-voltage curves for the surface-

. . -3/-4
sensitive redox mediator, Fe(CN)g . Total current curves are shown as no

background correction was applied. The currents for each of the microelectrodes
cannot be directly compared because the area of each exposed to the solution was
difficult to control. Well defined oxidation and reduction peaks are seen for the pre-

growth carbon electrode but they are somewhat buried within the large background
current. The AEp is 110 mV. By comparison, near-Nernstian behavior (AEp = 60-70
mV) is typical for this redox system on clean glassy carbon and hydrogen-terminated

diamond films on Si. Better defined redox peaks are seen for all three diamond-coated

wires (Fig. 3-17 B-D) as the background currents for each are substantially lower. The

AEp values are 90 mV, 138 mV and 238 mV respectively, for the 2, 4 and 6 h growths.

An interesting observation is the fact that AEp (no iR correction) increases for the wires

with increasing diamond deposition time (i.e., more complete diamond coverage).

3.4 Discussion

The goals of this work was to establish a protocol for fabricating disk-shaped
carbon fiber microelectrodes and to determine if applying a NNP to our current boron-
doped diamond electrode protocol could decrease the time required for deposition of a

full diamond film on our platinum wires.

The carbon fiber microelectrodes were characterized using electrochemistry,

Raman spectroscopy and scanning electron microscopy. The Raman spectroscopy in
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Figure 3-2 shows that the T-650 carbon-fiber has a higher ratio of edge defects than the

P-55 as evidenced by the higher intensity of the 1369 cm'1 peak. A high fraction of

edge plane is ideal for a carbon microelectrode used to detect catecholamines. It has

been found that oxide groups can form at these defects which promote catecholamine

165, 181

oxidation . Thus, the T-650 would be the ideal candidate for catecholamine

oxidation for biological experiments. As mentioned, the ideal electrode shape for a
single cell measurement is a disk in order to maximize the signal-to-noise. Scanning
electron microscope images reveal that sealed carbon-fibers, polished at a 45° angle,
do in fact possess an elliptical disk shape (Figure from Chapter 2). Most importantly,

electrochemical testing provides a good quality control to screen electrodes for

biological testing. Figure 3-11 shows voltammograms collected for three different redox

. . +3/+2 . .
systems. Testing with Ru(NH3)g / , a surface insensitive molecule, showed that the

electrical connectivity of our carbon-fiber electrodes is of reasonable quality. Further

testing in more surface sensitive systems, including Fe(CN)e,_B/_4 and NE, provided

evidence that the polishing procedure effectively removed the epoxy from the carbon
surface and produced a clean surface for electron transfer as evidenced by the average
limiting current for NE. The experimental limiting current matched well with the

theoretical limiting current for an elliptical disk as discussed in Chapter 2.

The conically shaped diamond electrodes are not practical for single cell
secretion studies. They are useful for measurements at blood vessel surfaces, which

constitutes related work in our group. The diamond films are deposited on Pt wires to
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form microelectrodes. One drawback with diamond microelectrodes is the length of
preparation time. Specifically, the typical time required time to deposit a continuous
BDD film onto the wires using conventional substrate pretreatments is between 8-10 h.
This translates into 10-12 h of total time required to set up the reactor for chemical

vapor deposition and cool the wires down at the end of the growth. We hypothesized

that by employing a NNP as detailed by Rotter164, the time required for depositing a

continuous diamond film could be decreased. This hypothesis is based on the theory of
how diamond films nucleate and grow during the deposition process. Initial nucleation of
diamond on the wires was previously accomplished via ultrasonication in a
nanodiamond powder seeding solution. These “seeds” provide the initial sites at which
the methane and hydrogen plasma can nucleate. Our selection of Pt as a substrate

was based in large part on the work of Tachibana et al who demonstrated that epitaxial

growth of (111)-oriented diamond is possible on (111)-oriented platinum146. Their work

also showed a secondary growth mechanism for (111)-diamond in which the plasma
directly attacks the platinum substrate. This secondary mechanism was observed during
the NNP treatment of substrates, as shown in Figure 3-7 and confirmed using Raman
spectroscopy shown in Figure 3-5. This spontaneous diamond formation provided a
great platform for BDD microcrystalline growth, due to the high surface area and the
readily available deposited diamond from the NNP layer. Scanning electron images
determined that a continuous BDD film can be deposited after just 4 h of chemical vapor
deposition, which is half of the time required under the previous protocol.
Electrochemical testing of the BDD films grown on the NNP layer demonstrated that the

NNP layer is relatively resistive, as evidenced by the nearly linear change of current
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with potential around near 0.0 V. These studies also provided evidence that the NNP
layer is a high surface area film, as compared with the diamond films. Turning our
attention to the diamond films, the electrochemistry illustrates that after 4 h of deposition

the films lose their resistive signatures, as seen by the voltammograms in only the

supporting electrolyte. Investigation of Ru(NH3)s and K3Fe(CN)g revealed that peak

splitting increased with deposition time. No follow-up studies were performed to identify

the cause of this increase. However, one possible explanation is that the electron

. 2 2 .
transfer rate is faster at sp carbon, and the amount of sp~ carbon decreases with

longer diamond deposition. This would cause a decrease in the electron transfer rate
with deposition time. The important finding from these studies is that the NNP layer
greatly reduces the diamond deposition time required to create a continuous diamond

film.

3.5 Conclusions
1) The work showed that carbon-fiber electrodes can be reproducibly prepared
using T-650 type fibers. The polished electrodes have a disk shape, which was
verified by microscopy and confirmed by electrochemical measurements. The
electrodes were electrically conductive and possessed a clean surface, allowing
for relatively rapid electron transfer for catecholamines, as tested using NE.
Good reproducibility was observed in voltammetric measurements using the

carbon fibers for Fe(CN)e,'3/'4 and NE. Voltammetric data revealed that an
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2)

appropriate NE detection potential was 0.600 V vs. Ag/AgCl. At this potential,
the NE oxidation is limited by diffusion of the analyte to the electrode surface.

The work also showed that improvements in the fabrication of diamond
microelectrodes could be realized using the novel nucleation process
pretreatment of the Pt wire substrates. The NNP layer consists of amorphous
carbon and possibly some nanocrystalline diamond particles. The boron-doped
overlayer readily nucleates on this “pregrowth layer” or on to this layer after
ultrasonic seeding with diamond nanoparticles. The amorphous carbon is softer
than the Pt and more diamond seed particles are retained on the former surface
after seeding. As a consequence of the increased initial nucleation density,
boron-doped diamond overlayer growth times were reduced from 8-10 h to as
little as 4 h. As was the case for the carbon fibers, good reproducibility was

- , -3/-4
observed in voltammetric measurements for Fe(CN)g and NE.
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Chapter 4

Effects of DOCA-salt Hypertension on Catecholamine Secretion from Isolated

Sham and DOCA-salt Chromaffin Cells

4.1 Introduction

- , o 182-184 .
Increased sympathetic drive contributes to hypertension in humans and in

148, 185-186

several animal models of the disease Evidence for heightened drive

. . , . .. 27,182
includes increased plasma levels of NE and hyperactive sympathetic nerve firing™ "~

187 . L .
. Our laboratory is investigating how the sympathetic neural control of vasomotor

tone becomes altered in salt-sensitive hypertension. Neurally-controlled vasomotor tone

is an important regulator of blood pressure. To date, we have found that there is

35, 149

differential neurogenic control of arteries and veins and two prejunctional control

mechanisms are dysfunctional in the DOCA-salt model (rat) of hypertension34'35’ 125:

(i) the az-adrenergic autoreceptor and (ii) the NET.

As a consequence of the altered prejunctional control, there is increased NE
availability at sympathetic neuroeffector junctions and this contributes to increased
vascular contractility, hence increased blood pressure. In vitro electrochemical

measurements made at the adventitial surface of blood vessels enable real time

34-35, 120, 123-125

monitoring of NE near its sites of release and action . NE is a
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vasoconstricting neurotransmitter released from sympathetic nerves supplying arteries

and veins. The action of NE is mediated by the postjunctional aj-adrenergic receptor

expressed by vascular smooth muscle cells. Activation of aj-adrenoreceptors causes

muscle contraction and elevated blood pressure.

Amperometry can also be used to monitor catecholamine release from single

41, 50-53, 102, 121, 188-191

adrenal chromaffin cells . Sympathetic neurons communicate

. 2+ . .
with smooth muscle cells by Ca™ -dependent exocytosis of vesicular stores of NE and

, . 192 . . .
other vasoconstrictor transmitters™ . This leads to the expulsion of vesicular content

190, 192-193

into the extracellular space Electrochemical measurements at single

secretory cells have been used over the years to investigate the individual stages of

. . . . .41, 50-54, 102, 121, 188-193
exocytosis with high spatial and temporal resolution :

Measurements using single cells aid in the understanding of exocytosis, more so than
can be accomplished through studies of intact tissues. This is because of the small size

of the neuroeffector junction (~100 nm) that prohibits placement of a recording electrode

in a single junction. Additionally, the coupled actions of the prejunctional ap-

autoreceptor and NET that serve to regulate of extracellular levels of NE at perivascular
sympathetic nerve fibers, make it difficult to independently investigate exocytotic release

of neurotransmitters.
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Figure 4-1. A carbon fiber microelectrode is positioned at the membrane surface of a
chromaffin cell and used to detect catecholamine secretion as an oxidation current (A).

A 2-s burst of ACh (ImM) or K (70mM) was used to evoke catecholamine release.
Secretion was monitored at 0.6 V vs. a Ag/AgCI reference electrode. A representative
release event is shown to the left. Current spikes were analyzed for their 10-90% rise
time and slope, the full width at half maximum, the spike area and the number of
release events per stimulus.

Adrenal chromaffin cells secrete NE and EPI, and increased secretion from

182, 187, 194

adrenal glands has been found in both hypertensive humans and

. 195-196 . . . .
animals . Circulating catecholamine levels are elevated in DOCA-salt

hypertension, undoubtedly contributed to by chromaffin cellslgs'l%. Chromaffin cells

_ _ _ . .41, 50-54,
are a viable model for studies of the mechanisms and dynamics of exocytosis

102, 121, 188-191 (An example of the experimental set-up is provided in Figure 4-1).

Since chromaffin cells do not express the ay-adrenergic autoreceptor or NET, as do
perivascular sympathetic nerves, they can be used in conjunction with electrochemical

methods to study catecholamine secretion independent of autoreceptor inhibition or
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transporter-mediated reuptake. Understanding how and why there is increased quantal
release would lead to a better understanding of DOCA-salt hypertension as a multi-
factoral disease. In addition to affecting catecholamine homeostasis, dysfunction in the
adrenal gland has been linked to other pathways affecting blood pressure. For example,

recent work has linked aldosteronism in BKB1-KO mice to elevated blood pressure due

. . . 100 . . o
to increased water retention and poor electrolyte handling™ . The investigators in this

work found that in the adrenal gland, the BKB1 channel expression is restricted to the
medulla, suggestive of a link between adrenal chromaffin cells and elevated blood
pressure in aldosterone-mediated hypertension. These findings are further supported by
Sausbier et al. who determined that small arteries in BKa-KO mice had increased

vascular tone, decreased vasodialation and the animals exhibited higher levels of

. . 101
aldosterone, further linking vascular tone to adrenal gland function

In the present work, we report on the use of single adrenal chromaffin cells, as a
potential model for sympathetic nerve endings, to investigate the mechanisms of
catecholamine secretion. We tested two hypotheses: (i) that catecholamine secretion

from single adrenal chromaffin cells is increased in DOCA-salt hypertension and (ii) that

. . + . . .
impaired K channel function contributes to the increased release.

4.2 Results
4.2.1 Electrochemical Measurement of Catecholamines from Isolated Rat

Adrenal Chromaffin cells
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Once the electrode fabrication was mastered, it became necessary to determine
if the carbon fiber electrodes were capable of monitoring catecholamine secretion in
vitro from isolated rat chromaffin cells. As determined in Chapter 2, isolated chromaffin
cells used for experiments contained the vesicular monoamine transporter and
dopamine-p-hydroxylase, which provided evidence that the cells being investigated had
the mechanisms required for synthesizing and packaging catecholamines. To probe
catecholamine secretion, disk-shaped carbon-fiber electrodes were prepared and
positioned as described in Chapter 2 and poised at 0.600 V vs. Ag/AgCI for detection.
At this potential, the catecholamine oxidation current is limited by analyte diffusion to the
electrode. Initial work was performed on cells isolated from normotensive control rats
and secretion was stimulated with 100 uM ACh. A representative recording is shown in

Figure 4-2 A for an amperometric recording stimulated by 1ImM ACh. Current spikes

. o . . 4041 _. g
are representative of individual vesicle secretion . Fig. 4-2 B shows a magnified

view of a current spike. Individual spikes can be analyzed to yield information about the
guantal release from each vesicle, or put another way, the number of catecholamines
released during an individual secretion event. Spikes also provide kinetic information
about secretion, which can be determined by analyzing the rise time, the slope of the
leading edge of the current spike and the full width at half maximum, which are
identified in Fig 4-2 B. To test if the signal was due to actual oxidation of a secreted
catecholamine or just noise, the same experiment was repeated with the electrode held
at 0.000 V vs. Ag/AgCl (Fig. 4-2 C). When the potential is lowered to 0.0 V the
oxidation spikes disappear, indicating that they result from oxidation of catecholamine

molecules near the cell membrane.
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Figure 4-2. Amperometric recording from an isolated rat chromaffin cell in culture. The
cell was isolated from a normotensive animal. Current-time traces are shown for 100
MM ACh stimulation and detection was monitored at an applied potential of 0.600 V (A)
and 0.000 V (C) vs. Ag/AgCl. A magnified view of a current spike with an overview of
kinetic data obtained from each spike provides is also shown (B).

To determine if the observed oxidation current spikes were due to vesicular
secretion of catecholamines, two control measurements were performed. The first

control experiment proved if calcium is required for catecholamine secretion. It is

. . . .. . 58
known that vesicular fusion and secretion is tightly regulated by calcium . Thus,

removing calcium from the physiological buffer should effectively abolish catecholamine
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secretion from chromaffin cells. Figure 4-3 A shows an amperometric trace in which the
calcium in the physiological buffer being perfused through the system was replaced with
magnesium to maintain molality. We found that when there is no extracellular calcium
present, the current spikes disappear. These data provide evidence that the oxidation
spikes are dependent upon calcium entry into the cell. The second control experiment
verified that the oxidation spikes are dependent on activation of the nAChR via
application of acetylcholine. This was accomplished by introducing a nAChR antagonist
into our physiological buffer and then attempting to stimulate secretion using

acetylcholine. Figure 4-3 B provides an example of an amperometric recording with 100
MM hexamethonium, which is a known nAChR antagonist197. Hexamethonium greatly
decreased the amount of oxidation spikes when the cell is stimulated with acetylcholine.

There are some possible small oxidation spikes however they were statistically

indistinguishable from the background current.

180 : 180
AlGO- Calcium free 5160_ 100 M
~140! buffer _ 140] hexamethonium
S 1207 T 120
TE’loo- — 100
80 S 80
()
= 0] 100HMACh L 60{100uM ACh
8 401 (500 ms) 8
20_ I

012345678 910 0 2 4 6 8 1012 14 16 18 20
Time (S) Time (s)

Figure 4-3. Electrochemical verification of catecholamine secretion. Current-time

traces are shown for 100 uM ACh stimulation of Sham chromaffin cells in calcium-free

buffer (A) and in the presence of the ACh antagonist hexamethonium (B). An applied
potential of 0.600 V vs. Ag/AgCl was applied in both experiments.
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These results provide evidence that the oxidation current spikes, as measured
using an applied potential of 0.600 V vs. Ag/AgCl, are dependent on calcium being
present in the buffer and activation of the nAChR. This evidence leads to the
conclusion that the oxidation spikes being monitored are due to vesicular secretion of

catecholamines from adrenal chromaffin cells.

4.2.2 Steady-state Catecholamine and Metabolite Levels in the Adrenal Medulla
Whole medulla NE and EPI levels were ~1.4 fold greater in DOCA-salt
compared to Sham rats (Table 4-1). In contrast, dopamine (DA), normetanephrine
Table 4-1. Catecholamine and metabolite levels in the adrenal medulla isolated from
Sham and DOCA-salt hypertensive rats (n = number of rats, two adrenal medulla were

used per rat). NE: norepinephrine, EPI: epinephrine, DA: dopamine, NMN:
normetanephrine, MN: metanephrine, DHPG: 3,4-dihydroxyphenylglycol.

NE EPI DA NMN MN DHPG
(thign) 168+17 | 958+72 [6.1+05| 90+31 | 217 +136 | 18+9.7
DOCA-

salt 257 +34% | 1302 +49* | 6.7+ 0.6 | 90 + 14 79 + 15 21+04
(n=5)

Data are mean + S.E.M pg/g tissue wet weight. (*P<0.05 vs. corresponding Sham
value, Student’s t test).

(NMN), metanephrine (MN) and 3,4-dihydroxyphenylglycol (DHGP) levels were all
statistically similar in the two tissues. NMN and MN metabolite levels normalized to

their precursor levels (% and %) were used as a measure of catecholamine
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metabolism. The NMN/NE ratio was 0.27 + 0.01 in the adrenal medulla from Sham rats
and 0.29 = 0.03 (P > 0.05) in glands from DOCA-salt rats. The MN/EPI ratio was 0.05 +
0.01 in both Sham and DOCA-salt adrenal medulla (P>0.05). These results indicate that
there is no alteration of catecholamine metabolism in the adrenal medulla associated

with DOCA-salt hypertension.

4.2.3 Increased Catecholamine Release from DOCA-salt Chromaffin Cells
Continuous amperometry recordings were made using an application of ACh (1

mM) to a single chromaffin cell, which evoked a burst of oxidation currents (Fig. 4-4).

A B 100 pA|

- “
T 10s
e
& T, ok,

1 mM ACh 70 mM K*
g °
¢
<
@)
®) M
O 1 mMACh 20 mM K*

Figure 4-4. Continuous amperometric recordings from single Sham (A, B) and DOCA-
salt (C, D) adrenal chromaffin cells. Current spikes arise from the electrochemical
oxidation of catecholamines released from single cells with each spike representing a

release event. Secretion caused by ACh (1 mM) (A, C) and high K (70 mM) (B, D) is
increased in DOCA-salt chromaffin cells compared to controls.

ACh elicits catecholamine secretion through activation of the nicotinic-acetylcholine

_ . 2+ . . 59, 189
receptor (NAChR), which increases intercellular Ca , leading to exocytosis :

Catecholamine release from cells isolated from Sham normotensive rats occurred as a
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burst of secretion events lasting 10-15 s (Fig. 4-4 A). ACh also evoked bursts of
oxidation spikes from DOCA-salt chromaffin cells (Fig. 4-4 C). These bursts were,
however, longer in duration (30-45 s), the number of release events was 2.5 fold greater
and the total charge detected over the course of a recording was 3-fold greater for
DOCA-salt compared to Sham cells (Table 4-2). The increased number of spikes per
stimulus seen for the DOCA-salt cells is consistent with more vesicles undergoing

fusion and releasing their content.

Table 4-2. Analysis of ACh (1 mM) and K (70 mM) induced catecholamine release
from single adrenal chromaffin cells maintained in primary culture. Each cell was used
for a single amperometric recording. Using ACh stimulation, 19 and 13 cells were used
from 6 Sham and 6 DOCA rats respectively. Using high K" recordings, 11 and 14 cells
were used from 4 Sham and 4 DOCA rats respectively.

Events per Charge Molecules
stimulus per/stimulus (pC) | | .00 yerin i (108)
Sham
ACh (n=19) 22+2.2 15+2.8 05+0.1
K (n=11) 25+21 18 + 4.7 05+0.1
DOCA-salt
ACh (n=13) 49 + 4.5* 42 +9.2* 1.2+0.3*
+ * * *
K (n=14) 57 +12 47 +9.0 1.2+0.3

Data are mean + S.E.M; “n” is the number of cells, which is also the number of

amperometric recordings obtained (*P<0.05 vs. corresponding Sham value, Student’s
t test).

One possible explanation for the increased number of vesicles undergoing fusion

and secretion (individual spikes) from the DOCA-salt cells could be an up-regulation in

NAChR expression. To test this possibility, high extracellular K (70 mM) was also used
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. . . + . . .
to evoke release. Application of high K evokes catecholamine secretion by directly
. . o 2
depolarizing the cell membrane causing activation of voltage-gated Ca * channels. The

. + . . . .
data reveal that high K , like ACh, caused increased catecholamine secretion from

DOCA-salt compared to Sham chromaffin cells (Fig. 4-4 B and D). These results
suggest that the primary cause of increased secretion form DOCA-salt chromaffin cells

is not due to an increased sensitivity in nAChR function. It has been shown that

. . . .198-201 .
exocytosis can be modulated by variousstimuli . However, due to the high

concentrations of the chemical stimuli used, the release events being detected are most

likely complete exocytotic events.

4.2.4 Release Kinetics

It is proposed that the individual spikes correspond to single vesicular exocytotic

41, 50, 53-54, 190

release events In other words, we suppose that each spike

corresponds to the electro-oxidation of catecholamines released from an individual
vesicle. This supposition is supported by the fact that the charge per spike (Table 4-3,

0.8-1.1 pC) is similar to values reported previously for single vesicular release events

(~1 pC per Spike)41’ 50, 53, 190, 192

. For each spike, the integral of the current over time
yields the charge. The charge can be converted to the number of molecules secreted

and oxidatively detected using Faraday’s Law (Q=nFN), where Q is charge, n is the

number of electrons transferred per mole, E is Faraday’s constant and N is the number

of moles of catecholamines oxidized. The number of moles can be converted to the
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number of molecules using Avogadro’s number. Using the individual spike charge (see

Table 4-3), a value of 2.5 X 106 molecules per vesicle is calculated for Sham secretory

events evoked by both ACh and high K'. This value is close to the 5.2 X 106 molecules

. . . , 41, 50, 53-54,
per vesicle value reported previously for bovine adrenal chromaffin cells

121, 190

Table 4-3. Summary of the spike charge, rise time and full width at half maximum for
secretory events from Sham and DOCA-salt chromaffin cells.

Average Rise slope | 10-90% rise Half width
charge/spike :
(pA/ms) time (ms) (ms)
(PC)

Sham

ACh (1 mM)
(n=420) 0.8 + 0.04 50.9 + 1.4 5.1+0.2 13.1+0.3
+

K (70 mM) 0.8 + 0.03 57.2+1.0 53+0.1 11.6 + 0.2
(n=478)

DOCA-salt

ACh (1 mM) 1.1 + 0.04* 66.1+1.8% | 4.4+0.1* 10.7 + 0.1*
(n=621)
+

K (70 mM) 0.98 + 0.03* 76.6 + 0.8 53+0.1 11.7+0.1
(n=669)

Data are mean + S.E.M; “n” is the number of single event amperometric spikes
used for data analysis. The number of animals and cells used in these

experiments is the same as in Table 2. (*P < 0.05 vs. corresponding Sham values,
Student’s t test)

It has been reported that a relatively constant catecholamine concentration exists

. , . 202 .
in each spherically-shaped vesicle . Therefore, assuming full release, the number of
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catecholamine molecules reaching the electrode for detection is proportional to the

3,41, 54

vesicular volume, or radius (Q=nFCV=nFCr") . Figure 4-5 shows the distribution of

A ACh (1 mM) B K* (70 mM)
1.004 1.00
= ESham w L1Sham
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Figure 4-5. Distribution of the cubed root of the charge (Qlls) for individual release
events from Sham and DOCA-salt cells evoked by ACh (A) and elevated K (B)

stimulation. Values were analyzed within O.lpCllS bins and plotted against the
maximum frequency observed among individual bins. A positive shift in charge values
can be seen for events from DOCA-salt cells regardless of the stimulus used. Assuming
an equal concentration distribution for the two cell types, the positive shift correlates to
an increase in radius for vesicles from DOCA-salt cells as compared to normotensive
cells. Cubed root means were compared between Sham and DOCA data using
student’s t-test and were statistically different at P<0.05 (F-test was used to confirm no
statistical differences between Sham and DOCA variances).

1/3 L . . . . .
the charge (Q ), which is proportional to the vesicle radius, for single secretion events

from Sham and DOCA-salt cells. Values were binned into 0.1 pCll3 intervals and then
normalized to the highest number of events within a given bin. For both ACh and high
K" stimuli, a right-ward shift in the distribution of charge per spike is seen for DOCA-salt
cells. By taking the mean of all the cubed root values, average Ql/3 values were

obtained for ACh stimulation which were 0.88 + 0.01 and 0.99 = 0.01 pC, respectively,
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for Sham and DOCA-salt cells. These values were similar to data for high K

. . . 1/3 . L
stimulation. This increased Q value for the DOCA-salt cells is significant and

consistent with an increase in the average vesicle radius.

The temporal profiles of the current spikes were analyzed to assess the kinetics
of release. As mentioned in the experimental section, spikes were only analyzed if (i)
they were monophasic, (i) the peak amplitude was at least twice magnitude of the
background current, (iii) the current was deflected positive and (iv) the current transient
returned to the baseline. Representative recordings of oxidation currents from Sham
and DOCA-salt cells are presented in Fig. 4-6 A. The nominal spike charge and the

slope of the leading edge of the current spike were greater for events recorded from

DOCA-salt compared to Sham cells. The current rise time (10-90%) and ty/2 were

significantly shorter for DOCA-salt compared to Sham cells (Table 4-3) when using ACh

stimulation. For an unknown reason, these differences were not seen when using high

+ . . . . .
K stimulation. The rise time (10-90%) of a spike was used as a measure of the rate of
catecholamine release. The t1/2 was used as a measure of the rate of extrusion of

. . . 188 .
chemical messengers after vesicle fusion”™ . The results suggest that rate of extrusion

is more rapid in DOCA-salt compared to Sham cells. The rate-limiting step is thought to

38, 50-51, >4 The lack of K*

be rate of fusion pore expansion following vesicle-cell fusion
effect on the t1/2 and rise time for individual events may be due to how this stimulation

recruits Ca2+ in the cell. It is known that the SNARE proteins responsible for tethering

107



the vesicle to the cell membrane and that complete exocytosis versus partial secretion

. . 61 . . . . ,
is calcium dependent ~. The differences in calcium handling could provide an

explanation as to the difference between the t1/2 values for ACh and K+ stimulation.

A «—— DOCA-salt

Figure 4-6. Examples of single release events recorded from cultured adrenal
chromaffin cells isolated from Sham and DOCA-salt rats (A). Release events from
DOCA-salt cells occur faster than release events from Sham cells based on the smaller
peak width and the increased rise time. An example of a spike event with pre-foot event
is shown (B). Approximately 10% of all spikes recorded from both Sham and DOCA-salt
chromaffin cells exhibited this pre-foot event.

A characteristic of some of the oxidation current transients is the presence of a
pre-foot event. The pre-foot event originates from the fusion of a vesicle membrane with

the cell membrane and partial opening of the fusion pore. This leads to the partial

: 50-51, 54 . -
release of the vesicular content . An example of a pre-foot event is shown in Fig.

4-6 B. There was no difference in the frequency of occurrence of the pre-foot events for
Sham and DOCA-salt cells with approximately 10% of all current spikes exhibiting a

pre-foot.
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4.2.5 Impaired K* Channel Function in DOCA-salt Chromaffin Cells

The literature shows that in animal models of spontaneous and salt-sensitive
hypertension, there is impaired K" channel function in nerves supplying blood
vessels?®?%* The data show that there is a greater number of catecholamine molecules
secreted and that release is significantly prolonged for DOCA-salt chromaffin cells. In
other words, there are a greater number of vesicles releasing their content in DOCA-salt
cells per stimulus. We hypothesized that this could be due to impaired K" channel
function®®" 2%, To test this, experiments were conducted in the absence and presence
of different K" channel antagonists: paxilline (0.5 pM), 4-aminopyridine (1 mM), apamin
(0.1 pM) and glibenclamide (50 uM). We also used the BK channel potassium agonist
NS 1619 (100 nM). Due to vesicle depletion, control experiments showed that there is
approximately a 50% reduction in the charge evoked by the second (S2) of two ACh
stimuli (S1 and S2) applied to a cell. Therefore, experiments were performed in a paired
manner with ACh-induced secretion from individual cells being recorded in the absence
and presence of a specific K* channel antagonists with a 20 min delay between the first
and second ACh stimulation. A summary of the results can be found in Table 4-4.
Paxilline (BK antagonist) and glibenclamide (ATP-sensitive) both increased the total
number of release events as well as the total charge detected (total number of
catecholamine molecules oxidized) from Sham cells but not from DOCA cells. 4-AP
(voltage-gated K* channels) and apamin (SK) did not affect catecholamine release from
either cell type. NS 1619 (BK agonist) effectively decreased secretion in Sham cells
(Fig. 4-7 A-D), however it had no effect on DOCA-salt secretion. Figure 4-7 (E & F) also

shows two amperometric recordings from a Sham cell before and after paxilline
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Table 4-4. Summary of potassium channel agonist and antagonist effects on secretion.
Data is provided as the response of a second ACh stimulation (S2) normalized to an
initial ACh stimulation (S1). Statistical differences for drug effects are determine versus
control experiments with no drugs present.
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Data are mean + S.E.M; “n” is the number of cells, which is also the number of

amperometric recordings obtained. (*P < 0.05 vs. control values within a given
animal group, Student’s t test).

110




# of Events Sham Total Charge

A B «
35 gg «
3.0 .or
— 2.5 — 2.5f
920 g ig
N 15 5F
D10 n é.g-
0.5 ] =il
‘ 0.0
0.0 ° 3 292 2 4o £ 5 X o 9 o £
£ a o o ¥ E 5 £ 465 < E
(@) — < g g — < I
O 2 < &) @ Z
DOCA-salt
C # of Events D Total Charge
3.5r 3.5T
3.0t 3.0r
— 2.5f — 2.5f
9 2.0r 0 20t
AN 1.5F N 15+
D10 N 10tk
0.5 i I% I 3 v
0.0 i B 8:3 E N %
o n 9 ® = =
g o3 g td @03k
) 2‘ 8 0 o
Z 2 <
E F
1;MACh 1mMACh

Figure 4-5. Some K" channel antagonists alter catecholamine release kinetics in
chromaffin cells from Sham but not DOCA-salt rats. Cells were stimulated with 1mM
ACh and then after a 20 min interval they were stimulated a second time with ACh. Data
are the ratio of the second (S2) stimulation to the first (S1). The control bars were

obtained from cells that were not treated with a K~ channel blocker showing baseline
depletion of catecholamine content. Paxilline (BK channel blocker) and glibenclamide
(ATP-sensitive channel blocker) caused an increase in the number of release events
and total charge detected compared to the control (A, B) (P < 0.05, 1-way ANOVA). To
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Figure 4-5 (cont’d). check if the BK channel function properly in Sham cells, the
agonist NS 1619 was also applied to cells and caused a decrease in secretion from
Sham cells compared to the control (A, B) (P < 0.05, 1 way ANOVA). None of the drugs
used affected catecholamine release from chromaffin cells from DOCA-salt rats (C, D)
(P > 0.05). (“n” values for each antagonist represent the number of cells investigated.
Sham data “n”: Control — 7, Paxilline — 10, NS 1619 — 14, Glibenclamide — 10, 4-
aminopyridine — 10, Apamin — 10. DOCA data “n”: Control — 8, Paxilline — 10, NS 1619
— 11, Glibenclamide — 12, 4-aminopyridine — 11, Apamin — 12.). Amperometric
recordings elicited from 1mM ACh before (E) and after (F) application of the BK channel
antagonist Paxilline. Recordings are obtained from a chromaffin cell isolated from a
Sham rat. The BK channel antagonist increases the number of release events and the
duration of secretion in a similar manner to recording obtained from DOCA-salt
chromaffin cells.

treatment. In the presence of paxilline, the number of release events and the duration
of secretion are both increased, similar to the secretion profile from DOCA-salt cells

(Fig. 4-2 C).

4.3 Discussion

Neuroendocrine chromaffin cells are part of the adrenal gland, which is
innervated by the sympathetic division of the autonomic nervous system. Consequently,
these cells essentially function as modified postganglionic sympathetic neurons. In our
prior work studying sympathetic neuroeffector transmission to arteries and veins, we

used electrochemical methods to measure NE concentrations at the adventitial surface

35, 149 L .
of the blood vessel . In these measurements, an oxidation current is measured
that reflects the extracellular NE concentration in the vicinity of the recording electrode.
This concentration is contributed to by release from many nearby sympathetic

varicosities. In such measurements, it is impossible to decouple the neurotransmitter

release step (vesicle extrusion) from prejunctional autoinhibition, reuptake and diffusion.
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Chromaffin cells serve as a viable model for sympathetic neurons and their use in these

studies allowed us to investigate disease-induced alterations in catecholamine release.

. ) 102 ) ! )
In related work, Miranda-Ferreira et al. monitored chromaffin cell secretion

using continuous amperometry and found that for cells isolated from spontaneously
hypertensive rats (SHR), a greater number of catecholamine molecules are released

per stimulus from diseased cells as compared to controls. Their work also indicated that

) L ) ! ) 102
catecholamine secretion is altered in chromaffin cells isolated from SHR™ . Our results

in the DOCA-salt model of salt-sensitive hypertension corroborate their findings and
provide new mechanistic insights as to a cause for the altered release; impaired K*

channel function.

Whole tissue levels of NE and EPI are elevated in adrenal medulla isolated from
hypertensive compared to normotensive rats, consistent with previous reports for

R83

SH and DOCA-salt ratszos. There were, however, no differences in metabolite

levels of NMN, MN and DHPG, between the two groups. These results indicate that
metabolic degradation pathways for NE and EPI are not altered in medulla from DOCA-

salt hypertensive rats. Therefore, a change in metabolism is not the cause for the

) ) 206
increased number catecholamine molecules detected from DOCA-salt cells™ .

However, there is a clear build up of catecholamines in the adrenal medulla. It is

believed that the majority of catecholamine metabolism occurs in the cytoplasm after

. 77 .
leakage from vesicles or extracellular re-uptake . This would suggest that the
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increased catecholamine content must be building up somewhere inside the cell other

than the cytoplasm, which would most likely be inside the storage vesicles.

Catecholamine release from DOCA-salt adrenal chromaffin cells was evoked by

both ACh and high extracellular K'. ACh release from preganglionic sympathetic

nerves, acting at nAChRs, is the endogenous stimulant of catecholamine release from

189, 207

chromaffin cells . When cells were stimulated with ACh in vitro, the frequency of

individual oxidation current spikes, the total number of spikes or release events, and the

total number of catecholamine molecules released were significantly greater from

DOCA-salt compared to Sham cells. High K" depolarizes chromaffin cells, independent
of NAChR function, by activating L-type Ca” channelsllg. The fact that catecholamine

release was not different between high K" and ACh stimulation confirms that the

increased secretion is not due to altered pathways associated with nAChR activation or

increased expression of this receptor.

The oxidation current spikes correspond to release from individual vesicles. Our
results suggest that catecholamine-containing vesicles in DOCA-salt chromaffin cells
contain a greater catecholamine molecule loading than do vesicles in Sham cells. It was

also found that the rate of extrusion is more rapid from DOCA-salt cells compared to

Sham cells, as evidenced by a decreased t1/2 of the current spikes in the former for

41, 50-51, 53-54, 190

ACh stimulation . Consistent with the greater loading is the increase
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. . . 1/3
in apparent vesicular radius based on the greater Q" ~ value for the DOCA-salt cells.

The increased current rise slope is indicative of a greater catecholamine concentration
gradient between the sites of release and the recording electrode. This makes sense as
vesicles appear to possess greater catecholamine loading in the DOCA-salt cells and
would therefore be expected to release more catecholamine molecules into the
extracellular space as compared to Sham controls. According to published work, which

shows that adrenal chromaffin cell vesicles maintain a constant catecholamine

. . , . ._ 208 . .
concentration with varying vesicle size , it would be expected to observe an increase

in the vesicle radius with a greater number of packaged catecholamines (i.e., volume to
accompany the increased loading). This was in fact observed. A limitation of our study,
however, is that we have no microscopic evidence to confirm the suspected increase in

vesicle radius.

In addition to NE and EPI, the vesicular matrix also contains chromogranin A,

40, 190

ATP (~120 mM), Ca2+ (17-30 mM) and ascorbate (~20 mM) . Vesicles of larger

radii would have an increased membrane surface area. This could provide more points
of contact with SNARE proteins located in the cellular membrane. SNARE proteins

facilitate secretion by overcoming the natural repulsion energies of the vesicle and cell

. . 209
membrane, and promote docking and fusion . It has also been shown that membrane

210-211

tension and fusion pore length facilitate spontaneous fusion pore dilation More

docking points would increase the probability of vesicle extrusion and this could be a

cause for the greater number extruding vesicles (per stimulus) in DOCA-salt cells.
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An additional cause for the increased secretion from DOCA-salt cells could be a

greater number of vesicles available in the readily-releasable pool as chromaffin cells

4, 212

. 5 . .
maintain several storage pools . Previously published work has shown that

glucocorticoid treatment of adrenal chromaffin cells increases coupling of voltage-gated

2+ . . 73
Ca  channels to the readily releasable pool of vesicles . Our study was not focused

on determining if the size of the vesicle pools is altered in DOCA-salt hypertension.

To better understand the cause for the prolonged release (i.e. increased number

of vesicles undergoing exocytosis) seen for DOCA-salt cells, we tested the hypothesis

.. . + .
that there is impaired K channel function. These transmembrane channels play a

crucial role in returning a depolarized cell to the resting state. Rat chromaffin cells

express a diversity of Ca2+-dependent K channels, including voltage-independent,

small-conductance, apamin-sensitive SK and two variants of voltage-dependent, large-

conductance BK channeI5213. To test this hypothesis, we performed single-cell
electrochemical measurements in the presence of various antagonists and an agonist to
determine to role of K' channels in modulating catecholamine release. We
hypothesized that one or more K" channels become impaired in this model of
hypertension and this contributes to increased catecholamine secretion due to the
inability of the cell to timely repolarize. We found that BK and ATP-sensitive K" channel
function is in fact impaired in chromaffin cells from DOCA-salt rats. However, to verify
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that the receptors are functional in Sham cells, we used the BK channel agonist NS
1619 and found that activating BK channels caused a decrease in secretion from Sham
cells, yet had no effect on DOCA-salt cells. This impairment leads to the prolonged

release from DOCA-salt cells. However, the cause for the impaired channel function is

. . . 2+ .
still unknown. It is possible that Ca~ channels may be up-regulated in DOCA-salt
. . 2+ .
hypertension causing more Ca  to enter the cell compared to healthy controls. This,
. . . . . 2+
however, seems unlikely based on a previous study in which no changes in Ca

. . . . 214
handling were observed in chromaffin cells from spontaneously hypertensive rats

Another possibility is oxidative stress. We have previously found that reactive oxygen

species levels, mainly Oz , are elevated in perivascular sympathetic nerves in DOCA-

salt hypertension and impaired prejunctional a,-AR function is linked to the presence of

6 - . . . .
O2 . O2 may disrupt the secretory mechanism in the adrenal chromaffin cells from

DOCA-salt rats.
4.4  Conclusions
1) There is increased catecholamine secretion from adrenal chromaffin cells in
DOCA-salt hypertension. This leads to the increased circulating catecholamine
levels known in DOCA-salt hypertension. Increased circulating catecholamines
would contribute to increased vasoconstriction and blood pressure elevation.
2) These cells essentially function as modified postganglionic sympathetic neurons.
The increased number of catecholamine molecules released per stimulus, the

more rapid rate of extrusion and the greater number of vesicles undergoing
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3)

extrusion in DOCA-salt cells likely mimics what happens in perivascular
sympathetic nerves supplying arteries and veins. Clearly, there is impaired
exocytotic release of catecholamines in this model of hypertension and this likely
contributes to increased vasomotor tone.

A cause for the greater number of vesicles undergoing extrusion and their

. . . .. + .
prolonged release is impaired BK and ATP-sensitive K channel function.
Although measurements of release from individual sympathetic nerve varicosities
are not possible, the adrenal chromaffin cell may be a suitable surrogate for

further investigations of changes in catecholamine release in the sympathetic

nervous system in hypertension.
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Chapter 5

Causes for Increased Catecholamine Secretion from DOCA-salt Chromaffin Cells

5.1 Introduction

The in vitro electrochemical experiments described in Chapter 4 revealed
alterations in catecholamine secretion from DOCA-salt chromaffin cells. Greater
catecholamine levels were secreted per exocytotic event, as evidenced by the
increased peak charge, and release were more prolonged in cells from DOCA-salt

animals. The work reported in this chapter probed the causes of the impaired signaling.

. . 2+ . .
In Chapter 4, catecholamine metabolism, altered Ca~ handling and or potassium

channel dysfunction were hypothesized as possible explanations for the altered
signaling in DOCA-salt chromaffin cells. HPLC analysis revealed that catecholamine
metabolism is unchanged in the DOCA-salt adrenal medulla. However, as is detailed
herein, impairments were discovered in BK and ATP-sensitive potassium channels in
DOCA-salt chromaffin cells. These studies provided important evidence to explain the

increased secretion frequency of DOCA-salt chromaffin cells.

58, 61, 99

Calcium entry into excitable cells is crucial to facilitate excocytosis In

fact, contributions from extracellular and intracellular sources are important in adrenal

58, 189, 215

chromaffin cells to promote catecholamine secretion Calcium is such an

important factor in exocytosis that it has been considered as a possible mechanism for
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. . . . . 214 . :
alterations in secretion patterns in hypertension ~ . In chromaffin cells, calcium entry

occurs after stimulation by ACh. Calcium entry helps to produce an action potential

L . . .98 . . . . .
which is required to induce secretion™ . It is possible to monitor calcium as it enters the

cell by loading a cell with a fluorescent probe. The probe Fluo-4 AM was used to

determine if there are any differences in Ca2+ handling in DOCA-salt chromaffin cells.

Results from these studies are reported herein. Fluo-4 AM fluorescent intensity
increases upon binding with calcium providing a convenient method for monitoring

calcium flux into a cell which has been previously loaded with the dye.

Another important physiological process that has been found to disrupt

sympathetic nerve signaling in DOCA-salt hypertension is superoxide production36

Superoxide is naturally produced via NADPH and its expression in nerves is up-

. . .9 - . .
regulated in this model of hypertension™ Variations in superoxide levels have been

. . . . . . . 216-
found in a number of different diseases including Alzheimer’s, diabetes and cancer

218 . . , .
. It is possible that the secretion pattern differences observed for DOCA-salt

chromaffin cells may be related to increased super oxide levels. This possibility was
tested using the NADPH-oxidase inhibitor, apocyninls. NADPH-oxidase produces
superoxide, so by inhibiting the enzyme, the negative effects associated with
superoxide should be decreased. To do this, apocynin (2mM) was chronically

administered to Sham and DOCA-salt animals (4 week administration) in parallel with a

group of Sham and DOCA-salt animals that did not receive apocynin. This provided
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information on how antioxidant treatment affected normotensive and hypertensive

animals.

The results address three possible causes for the altered chromaffin cells
secretion. These studies provided important information related to our working model of

sympathetic neurogenic control of vascular tone in DOCA-salt hypertension.

5.2 Results
5.2.1 Calcium Flux into Sham and DOCA-salt Chromaffin Cells

Calcium flux into adrenal chromaffin cells is a critical component of exocytosis.
Fluorescence studies were performed to monitor calcium entry into chromaffin cells
isolated in culture. Calcium entry was evoked by stimulation with ACh (100uM) and high
potassium (70 mM). Cells were isolated onto coverslips as previously described and
allowed to equilibrate for 1-2 hours. As outlined in Chapter 2, cells were incubated with
Fluo-4 AM for 30 min. Following incubation, cells were placed in a bath with HEPES
buffer continuously flowing through. An initial background collection was performed for
10-15 s followed by stimulation with either ACh or high potassium for 2-2.5 min.

Calcium influx was measured as an increase in fluorescence intensity over time.

Figure 5-1 shows the fluorescence profiles for ACh stimulation of Sham and
DOCA cells. The profiles show average and standard error values for measurements of
35-40 cells from 4 Sham and 4 DOCA rats. Fluorescence intensities for individual cells

were grouped together for each animal. Figure 5-1 shows the average fluorescence
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Figure 5-1. Fluo-4 AM fluorescence intensity profiles for two successive stimulations of
(A) Sham and (B) DOCA-salt cells in response to 100 puM acetylcholine. The Sham and
DOCA-salt cell responses are overlaid for (C) the first stimulation and (D) the second

stimulation.
profiles for (A) Sham and (B) DOCA cells during a first and second application of ACh.

Fluorescence intensity profiles for Sham and DOCA-salt cells after the (C) first and (D)
second application of ACh are also provided. At first glance the fluorescence intensities
for Sham cells after the second stimulation with ACh appear to be lower than after the
first stimulation. Also, the fluorescence intensities for the first stimulation of DOCA-salt

cells appear to have a slower temporal increase cells stimulated for a second time with

ACh. Figure 5-2 provides the same data as Figure 5-1 using high K" as the secretory
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stimulant rather than ACh. However, statistical comparisons did not reveal any
significant differences between the fluorescence intensity profiles for Sham or DOCA-
salt cells, regardless of the chemical stimulant (Figs. 5-1 & 5-2) The results indicate no
difference in calcium handling for Sham and DOCA chromaffin cells (p>0.05 2-way
ANOVA). Therefore, the greater levels of catecholamines secreted and the prolonged
secretion seen for DOCA-salt chromaffin cells appear not to be linked with alterations in

calcium handling.
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Figure 5-2. Fluo-4 AM fluorescence intensity profiles for two successive stimulations of
(A) Sham and (B) DOCA-salt cells in response to 70 mM potassium. The Sham and
DOCA-salt cell responses are overlaid for (C) the first stimulation and (D) the second
stimulation.
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5.2.2 Reactive Oxygen Species Involvement in the Pathogenesis of DOCA-salt
Hypertension

Oxidative stress and inflammation are inextricably linked and are associated with

36, 219-220

spontaneous and salt-sensitive hypertension Excess reactive oxygen

species cause serious alterations to the natural biological function of various systems

217, 221-222

within the body Previous work in our group has found links between

. ) ) ) ) ) ) . 36
oxidative stress and impaired sympathetic nerve function in mesenteric arteries

Based on these results, we hypothesized that the altered potassium channel function in
the DOCA-salt chromaffin cells may be linked to oxidative stress, specifically elevated
super oxide levels. We tested this hypothesis by chronically administering 2mM
apocynin to Sham and DOCA-rats (n=4 for each) over a 4-week period. In the DOCA-

salt model, mean arterial pressure increases progressively over a period of several

weeks and by week-four, the test animals have the fully developed disease223. In

parallel, a group of Sham and DOCA-rats (n=4 for each) were treated identically over a

four-week period but without drug administration.

Apocynin is a known inhibitor of NADPH oxidase, which generates

., 224 . . . .
superoxide . Chronic treatment with apocynin has been shown to delay the elevation

of blood pressure and restore az-AR function in DOCA-salt rat5223. Thus, if oxidative

stress exists in the chromaffin cells exists and NADPH oxidase is the source, then
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inhibiting NADPH oxidase apocynin should cause a decrease the availability of

superoxide, possibly restoring more normal potassium channel function.

After rats underwent a uninephrectomy and were implanted with a DOCA
mineralcorticosteroid pellet, they were allowed 1-2 days of recovery before beginning
apocynin treatment. The drug was administered ad libitium in the animals’ drinking
water. Water intake was monitored over the course of treatment to determine how
apocynin affected water consumption. Animals were housed 2 per cage, with 2 cages
of non-treated and 2 cages of treated rats (Sham and DOCA). To determine water
intake, the average amount of water consumed per day was recorded, averaged, and
normalized to the number of animals in the cage (mL/day-animal). Determining the
water intake is critical as this parameter controlled the amount of the drug administered
to each animal. The data obtained for the untreated and apocynin-treated animals were
pooled into separate groups for analysis. Statistical analysis was accomplished using a
simple student’s t test. The average water intake per animal was not statistically
different for Sham treated and untreated animals. DOCA-salt rats being treated with
apocynin drank more water than their control counterparts that did not receive any drug
(Table 5-1). In general there was a significant increase in the water consumed by the

DOCA-salt animals compared to their Sham counterparts by a factor of 3-4x.

Animals also had their weight and blood pressure recorded the week of
experiments (i.e., the week of sacrifice). At the four-week mark, Sham untreated and

apocynin-treated control rats had nominal MAP of 132 £+ 4 mmHg and 136 + 1 mmHg,
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Table 5-1. Summary of mean arterial pressure, weight and water intake data for
untreated and apocynin-treated Sham and DOCA-salt rats

Water Intake per
Blood Pressure animal per day
(mmHg) Weight (g) (mL/day-animal)
Sham 131 +3.92 443 +16.03 40+1.0
Sham with Apocynin 136 +1.47 419 + 22.56 42 +1.3
DOCA 176 + 7.86"* 376 + 12.34* 114 +5.29"*
DOCA with Apocynin 186 + 6.60"* 370 + 9.22* 151 + 10.4"*

* p < 0.05 vs Sham, Student’s t test
Ap < 0.05 vs Sham with Apocynin Treatment, Student’s t test

and their weights were 443 +16 g and 419 = 23 g, respectively. There were no
statistically significant differences between MAP and body weight of apocynin-treated
and untreated Sham control rats. In contrast, untreated and apocynin-treated DOCA-
salt rats had statistically higher MAPs than the Sham rats. DOCA-salt untreated and
apocynin-treated animals had MAP of 176 + 8 mmHg and 186 + 7 mmHg and body
weights of 376 £12 g and 370 £ 9 g, respectively. An unexpected observation was the
MAP of the apocynin-treated DOCA-salt animals was not reduced as compared to the
untreated animals. Previous work in the group showed that the MAP is reduced during

weeks two and three of DOCA-salt hypertension development with apocynin treatment,

. . 223 . .
but these effects disappear in week four . Sympathetic neuronal control mechanisms

likely predominate in weeks two and three of the disease pathogenesis in this model
and, therefore, apocynin treatment is most effective at lowering blood pressure during

this period. At the four-week mark, there is likely significant vascular remodeling and
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vessel resistance is likely the dominant factor controlling blood pressure. Apocynin
treatment is rather ineffective at reducing these vascular structural alterations and,
therefore, the drug has little impact on MAP. In retrospect, we should have conducted
these studies using three-week rather than four-week animals. Table 5-1 presents a
summary of the MAP and body weight data for untreated and apocynin-treated Sham

and DOCA-salt rats

Each day, two Sham or DOCA-salt animals were sacrificed, and experiments
were performed on a set of untreated and apocynin-treated chromaffin cells. The order
of rat sacrifice, treated and untreated animals, was alternated every other day to
account for bias that would be introduced by always sacrificing in the same order. In
order to understand how superoxide levels are affected by apocynin treatment,
chromaffin cells were stained with the superoxide indicator, dihydroethidium (DHE).
The indicator is cell membrane permeable and upon oxidation by superoxide it binds to

DNA becoming membrane-impermeable, staining its nucleus a bright fluorescent red.

. . . ... 223 .
DHE can be used to image cells and tissues for superoxide activity . Continuous

amperometric measurements were performed on single cells to determine the effect of
apocynin. Chromaffin cells were isolated as previously described and plated on
coverslips (two coverslips containing untreated cells and two coverslips containing
treated cells). Since it was impossible to run four sets of microscopic and amperometric
measurements in a single day, we chose to run the Sham untreated and treated
together and DOCA-salt untreated and treated together. Comparison of superoxide

levels across Sham and DOCA-salt groups could not be performed due to the day-to-
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day variability of the microscopy settings as apocynin treatment intensities were
normalized to the non-treated fluorescent intensities obtained within the same day.
When treated and untreated Sham cells were compared using a student’s t test, the
apocynin-treated cells had higher fluorescence intensity than their untreated

counterparts (Table 5-2). However, there was no statistical difference between DOCA-

Table 5-2. Summary of DHE fluorescence intensities for superoxide activity in untreated
and apocynin-treated Sham and DOCA-salt chromaffin cells.

Untreated Apocynin-Treated
100+ 9 80+ 10
SHAM 2 (n=6) (n=4)
100+ 3 136 + 22
SHAM 3 (n=11) (n=10)
100 +5 172 + 19*
SHAM 4 (n=9) (n=16)
AVG Sham 100+ 3 143 + 14*
100+ 12 138 + 22
DOCA 1 (n=7) (n=9)
100+ 7 100 £ 13
DOCA 2 (n=6) (n=7)
100 + 8 70 £ 5%
DOCA 3 (n=11) (n=12)
100 + 11 63 + 10*
DOCA 4 (n=11) (n=13)
AVG DOCA 100+5 88 +8

* p <0.05 vs untreated data, Student’s t test n = number of cells investigated per
animal. Fluorescence intensities for each pair of data are normalized to the
average fluorescence intensity obtained for untreated chromaffin cells.
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salt treated and untreated cells (Table 5-2). This suggests that apocynin treatment
increases superoxide production in Sham chromaffin cells, yet has no effect on DOCA-
salt cells. However, after re-examining each animal individually, it was found that only
one set of Sham cells (Sham 4) had an increase in fluorescence intensity that was
statistically different from data for apocynin treated cells as compared with the other
Sham sets of data. Also it was found that two DOCA-salt sets of data show a decrease
in fluorescent intensity that is statistically significant even though the average of all four
DOCA-salt animals was showed no difference between untreated and apocynin-treated
values (Table 5-2). These results are somewhat inconclusive, and lead to the data

being reported, but drawing significant conclusions from it is unwise.

Continuous amperometric measurements were also made to determine the
effects of antioxidant treatment on catecholamine secretion from single chromaffin cells.
Plated chromaffin cells were placed in a flow bath as described in Chapter 4. Secretion
was stimulated using a pressurized burst of 1ImM ACh. It was found that apocynin
treatment had no effect on the amount of catecholamines secreted per exocytotic event,
the total number of release events per stimulus or the duration of release events in cells
from Sham animals. Table 5-3 summarizes the number of release events per stimulus,
the charge per release event and the total number of catecholamine molecules oxidized
per stimulus, which is directly calculated from the peak charge. Apocynin treatment also
had no effect on the number of release event per stimulus in cells from DOCA-salt
animals, although there does appear to be a reduction in the number of events based

comparison of the nominal values. Treatment does reduce the charge per stimulus and
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the catecholamine molecules oxidized per stimulus to levels similar to those for cells

from Sham controls.

Table 5-3. Summary of continuous amperometric data from single chromaffin cells

isolated from untreated and apocynin-treated Sham and DOCA-salt animals.

Events per Total Charge per Total Catecholamine
stimulus stimulus (pC) molecules oxidizgd per
stimulus (10 )
Sham
Untreated 27 +4.2 18 + 3.8 0.6 +0.1
(n=12)
Apocynin- 34+5.2 26 +5.2 0.7+0.2
Treated
(n=15)
DOCA-salt
Untreated ( 42 +5.0* 35 + 4.3% 1.2 +0.1*
n=13) B B
Apocynin- 34+6.7 21+3.8" 07+01"
Treated B
(n=16)

* p <0.05 vs Sham cells, treated versus untreated data, Student’s t test
# p <0.05 vs DOCA-salt cells, treated versus untreated data, Student’s t test

Individual secretory events were also unchanged by apocynin treatment in Sham
animals. Apocynin treatment caused a decrease in the quantal charge and half-width
values for individual release events. A summary of the kinetic data is provided in Figure

5-3.
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Figure 5-3. Summary of apocynin treatment on individual release events from
chromaffin cells isolated from Sham and DOCA-salt animals. Apocynin treatment
decreased the charge and half-width for individual secretory events from DOCA-salt
chromaffin cells as compared to non-treated DOCA-salt cells. Apocynin treatment had
no effect on individual secretory events from Sham chromaffin cells.

Taken together these data suggest that superoxide may not play a role in the
alterations found in DOCA-salt chromaffin cell secretion. Apocynin treatment did not
lower the blood pressure of DOCA-salt rats at least at the four-week point in the time

course of the disease when these measurements were made. The data described in
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this chapter also suggest that apocynin treatment causes a decrease in the quantal
charge for individual release events in DOCA-salt cells. This decrease in charge
detected is also evidenced over the course of secretion, which is evidenced by the
decrease in total catecholamine molecules released per stimulus for untreated and
treated DOCA-salt cells. These data show a decline in catecholamine packaging in
DOCA-salt cells when treated with apocynin. Release frequency remains unchanged
providing evidence that the alterations found in potassium channel function is most

likely unrelated to elevated superoxide levels.

5.3 Discussion

The goals of this chapter were to further probe the causes for the impaired
catecholamine secretion characteristic of DOCA-salt chromaffin cells. As mentioned
earlier, calcium plays an important role in exocytosis. It is possible that an increase in
calcium flux during depolarization is a cause for the increased secretion. Using the
calcium fluorescence probe, Fluo-4 AM, to visualize calcium influx into chromaffin cells
upon stimulation, we found no clear differences in calcium handling between the two
cell types regardless of whether ACh and high potassium were used for stimulation. It
should be noted these experiments suffered from high variability between samples that

complicated the analysis. Our findings are not in agreement with similar studies

performed using spontaneously hypertensive rats by the Garcia group225. They found

that there are higher basal levels of calcium in the cytosol and mitochondria in adrenal
slices from spontaneously hypertensive rats compared with normotensive controls.
Garcia et al. also found that after stimulation with ACh or high potassium,

spontaneously hypertensive rats show a greater peak in calcium levels and have a
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slower time course of calcium clearance as compared to normotensive controls. The
Garcia group employed an internal standard for calibration in each fluorescence
experiment. We did not take these measures, which may have contributed to large
variability in our measurements and lack of statistical difference between DOCA-salt
and Sham chromaffin cell calcium handling. It is important to note that the slow time
course of calcium clearance found by the Garcia group supports the impairment in

potassium channel function found in our work.

Another possible explanation for the impaired secretion in DOCA-salt chromaffin
cells that was tested was elevated superoxide levels in the cells which leads to oxidative

stress. Elevated levels of superoxide have been linked to alterations in sympathetic

36, 220, 226

neuroeffector transmission in DOCA-salt hypertension . The NADPH oxidase

inhibitor apocynin was given to Sham and DOCA-salt rats to inhibit the generation of
superoxide. A complete investigation into blood pressures, animal weights, superoxide
levels as measured with DHE fluorescence levels and chromaffin cell neurotransmission
yielded interesting results. It was found that apocynin treatment, at least at the four-
week point in time course of the disease, had no effect on the blood pressure in DOCA-
salt or Sham rats. Previous work in our lab showed that chronic apocynin treatment of

DOCA-salt rats lowered blood pressure at the two- and three-week points in the time

. 223 o
course of the disease, as compared to untreated rats . The antioxidant treatment

. . . . 223
was less effective at the four-week point in the time course of the disease™ . The

results reported herein for cells from animals at the four-week point in the time course of
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the disease revealed no statistically significant difference in superoxide levels for
apocynin-treated and untreated Sham or DOCA-salt rats. In retrospect, these studies
should perhaps have been performed using two- or three-week animals. Continuous
amperometric data indicated that apocynin treatment did not change the total amount of
catecholamines released per secretion event, the number of release events per
stimulus and the individual secretory event kinetics in Sham cells. Apocynin treatment
did appear to affect some aspects of secretion from DOCA-salt chromaffin cells.
Apocynin caused a decrease in the total number of catecholamine molecules released
per stimulus in DOCA-salt cells as well as the total number released over a 60 s
experiment as compared to untreated controls. There was no change in the release
frequency however. One interpretation of the results is that by some mechanism,
apocynin decreases the number of catecholamine molecules packaged into vesicles. It

is unclear though if this is a direct effect of apocynin. Catecholamine packaging into

. . . . 199 . .
chromaffin vesicles is dependent on the intercellular pH ™. Any change in superoxide

levels would change the intercellular pH. The most interesting finding was that
antioxidant treatment had no effect on the number of release events per stimulus in
DOCA-salt chromaffin cells. This suggests that the impairments found in potassium
channel function are not linked to superoxide levels. A significant complicating effect
was the fact that apocynin treatment did not reduce blood pressure in the DOCA-salt
rats. Taking all the results together, it is concluded that at least in the four-week
animals, elevated superoxide levels do not exist in DOCA-salt chromaffin cells, as
compared to Sham controls, and that superoxide levels are not the cause for impaired

potassium channel function.
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5.4

1)

2)

3)

Conclusions

There was no evidence of altered calcium handling in cells from Sham and
DOCA-salt animals. These studies did not use a calibration standard.

Super oxide levels, based on DHE fluorescence intensities, were not elevated in
cells from DOCA-salt animals.

Treatment with apocynin had no effect on the number of release events per
stimulus, the oxidation charge per stimulus or the total number of catecholamine
molecules oxidized in cells from Sham controls. Treatment did reduce the charge
per stimulus, the total number of catecholamine molecules oxidized, individual
secretory kinetics and quantal charge for individual release events in cells from
DOCA-salt animals. Apocynin reduced secretion values to those characteristic of
Sham controls. Since the apocynin treatment had no effect on superoxide levels
and blood pressure for DOCA-salt rats, these findings are most likely due to
intracellular pH being affected by apocynin treatment in DOCA-salt chromaffin
cells. pH changes could cause alterations in packaging for individual chromaffin
vesicles. Fewer catecholamines packaged into individual vesicles would explain
the lower levels of catecholamines released per individual secretory event and

over the total time-course of an amperometric recording.
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Chapter 6

Fast-Scan Cyclic Voltammetric Detection of Norepinephrine and Epinephrine

Secretion from Normotensive and DOCA-salt Hypertensive Chromaffin Cells

6.1 Introduction

L . . . . .. 182-184
Hypertension is associated with heightened sympathetic nerve activity :

Associated with this heightened activity, elevated levels of the vasoconstrictor, NE,

have been measured by continuous amperometry at the adventitia of mesenteric blood

34-35, 125, 149

vessels Adrenal chromaffin cells have been used in this work as a

model for sympathetic neuroeffector transmission. The work provides new insight
about how the quantal amount, secretion frequency and individual secretory event
kinetics from these cells are altered in DOCA-salt hypertension. These cells release
both NE and EPI; however, the continuous amperometric measurements provide
information about total catecholamine concentrations secreted, not individual levels. It
would be of interest to know if NE and EPI levels released are altered in DOCA-salt

hypertension.

Measurements of whole tissue catecholamine levels in the adrenal medulla were
made to determine NE and EPI levels. The assumption being that these levels would
be reflective of the levels packaged in chromaffin cell vesicles. The results indicated
that approximately 85% (8.5/1 ratio of EPI to NE) of the catecholamines in the medulla

are EPI for both Sham and DOCA-salt tissues. While useful, these data may not reflect
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the level of each transmitter secreted from individual chromaffin cells. To study this, we
employed FSCV to distinguish NE and EPI released from individual Sham and DOCA-

salt chromaffin cells.

Chromaffin cells are more than just a model for sympathetic neuroeffector

transmission. The adrenal medulla is a significant source of circulating catecholamines,

- 48 .
specifically EPI . In fact, pheochromocytomas, which are rare tumors of the adrenal

medulla, cause large amounts of catecholamines to be released into the blood stream.
These tumors are associated with a number of side effects including elevated heart rate
and blood pressure. The EPI released acts at alpha and beta adrenergic receptors
expressed by the vascular smooth muscle cells and cardiac muscle cells to cause
increased heart rate, blood vessel constriction and increased cardiac output, all of
which lead to elevated blood pressure. Of particular relevance to this research is the

observation that heightened sympathetic nerve activity produces greater release of

catecholamines (approximately 25% NE and 75% EPI) into the circulation227

Given the significant effects of EPI on body homeostasis, an obvious question to
consider is whether or not the levels of EPI and NE secreted from DOCA-salt

chromaffin cells are different from the levels released from Sham cells. As mentioned

above, rat chromaffin cells produce and secrete EPI at roughly 3x the level of NE227.

Continuous amperometric experiments reported in Chapter 4 were performed by

applying a potential sufficient to detect both NE and EPI released from chromaffin cells
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via the oxidation of the hydroquinone moiety of each molecule. Continuous

amperometry is an excellent technique for monitoring rapid transient changes

. . . . .. 228
associated with neurochemical signals of known origin® .  Unfortunately, the

technique does not provide qualitative information about the identity of the molecule(s)
being detected. In other words, all molecules arriving at the recording electrode surface
that are oxidizable or reducible will be detected, depending on the detection mode. An
alternative approach is fast-scan cyclic voltammetry, which provides a good temporal
resolution and allows for the identification of the molecules being detected based on

their voltammetric signature.

FSCV has been successfully used to identify and quantify NE and EPI released

121, 229

from bovine and mouse adrenal chromaffin cells These studies showed that

the majority of chromaffin cells secrete primarily either NE or EPIl. To date, there have

. . . , 83, 102,
been studies on the effects of hypertension on exocytosis from chromaffin cells

185, 206, 225 . .
’ ’ : These studies relied on amperometry and HPLC to detect

catecholamines released and found a higher number of catecholamines secreted from
hypertensive cells. In this chapter the use of in vitro fast-scan cyclic voltammetry to
compare EPI and NE secretion from Sham and DOCA-salt rat adrenal chromaffin cells

is reported.

Control measurements were made using cells from Sham animals. Release was

evoked from individual cells using a nitrogen-pressurized, high potassium (70 mM K*)
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bolus, which depolarizes the cells. NE and EPI release were monitored as an oxidation
current with a carbon fiber electrode placed adjacent to the cell. The hydroquinone
moiety of both molecules is detected as an oxidation current at 0.600 V vs. Ag/AgCl
while EPI is distinguished via the oxidation of the secondary amine at 1.425 V. The
identification and quantification of NE and EPI is possible by recording cyclic
voltammograms between 0.100 - 1.500 V vs. Ag/AgCI at intervals of 16.6 ms for a 30 s
period after stimulation. It was hypothesized that the EPI/NE ratio from chromaffin cells

is altered in DOCA-salt hypertension.

6.2 Results
6.2.1 Cyclic Voltammetry of Sham and DOCA-salt Chromaffin Cells

In section 4.2.2, continuous amperometric measurements revealed an increase
in the levels of catecholamines secreted per release event and prolonged release
events for cells from DOCA-salt animals as compared to Sham controls. The
amperometric data are reflective of both NE and EPI oxidation and provided no
differentiation. Continuous amperometry is a powerful tool for studying small temporal
changes, such as individual vesicle secretion, but its use for molecule identification is
limited. Cyclic voltammetry, on the other hand, can be used to identify molecules based
on their oxidation potential (i.e., voltammetric signature). Scanning a potential range at
high scan rates generates a series of voltammograms as a function of time during

secretion event. This measurement enables identification of NE and EPI (Chapter 1,

39, 121, 136

Fig. 1-7) as they are released from adrenal chromaffin cells Experiments

were performed at 600 V/s between 0.1 and 1.5 V vs. Ag/AgCI at a frequency of 60 Hz

139



(16.6 ms per scan). Voltammograms were collected over 30 s and filtered using a two-
pole Bessel filter at 2 kHz. 50 Sham cells and 49 DOCA-salt chromaffin cells were
studied. The cells were isolated from Sham and DOCA-salt rats that had an average
systolic blood pressure of 133 + 23 mmHg (n=11) and 187 + 7 mmHg (n=11)

respectively.

Before investigating chromaffin cell secretion, 10 uM standards of NE and EPI
were analyzed to verify that the identification of both molecules via these redox
reactions is possible. Figure 6-2 shows background subtracted voltammograms (full
details on background subtraction can be found in Chapter 2) of 10 uM NE and EPI (A &
B). It can be seen that NE has only a single oxidation wave, which is associated with
the oxidation of the hydroquinone moiety. However, EPI has two oxidation waves: the
first is due to the hydroquinone oxidation, and the second is due to the oxidation of the
secondary amine. These tests provided validation that it is possible to discriminate NE

and EPI based on the presence of the secondary amine oxidation wave.

In Figure 6.1 A, two oxidation peaks are seen for EPI at 0.6 and 1.4 V. The lower

potential peak is due to the 2¢/2H" oxidation of the hydroguinone moiety, while the

higher potential peak is due to the 2e’/2H" oxidation of the secondary amine moiety for

EPI. There is only the one oxidation peak at 0.6 V for NE (Fig. 6-1 B). These curves
reveal different voltammetric signatures for these two molecules. Recording these
voltammograms as a function of time after a stimulus allows for analysis of NE and EPI

secreted from chromaffin cells.

140



A 1.0 B1.0-
0.8 0.8
E 0.6 < 0.61
c . + 0.4
CIC.) 0.4 qc)
= | = 0.21
5 0.2 =
@) i
0.0. 0 0.0
-0.21
0.2040608101214 02040608101214
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCI)

Figure 6-1. Fast-scan cyclic voltammetric curves for 10 uM EPI (A) and NE (B)
recorded at 600 V/s from 0.1 — 1.5 V vs. Ag/AgCl at 60 Hz. The supporting electrolyte
was Tris-HCI buffer. pH = 7.2.

The voltammetric measurements of single cell secretion were performed in a
manner identical to the continuous amperometric experiments. The microelectrode was
gently placed in contact with a single chromaffin cell and secretion was stimulated using
a high concentration of potassium (70 mM) with voltammograms being collected for 30
s. After collection, the data were converted into an averaged current-time trace
between the potentials of 0.55 — 0.65 V and 1.4 — 1.45 V vs. Ag/AgCl, as discussed in
Chapter 2. Current-time traces revealed current spikes for hydroquinone and
secondary amine oxidations at the two different detection potentials, 0.6 and 1.425 V.
Current-time traces for Sham and DOCA-salt cells releasing primarily EPI (A and B) and
cells primarily releasing NE (C and D) are shown in Figure 6-2. It can be seen that all
current-time traces taken at 0.6 V vs. Ag/AgCIl shows current spikes that are associated

with the hydroquinone oxidation of both NE and EPI. Tracings, such as those in Figures
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6-2 A and B, reveal overlapping current spikes at both potentials indicating this cell is
releasing EPI. In contrast, the tracings in Figure 6-2 C and D show primary current

spikes at 0.6 V but little at 1.425 V. This indicates this cell is releasing NE.

A Shamfy B Dpoca
1nA|_

4s

4

1.425V AVG 1.425V AVG

C Sham D poca

1nA|_
4s

0.6 VAVG g, ... 06VAVG
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Figure 6-2. Current-time traces obtained via fast-scan cyclic voltammetry. Scale bars
are for i-t traces. Representative cyclic voltammograms are shown above each trace to
identify the neurotransmitter release from each cell.

It is important to briefly discuss the significance of the current-time traces as
shown in Fig. 6-2. Firstly, the oxidation signatures for NE secreting cells appear to be
ambiguous. There appears to be small oxidation spikes in the 1.425 V current-time

trace seen in Fig. 6-2 C & D. Those spikes are not identified as peaks when the signal

is run through the MatLab peak-finding algorithm. The appearance of these “false”-
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peaks is the exact reason that the MatLab algorithm was used to select peaks that were
significantly different from the baseline signal. By using the algorithm, human bias is
removed from data analysis. Another important topic to cover is the magnitude of the
current spikes. Prior to each cellular recording, the electrode was cycled in just the
flowing buffer to ensure the background current did not change with time (Fig. 6-3).
However, no control experiments were performed to calibrate spike intensities into a
concentration. These studies were meant to be a qualitative investigation to identify to
molecules secreted, but not quantify the amount. For this reason, comparing the
relative amplitudes of current spikes between Sham and DOCA-salt cells is not

reasonable.

0.1 nA
10 s

Figure 6-3. Background current-time trace obtained at 0.600 V vs. Ag/AgCl. A
background current-time trace is shown for 0.600 V vs. Ag/AgCI reference electrode.
The current-time trace was obtained in flowing Tris-HCI buffer prior to cellular recording
with no cell near the electrode surface. The background current associated with the
experimental conditions used to monitor NE and EPI secretion is roughly 0.1 nA.

A few remarks about how the oxidation spikes were identified relative to

background current/noise. As shown in Fig. 6-3, the intrinsic background current
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associated with the experimental is approximately 0.1 nA. Recognized current spikes
obviously must be distinguishable from this background current. This was
accomplished by setting a threshold for the MatLab algorithm that only identified spike
that were at least twice the background noise (2x background rsd). A complete
explanation of how the peaks associated with secretion events were distinguished from
the background noise using MatLab can be found in Chapter 2. Spikes that were
detected at both 0.600 V and 1.425 V vs. Ag/AgCI were attributed to EPI. Spikes that

were only detected at 0.600 V were attributed to NE.

Cells were categorized as either releasing primarily NE or EPI. Cells were
placed into each category if they were found to have at least 90% of the recognized
current spikes (MatLab algorithm) assigned to either NE or EPI. 50 Sham cells and 49
DOCA cells were investigated. Table 6-1 shows an overview of the distribution of NE,
EPI and mixed release cells. It was found that 26% of the Sham cells were primarily NE
(>90% NE) secreting and 74% were primarily EPI (>90% EPI) secreting. Similarly, it
was found that 29% of the DOCA-salt chromaffin cells were NE secreting, 69% were

EPI secreting, but 2% (1 cell) showed evidence of both NE and EPI secretory spikes.

Data for the one single cell that appeared to be releasing both NE or EPI are
shown in Figure 6-4 A-C. Figure 6-4 A shows the current-time traces from the
voltammetric data at 0.600 V (top) and 1.425 V (bottom) vs. Ag/AgCl. Many of the
current spikes seen at 0.6 V have a corresponding spike at 1.45 V (Fig. 6-4 C). These

are attributed to EPI release. There are also a few current spikes at 0.6 V that have no
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corresponding peak at 1.45 V which are attributed to NE (Fig. 6-4 B). This cell was
determined to be releasing both NE and EPI. Such a cell was found only once out of

the 99 cells investigated in this study.

Table 6-1. Summary of the blood pressure and weight of the Sham and DOCA-salt
animals. Data for the type of catecholamine-releasing chromaffin cell identities.

Animals stsofre Weight % NE % EP %
Used (mmHg) (9) Secreting | Secreting | Mixed
Sham 11 133+ 4% | 422 + 11* 26 74 0
n=50
egng 11 188+7 | 359+ 18 29 69 2

No significant difference between the number of NE and EPI secreting cells was
found between Sham and DOCA rats (p>0.05, Chi-squared Test), “n” = number of
cells investigated.

The ratio of NE:EPI secreting cells was analyzed using a chi-squared test of
association which yielded a value of 0.7 was obtained. This suggests that there is no
change in the ratio of NE and EPI-releasing cells in DOCA-salt hypertension. In other
words, the ratio of NE and EPI secreting cells does not differ between Sham and

DOCA-salt chromaffin cells.
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Figure 6-5. Averaged amperometric traces are shown (A) for a cell that was identified
as secreting both NE (B) and EPI (C). This cell was found from a DOCA animal and
was the only cell to be identified as not secreting primarily one catecholamine. (<90%
of peaks identified were either NE or EPI).

6.3 Discussion
It has been well documented that in the spontaneous and DOCA-salt animal

models of hypertension there are differences in the secretory responses of adrenal

83, 102, 195, 205-206, 225

chromaffin cells . Previous research has monitored NE and EPI

using amperometry or HPLC. Such techniques do not provide real-time information on

identification of NE and EPI released directly from adrenal chromaffin cells.

Identification of secreted NE and EPI in real-time has been performed by

121, 229

Wightman et al. in bovine and mouse chromaffin cells . These studies provided
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significant details into how NE and EPI are secreted. An important finding was that the
majority of cells primarily release either NE or EPIl. There has also been work probing

the effects of hypertension on the circulating catecholamine ratio in hypertension. Kubo

et aI.230 found that the ratio of 0.61 NE/EPI in blood plasma for DOCA-salt rats. This

translates to 62 % EPI and 38 % NE. These findings only indicate the ratio of

catecholamines released into the blood by all sources.

The work presented in this chapter aimed at creating a profile of NE:EPI
secretion for chromaffin cells in normotensive and hypertensive rats. Due to the
adrenal glands’ immense storage and release of EPI into the blood stream, it was
hypothesized that significant changes in the ratio of NE and EPI secretion could play a
role in established hypertension. The results presented provide evidence that it is
possible to successfully use FSCV in order to profile cell populations isolated from the
adrenal medulla into NE and EPI secreting categories. FSCV allowed for the creation
of a detailed profile for catecholamine secretion from the adrenal medulla for the
DOCA-salt model. This profile is novel due to the integration of unbiased cell
identification via MatLab. The data analysis process made it possible to create the first
true profile of randomly distributed chromaffin cells in culture. It was found that the ratio
of NE to EPI secreted from isolated adrenal chromaffin cells was unaffected in DOCA-

salt hypertension as compared to normotensive cells.
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6.4

1)

2)

3)

Conclusions

NE and EPI secreted from DOCA-salt chromaffin cells can be differentiated
using FSCV using the secondary amine oxidation wave of EPI at 1.425 V as a
discriminator.

Using FSCV, a breakdown of Sham chromaffin cells revealed 26% secreted only
NE and 74% secreted only EPI. For DOCA-salt cells 29% secreted only NE,
69% secreted only EPI and 2% (1 cell) released both. These data suggest that
DOCA-salt hypertension does not affect the ratio of NE:EPI secreting cells.

This study corroborates literature evidence that the majority of chromaffin cells

. . . . 231-232 .
are differentiated as either NE or EPI secreting . A small population of

chromaffin cells can secrete both catecholamines, as evidenced by our single

DOCA-salt cell that released both NE and EPI39’ 121.
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Chapter 7

Conclusions

It is well documented that sympathetic nerve activity plays an important role in

. 184 . . . . .
blood pressure regulation™ . Of particular relevance to this dissertation is

neuroeffector signaling from sympathetic neurons to mesenteric blood vessels and the
abnormalities in this signaling that arise in hypertension. Prior work in our group

performed by Drs. Hua Dong, Stacie Demel and Jinwoo Park showed a number of

S . L . 33, 125, 223
abnormalities in neuroeffector signaling in the and DOCA-salt animal model :

These studies revealed higher overflow of norepinephrine from sympathetic nerves
innervating mesenteric blood vessels in DOCA-salt rats. Further investigation led to the
discovery that the increased neurotransmitter availability is due, in part, to impairments
in the prejunctional auto-regulatory a,-adrenoreceptor and the NET. This prior work did
not address if there is in alteration in vesicular release in the DOCA-salt model of

hypertension.

The goal of this dissertation was to address this last point, namely, to determine
if there is altered vesicular release. Since these kinds of studies are difficult using in
vitro blood vessel preparations, we chose to use adrenal chromaffin cells as a model for
sympathetic transmission. The adrenal glands contain chromaffin cells that secrete

norepinephrine and epinephrine by exocytosis is a manner presumably identical.
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The adrenal gland, of which chromaffin cells are a constituent, is highly
innervated by sympathetic nerves. These cells are often considered a type of
specialized ganglia; therefore it is reasonable to use these as a model for release.

Chromaffin cells have been widely studied to elucidate the steps involved in exocytosis

38, 40, 50-52 . .
. Chromaffin cells were used to understand how DOCA-salt hypertension

affects individual secretory secretion. The research involved the preparation of
diamond and carbon fiber microelectrodes, establishment of single cell secretion
measurement capabilities, the isolation and culturing of chromaffin cells from Sham and
DOCA-salt hypertensive rats, continuous amperometric measurements of
catecholamine secretion from single cells and fast scan voltammetric measurements for
guantification of norepinephrine and epinephrine secreted from individual cells. The key

findings can be summarized as follows:

1) Successfully employing a NNP for preparing the Pt wire surfaces for the
deposition of BDD. This preparation method decreased the growth time
required for deposition of a continuous conductive polycrystalline film.
Electrochemical characterization showed the coated wires exhibit good

activity for several agueous redox systems.

Carbon fibers and BDD films were used as electrode materials for the oxidative
detection of catecholamines. The carbon fiber used (pitch-base) has a relatively
disordered microstructure with a significant fraction of exposed edge plane as shown via

Raman spectra. Raman spectra obtained for our carbon fibers yielded a high D/G ratio
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(=1). The ratio of the D/G band provides information about the fraction of the carbon
microstructure that is characterized as either basal or edge plane. Increased amounts

of edge plane exposure can provide a larger area for oxide functional groups to adsorb.

. . . . 138 .
Oxygen functional groups are required for catecholamine adsorbtion™ . This

contributes to the high activity for NE and EPI oxidation133

On the other hand, the polycrystalline diamond microelectrodes are comprised of

sp3-bonded carbon rather than sp2 carbon. BDD films have many positive attributes

including low background current, microstructural stability, resistance to biofouling and a

wide working potential window145. As compared to the carbon fibers, BDD

microelectrodes are more laborious to prepare due to the sample preparation that is
needed and the relatively to the long deposition times (8-10 h) required for complete film
coverage. We applied a version of the NNP developed by Rotter that increases the

initial nucleation density on the Pt wire substrate and this results in a reduced deposition

for complete coverage233. Using the NNP procedure, the diamond deposition time was

reduced to as little as 4 h. Importantly, the application of the NNP increases the number
of wires in a batch that receive a uniform coating with diamond. This arises due to an
increase in the nucleation density of diamond seeds on the pre-growth carbon layer,
causing a reduction in deposition times as compared to simply seeding Pt wires via
ultrasonication with diamond particles. A particularly interesting finding of this work was
that nanocrystalline diamond readily nucleated on our platinum wires, which removes

the need for seeding with nanodiamond particles all together.
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2) Chromaffin cells isolated from DOCA-salt hypertensive rats secrete more
catecholamine molecules per exocytotic vesicular release event more rapidly
with more total events per stimulus than cells from Sham rats. The results
suggest that neurotransmitter release in sympathetic nerves is altered in

DOCA-salt hypertension.

Adrenal chromaffin cells were wused as models for sympathetic
neurotransmission. Using continuous amperometry, catecholamine secretion events
were monitored as an oxidation current from single Sham and DOCA-salt cells isolated
in culture. Secretion was evoked by the natural physiological stimulant, acetylcholine,
and high extracellular potassium. Identical results were found for both ACh and high
potassium. Individual secretory events were also analyzed to quantify the number of
catecholamines released and time course of secretion for individual vesicle exocytosis.
| found that chromaffin vesicles from DOCA-salt chromaffin cells contained a higher
number of catecholamines than vesicles from Sham cells. The larger number of

catecholamines in these vesicles is most likely due to increased vesicle diameters.

One piece of evidence for larger vesicle sizes is the elevated cubed root of the
charge value obtained for DOCA-salt secretory events. The cubed root of the charge is
proportional to a vesicle’s diameter, so a larger cubed root is consistent with a larger
vesicle size. This assumes that the concentration, or packing density of

catecholamines, remains constant. Research suggests this in fact is the case, and that
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as the quantal charge of a release event increases, the size of the vesicle also

increases. This is due to self-regulating assembly of the vesicle membranes as more

. . . 208 .
catecholamines are packaged into vesicles . The HPCL studies also support the

argument for larger vesicle sizes. The data suggest that dopamine, the precursor for
NE and EPI synthesis, was present at similar levels in Sham and DOCA-salt adrenal
medulla tissue. Also, the relative rate of catecholamine metabolism within adrenal
chromaffin cells from Sham and DOCA-salt rats were not statistically different. These
data suggest that the increased amount of catecholamines secreted from DOCA-salt
cells is not due to an increase in NE or EPI synthesis. Also, the relative rate of
metabolism does not explain the increased amounts of catecholamines secreted from
DOCA-salt cells. Larger vesicles would explain the increased amount of NE and EPI
levels found in medulla from DOCA-salt rats. Put together with the cubed root of the
charge data, larger vesicle sizes appears to be a reasonable explanation for the
increased quantal charge for DOCA-salt release events and the higher levels of NE and

EPI found in DOCA-salt adrenal medulla as determined by HPLC.

3) The prolonged release (i.e., greater number of release events per stimulus)
seen for DOCA-salt chromaffin cells is linked to impairment in BK and ATP-

sensitive potassium channels.

To investigate the cause(s) for the enhanced secretion from DOCA-salt cells, the
possibility of altered catecholamine metabolism was probed. One cause for the

increased catecholamine secretion from these cells is down-regulation in the
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intracellular metabolic degradation of NE and EPI HPLC analysis of whole tissue levels
of catecholamines and their metabolites in adrenal medulla from Sham and DOCA-salt
rats revealed there is no change in turnover for NE or EPI in DOCA-salt and Sham
chromaffin cells. Another cause for the increased release is increase calcium influx into
chromaffin cells. Ca imaging studies revealed no differences in the calcium handling in

Sham and DOCA-salt cells.

During previous work in our group, it was found that increased superoxide levels

in the sympathetic nerve terminals are linked to the impairments found in prejunctional

36 . . .
a2-ARs . Therefore, the hypothesis was tested that increased reactive oxygen

species may also play a role in some of the impairments found in secretion from DOCA-
salt chromaffin cells. Sham and DOCA-salt rats were treated with the NADPH oxidase
inhibitor, apocynin, for 4 weeks. Chromaffin cells were isolated from both animal
models. Continuous amperometry was used to record catecholamine release and cells
were stained for superoxide levels. Higher levels of superoxide were found in both
apocynin-treated Sham cells as compared to DOCA-salt cells. This did not fit with the
hypothesis and remains an unanswered question It was found, however, that chromaffin
cells isolated from apocynin-treated DOCA-salt rats had a reduced number of secretion
events per stimulus than did untreated DOCA-salt cells. For Sham cells, release
frequency and individual secretory kinetics were unaffected by apocynin treatment. It
cannot be stated for certain that these differences are due to apocynin treatment as

blood pressure was unchanged DOCA-salt rats.
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Finally, it was found that the prolonged secretion from DOCA-salt cells is linked
to impaired potassium channel function. Pharmacological tools along with continuous
amperometry were used to probe different potassium channel function. The application
of BK and ATP-sensitive channel antagonists caused an increase in secretion from
Sham chromaffin cells; however, they had no effect on DOCA-salt cells. This led to the
conclusion that impaired BK and ATP-sensitive potassium channels are at least partially
involved in the increased release frequency found in DOCA-salt chromaffin cells.
Therefore, potassium channels might be a therapeutic target for the treatment of salt-

sensitive hypertension.

4) The ratio of NE/EPI released from DOCA-salt cells is not changed as probed by
fast-scan voltammetry.

Chromaffin cells have been previously investigated to determine if they secrete

just NE or EPI, or both121. However, to the best of our knowledge there have been no

studies into the profile of randomly distributed chromaffin cells secrete NE or EPI. After
investigating nearly 50 cells from Sham and DOCA-salt rats using fast scan cyclic
voltammetry, it was found that there is no difference in the ratio of NE secreting cells to
EPI secreting cells in DOCA-salt hypertension. Approximately 30% of all chromaffin
cells released NE, as where 70% of cells released EPI from both Sham and DOCA-salt
rats. An interesting finding is that out of the nearly 100 cells investigated, only 1 cell
was found to secrete both NE and EPIl. These data lead to the conclusion that a higher
number of NE and EPI molecules are secreted from DOCA-salt chromaffin cells per

stimulus but the ratio of NE to EPI secreted remains the same.
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Future Perspectives

Basic characterization of DOCA-salt chromaffin cell secretion was completed
through the work presented in this dissertation along with some preliminary mechanistic
studies to ascertain the causes of alterations in DOCA-salt secretion. Further
mechanistic studies would provide more details into the cause of the impairments found
in DOCA-salt chromaffin cells. Applying patch clamp electrophysiology to monitor and
single out channel function during exocytosis could provide more information into the

role calcium plays in altered secretion from DOCA-salt cells. It has also been shown

that SNARE proteins can increase secretion frequency72. Possibly performing PCR or

western blot experiments to determine the relative protein levels for SNARE may

provide more details into the causes of impaired chromaffin cell secretion.
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