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Chapter One

Introduction

A. Parkinson’s Disease.

Human history is accompanied by people combating disease. Howevetppments in the
biological sciences, particularly recent breakthroughs in moleamdrgenetic biology, have led to
significant advances in knowledge concerning the human boditsadiseases? Nevertheless, there
are numerous diseases, notably those afflicting the brain atvdlaervous system, about which their
mechanism or origin are largely unknown, and for which thexenarcures. Parkinson’s disease (PD)
is one such disordér.

PD is a degenerative brain disorder that has been knownafnorant times. Nonetheless, it
was first formally documented in 1817 by the British ptigsr James Parkinson in his bodkn
Essay on the Shaking Palsywhich he described PD as having the following physitatifestations:
tremor, muscular rigidity, bradykinesia and simian post@errently, PD affects millions of people
worldwide afflicting about 1% of people older than 60 yedrage>

It took more than another century for biomedical scientistebtain any insights into the
pathogenesis of PD. In tH®50s, a critical breakthrough was obtained by a Swedish stjextvid
Carlsson, who discovered key biochemical change in the braiRDgbatients. In his discovery,
Carlsson noted that dopamine, which prior to that timelvetisved to be of importance solely as the

precursor of norepinephrine, was in fact itself probably ya keurotransmitter in the nigrostriatal



pathway. Furthermore, Carlsson also discovered that a pebfbecrease of dopamine content in the
substantia nigra pars compacta ggNvas characteristic in the brains of PD pati@n@arlsson’s
contributions led to the award of the 2000 Nobel Pridehipsiology or Medicine. They also led to the
discovery and use of 3,4-dihydroxy-L-phenylalanine (L-DOQRAe precursor of dopamine) as the
only truly effective PD therapy?

Despite extensive investigations over the past fifty yearsase, the cause(s) of PD remain
unknown and hence most forms of the disorder are referrasl ittiopathici(e., of no known cause).
However, a small number of PD cases have been linked to exposigedin toxic substances, drugs,
genetic mutations, and head trauhia® Aging is considered to be the most robust risk factor fo
PD’ However, the reasons for the more rapid dropout of domagiinneurons in the SNof PD
patients than for age-matched controls remains a my&tery.

There is no definitive diagnosis for PD; its earliest symys are non-specific including
weakness, tiredness, and fatigue. When the characteristic sysnpfoRD become clearly evident
approximately 70-80% of striatal dopamine (DA) has beendrsily lost™®

Neurosurgery was employed to treat the symptoms PD pafientsiany decades before
L-DOPA therapy was introduced in the1960s but has now bhearly totally abandoned because of
unexpected and, often, deadly side-effétts.While still in its infancy, stem cell implantation has
attracted considerable attention, although this enthusiasm has desemely dampened by
unsuccessful attempts at implantation of DA neurons from tita®* 42

For many decades, L-DOPA was considered the only effectiveughhonly symptomatic,

therapy for PD. Administration of L-DOPA increases DA lsvial the patient’s brain thus relieving the



symptom of PD. However, L-DOPA does not halt further detation of nigrostriatal dopaminergic
neurons. Furthermore, after long term use the therapeutic effelct®OPA decline and debilitating
side-effects develop such as aberrant movement, nausea, blosdrerelsanges, and psychiatric
complications. These side effects eventually make L-DOPA therdpyited value’ 2%

Figure 1-1 outlines the biosynthetic pathway for catecholamib@s norepinephrine (NE),
and epinephrine (EPI) are all catecholaminergic neurotransrattershe DA and to a lesser extent

NE pathways are affected in PD. In this dissertation researcbf #ilese neurotransmitters were

targeted foin vivo monitoring by the system developed.

B. An Animal Modal of PD

A series of tragic events that occurred in late 1970s and ¥280s led to, arguably, the best
animal model of P’ It all began with a 23-year old Maryland chemistry graduatdestt, Barry
Kidston, who developed symptonad advanced PD a few days after injecting himself with a
home-synthesized synthetic heroin. Kidston had been attempting synthesize MPPP
(1-methyl-4-phenyl-4-propionoxypiperidine). However thatkgtic route he employed accidentally
created an unexpected byproduct — 1-methyl-4-phenyl-1,2, 8awyetopyridine (MPTP). This event
attracted little notice at that time. However, in July 19&2dlwas a further outbreak when six young
addicts also simultaneously developed PD in Santa Clara CdbDalijprnia. MPTP was readily

identified as the probable culprit for this outbreak of PD.
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Figrure 1- 2. Chemical structures of MPPP and MPTP.

The mechanism of action of MPTP is widely believed to hoédkiey to an understanding and
treatment of PB®?° Thus, research has shown that MPTP evokes PD symptomsagimémistered to
non-human primates and rodents such as mice. However, rats hes@ema particularly strong
resistance to MPTP toxicity apparently related the difficultysp$temically administered MPTP
crossing the blood-brain barrf@** However, direct perfusion of MPTP or its active metabolitePMP
into the striatum or SN of rats causes the same biochemical, pathological and immtoubtEmical
changes as other animal models systemically administered fA#&°TP.

Figure 1-3 shows the putative metabolism of MPTItRe upper part of Figure 1-3 shows the
metabolism of MPTP to 4-phenyl-1,2,3,6-tetrahydropywed{PTP) catalyzed by cytochrome P-450
oxidase and to MPTP-N-oxide via flavin monooxygenase. Thas@athways, which occur primarily
in the liver, are considered to be detoxication pathways. dwerlpathway is believed to be the
metabolic activation of MPTP to its highly toxic metabolitenethyl-4-phenylpyridinium (MPB.
The first step in this pathway is the transformation dation) of MPTP to 1-methyl-4-phenyl-2,3-

dihydropyridinium (MPDP) catalyzed by monoamine oxidase B (MAO-B), a process that has



considerable experimental support. However, the biochemical detali® oxidation of MPDPto
MPP' is still the subject of investigatiofi*® As part of the dissertation research, these molecules were

targeted foin vivo monitoring.
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Figrure 1- 3. Putative metabolism of MPTP.



C. Systems Biology, Metabolomics and HPLC-MS Methods -the

Future for PD.
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Figrure 1- 4 Traditional view (A) and —omics view (B)of biology systems

Currently, many scientists believe systems biology hdldskey to understanding and finding
cures for disorders such as P#:*® This is because systems biology aims to integrate genomic,
proteomic, transcriptomic, and metabolomic informatiorgitee a more complete picture of living
organism$? Figure 1-4 compares the traditional and current ‘—omics’ witliological systems.

Systems biology has existed as a concept for at leagtyfddrs. However, it was the critical
development of new experimental devices and novel analytical methatisnade it a realistic
concept® **"  Although completion of the human genome project greatbsted systems biology,

it is still considered to be in its infancy mainly because dhucial techniques for proteomics and



metabolomics still need to be fully developed and impleméefitEdrhese future techniques have to
be as effective as the polymerase chain reaction (PCR) and higigrtiput fully automated gene
sequencing machines have been to the development of genomics.

Metabolomics, which occupies the end position of the -omicsadas measures all of the
small molecules (metabolome) in an organférithe metabolome is the end product of cellular
functions and its study holds the key to an understandiifgndamental questions bearing on the
activity of proteins, physiological mechanisms for the raspoof an organism to environmental
stressors, and factors that regulate changes of thepmtéranscriptome, and genoffié’>?In the
history of PD research, targeted or focused metabolitic sthdies been one of the areas of major
focus. Nonetheless, systems biology emphasizes investigatifti-class metabolites at the same
time.

The difficulties associated with metabolomics studies include:

1) The metabolome changes continuously and almost instantanaousgpbnse to various
biological challenges.

2) Metabolites are a highly heterogeneous group of compounds,erist over wide
dynamic concentration ranges and have highly variable chemical gsidgdiproperties.

3) The number of all metabolites (the metabolome) is probably ntarger than other
—omes. For example, while there are about 25,000 genes ihutiman genome, the
metabolites in the human metabolome are expected to exceed 260,000

Numerous techniques have been developed for measuring diffggeatdfymetabolites in PD

and other disorders. Traditional targeted metabolite analyses emeratly labor-intensive and



time-consuming processes. The trend for PD or any otheabwige studies is to simultaneously
measure as many metabolites as possible in a fast and autoashied.f

Existing techniques that permit large numbers of metabobtd® tmeasured simultaneously
include nuclear magnetic resonance (NMR) spectroscopy, and tandericah&#chniques such as
gas chromatography-mass spectrometey, GC-MS and high performance liquid chromatography
(HPLC)-MS. These are rational tools for modern metabolonticlies. The main drawback for NMR
spectroscopy is its low sensitivity, which is inadequateldar abundance metabolite detectf3i°
GC-MS, prominent because of its superior resolving powdr samsitivity, has the problem of its
limited application only to those metabolites that haveiaafft volatility and thermal stability/"**
HPLC-MS approaches, based on the revolutionary developmentrafspheric soft-ionization
techniques, capillary/nano-HPLC and ultra-performance LC (JRE€hnigues, are becoming the

approaches of choice for modern metabolomic studi&€?

D. Challenges and Critical Techniques in Metabolite $tdies in Animal
Models of PD.
Progress in science depends on new techniques, new discovetiaswa ideas, probably in
that order.Sydney Brenner , Nobel Prize for Physiology or Medicin@229
Any successful analysis depends on a complete analytical sytestnated in Figure 1-5) in

which every part of the whole system is of equal importance.
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Figrure 1- 5. Complete analytical system

For the sampling step, animal brain tissue biopsy has begoyad from the very beginning
of PD research and is still widely used. Microdialysis, aarechnique which emerged about two
decades ago, has shown tremendous advantages over tissueftriapsyabolite analysis and has
become accepted as the preferred sampling technique for studiesnaf amidels of PD and other
disorders wherén vivo monitoring of chemicals are perform&i? Microdialysis is a minimally
invasive sampling technique, and its application in clinical dluresearch has been increasingly
reported’*®*

Microdialysate samples are generally considered to be much clegherdense that they are
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free from macromolecules such as proteins which, in turn, redbeé additional tedious sample
preparation step needed for tissue analysis. More importamtthtinuousin vivo monitoring of
metabolites in almost real time is possible.

Nevertheless, being derived from a biological system, micymigakamples are still very
complicated containing abundant low molecular weight compouradpbse significant challenges to
scientists to develop analytical techniques for their identifinagnd quantitation.

As discussed previously, HPLC-MS is generally considerdaetthe method of choice for
identifying and quantitating metabolites. Nevertheless, theresereral challenges associated with
HPLC-MS analyses of microdialysate samples. For example, distysate samples normally contain
high concentrations of inorganic salts (NaCl, KCIl, Mg@ic) that are included in the perfusion
solution (perfusate) in order to mimic the concentrationthe$e salts in biological fluids such as
plasma and cerebrospinal fluid (CSF). Such salts are innofoloo®st conventional assays utilizing
UV-vis, electrochemical, and florescence detectors. In contraste talts must be completely
removed in the case of HPLC-MS in order to protect the npsgremeter from contamination with
resultant loss of sensitivity or wor¥%® The only practical method for removal of inorganic salts in
an automated HPLC-MS analysis system is apparently on-liidepdmse extraction (SPEj3*

The targeted analytes in vivo microdialysis experiments are often present in very low
concentrationspyM or lower), and many are unstable in the presence of oxygéghaor Typically,
microdialysis is employed to monitor time-dependent chaimgasalyte concentrations in response to
some biochemical, chemical or behavioral insult. In order teeaelthis goal, sample throughput and

handling become of ultimate concern.
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All the above challenges and requirements demand the developrmamtohlytical system
which has the following capabilities:

a) Fully automated, with minimal sample handling and veryricged or no exposure of
samples to the external environment in order to achieve the greatesible analytical
accuracy and precision.

b) High sample throughput. The system should be fast entmghonitor time-dependent
concentration changes of target compotndsvo.

¢) High detection power. The system should have low detedtiots land the largest possible
linear dynamic range for multi-classes of analytes.

d) High adaptability. The system should have the ability &lyee various compounds having
very different chemical/physical properties with minimal madifion.

e) Highly robust and reliable permitting extended periods ef us

Besides important requirements such as full automation, niétysis sampling, on-line SPE
sample preparation and HPLC-MS instrumental analysis, iom@4dilP) is another critical technique
for metabolite analysis in animal models of PD. Its appboab on-line SPE and HPLC is the key to
the success of the whole system.

One of the fundamental challenges for HPLC-MS applications etalolomic studies in
biological samples is that metabolites exist in a wide pglagange. Traditionally, pre-column
derivatization or ion-exchange chromatography has been requimaeéasure highly polar or ionic

molecule$® ! But these techniques are difficult to integrate into a igbughput fully automated
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system which is built for multi-class metabolite monitgri IP-reversed phase HPLC-MS might be
the answer for highly polar or ionic molecules.

IP reagents have long been known for their capability to inertees retention times of
highly polar to ionic molecules while leaving less polar @an-polar molecules unaffected in reversed
phase (RP) HPL&. This makes it possible to analyze the whole spectrum of neteasing a single

RP-HPLC column.

< IP-RPLC < IP-RPLC
Y P > RPLC Y _ »
s e,
anionic polar non-polar polar cationic
oo oo @P A9
o= R D ®
< >
increasing acidity increasing basicity

Figrure 1- 6. Analyte properties and HPLC methods.

Traditional IP reagents, principally alkylsulfonates wittifaent alkyl chain lengths, are
non-volatile and therefore are unsuitable for HPLC-MS. Melat® reagents have been studied
intensively to cope with the rapid development of HPLC-MS riggles in recent yeaf$®*®®
Typically, the volatile IP reagents for cationic analytes are peiflated carboxylic acids.g.,
trifluoroacetic acid (TFA), heptafluorobutyric acid (HFBA), nafluoropentanoic acid (NOFPA),

tridecafluoroheptanoic acid (TDFHA) and pentadecafluorooctanoiqREIBOA). For acidic analytes

typical IP reagents are trialkylamines such as triethylaminerémdylamine.
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IP reversed-phase SPE (IP-RP-SPE) is a relatively new andwkdsknown technique
compared to conventional reversed-phase or ion-exchange SPE. Miegsttht has the same
mechanism as IP-RP-HPLC and has advantages over conventiBalh&t include selectivity,
compatibility with multi-class analysis, and direct conglito reversed-phase HPLC analytical

columng>®1%3

E. Dissertation Purpose

The initial goals of the dissertation research was to monmitovivo arachidonic acid
metabolites (eicosanoids) utilizing HPLC-MS techniques. Kitally focused on the instrumentation
development and established a very specific and sensitive methdd aeimbined the techniques of
normal phase HPLC with electron capture atmospheric pressurécahémization (EC-APCI). In
these preliminary studies the impact of sample preparationyaitehs automation was disregarded.
However, when the HPLC-EC-APCI technique developed was apiéd vivo experiments, the
project was severely impaired by necessary tedious manual saregiegiment, which involved
labor intensive and time consuming sample collection, litjgide extraction, off-line derivatization
and multiple desolvation steps. Thus, this project yielddg lonited results. Both the results and the
method development are summarized in Chapter 7. More meartingfiuthe results was the lesson
learned that automation and on-line sample preparation were addntpas instrumental analysis part
to the complete system, especially for experiments aimiedvato monitoring of metabolites.

The second stage of the research was aimed at monitoring neuicalbeand related low

molecular weight compounds of relevance to the pathogeneBI3 of the striatum of awake rats. In
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general, the HPLC-MS was the technique of choice for theumsintal analysis. A fully automated,
labor free system which combined microdialysis samplinglinenIP-RP-SPE sample preparation,
IP-RP-HPLC separation and tandem MS/MS detection techniquessteddished.

The system developed was shown to be very effective for a pijeed at monitoring
catecholamines and metabolites in microdialysate samples colleastedhfe striatum of awake rats.
In the second project, where the important antioxidantsthione (GSH) and (highly ionic) cysteine
(CySH) were targeted, an on-line derivitization step was addeareb@in-line SPE. With this
modification, both GSH and CySH could be successfullyilein vivo in the animal model of PD.
Another in vivo project was focused on MPTP and MPHhus, MPTP and MPPcould be
successfully monitored in rat striatal microdialysates withmddification of the initial fully
automated system. There is no doubt that this system &bleapf profiing a wide range of

metabolites simultaneously in a highly sensitive and expeditivay.

F. Project Description

The following work was conducted as presented in the faligwhapters.
Chapter Two. A fully automated system.
A. Schematic overview diagram of the fully automated systemesepted.
B. Individual components of the system, their function, afieg conditions and the system
alignment are illustrated using a control chart and an events char
C. The stability, repeatability of the fully automated systeaswvaluated by 9-h continuous

measuring of different model compounds.
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D.

Time arrangement for compleite vivo animal experiments is presented and their importance

discussed.

Chapter Three. On-line ion-pair reversed phase SPE

A.

Solvent front elution profile for the RP-SPE column wddamed by loop injection of
methanol onto the SPE column the eluent being monitoredlitscn MS.

Theoretical consideration of SPE is discussed. Theoretical t8€&kthrough curves for
unretained substances (salts) were calculated.

Different concentrations and pH of the IP agent HFBA wadiexpjo the SPE mobile phase,
and their influence on IP-RP-SPE efficiency for DA is disedss

The IP agent TDFHA was tested and compared with HFBA forRFSRE efficiency on
catecholamines and serotonin (5-hydroxytryptamine, 5-HT Baméthoxytyramine (3-MT).
Utilizing the automated system described in Chapter Two, expptinwere carried out to
obtain breakthrough curves for the catecholamines, 5-HT, 3®&8H, CySH, GSH-MPB,

CySH-MPB, MPTP, and MPPSPE optimization for these compounds are discussed.

Chapter Four. In vivo catecholamines and related compounds analysis.

A.

Off line (loop injection) mass spectrometry experiments wermpeed to obtain parent and

daughter ion mass spectra and to optimize selected reaction rmgn{®RM) conditions for

the catecholamines (DA, NE and EPI), 5-HT and the metal®&Né .

Calibration curves were obtained utilizing the fully automatgstem described in Chapter

Two.
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In vitro microdialysis experiments were performed for catecholamine raixtwith different

concentrations to determine probe recoveries.

Surgical procedures were conducted to implant guide cannulalattbiatum.

Employing microdialysis, 10 mM MPTP was perfused for Bt into the striatum of

freely-moving rats and microdialysate samples were analyzed) tke fully automated

system described in Chapter Two.

Chapter Five.  In vivo GSH/CySH analysis

A.

Off-line mass spectrometry experiments were performed to optaint and daughter ion

mass spectra and to optimize SRM conditions for GSH antHCyS

The fully automated system described in Chapter Two was agdpligdSH/CySH standard

solutions; the necessity for on-line derivatization is diseds

An on-line derivatization step, which utilized a home madeira+hixer, was added before

on-line SPE. A modified schematic diagram is presented.

The chemistry of the derivatization reaction is presented.

HPLC-MS and HPLC-MS/MS experiments were performed to olgaiant and daughter ion

mass spectra, and to optimize SRM conditions for GSH-MRBCySH-MPB.

Calibration curves for GSH and CySH were measured utilitisgnodified fully automated

system.

In vitro microdialysis experiments were performed for standard sokitdd GSH and CySH

to obtain probe recoveries.
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H. Surgical procedures were conducted to implant guide cannuldétattstriatum.
I.  Employing microdialysis, solutions of 10 mM MPTP, 28/ MPF’, and 5 mM MPP were
perfused for 30 min into the striatum of freely-movilagsrand microdialysate samples were

analyzed using the modified fully automated system describthisichapter.

Chapter Six. Invivo MPTP and related metabolites analysis

A. Off-line mass spectrometry experiments were performed to optaent and daughter ion
mass spectra, and to optimize SRM conditions for MPTRviPiel .

B. Calibration curves were determined utilizing the fully automatesdem described in Chapter
Two.

C. In vitro microdialysis experiments were performed for standard sokité MPTP and MPP
to obtain probe recoveries.

D. Surgical procedures were conducted to implant guide cannuldétattstriatum.

E. Employing microdialysis, solutions of 10 mM MPTP wererfpsed for 30 min into the
striatum of freely-moving rats and MPTP, PTP, MPDRPTP-N-Oxide and MPPlevels in

mocrodialysate were monitored using the fully automatedmsydéscribed in Chapter Two.

Chapter Seven. Arachidonic acid metabolites analysis by HEE-ECAPCI-MS/MS
A. Introduction to the arachidonic acid (AA) metabolites (eicosis)otascade, the metabolic
scheme and putative relationship to PD are presented.

B. Instrumental analysis method developed for arachidonic anteibolites.
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. Off-line mass spectrometry experiments were performed to optaent and daughter ion
mass spectra, and to optimize SRM conditions for AA, pglabhdin B (PGE),
prostaglandin B(PGD,), and prostaglandin,{PGF,)

. Surgical procedures were conducted to implant guide cannuléetattstriatum.

Employing microdialysis, microdialysate samples were collectddtembasal levels of PGE

PGD;, and PGE, were measured using the method developed in this chapter.
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Chapter Two

A Fully Automated System

A. Introduction

Recently, fully automated systems utilizing HPLC-MS todgtumetabolites in biological
samples have become more and more popular. Such systems asyatly an on-line SPE directly
coupled to the HPLC-MS system. Sample collection and stasagtll required isolated from the
automated systeft**?’

On-line microdialysis, i.e., microdialysis directly coupled to an HPLC or capillary
electrophoresis (CE) system, is also a frequently used tehnidie major advantages of on-line
microdialysis include simple sample preparation, automated #)alsd reduced exposure of
microdialysate samples to air and light. In on-line miabydis, the detection techniques coupled to
HPLC or CE®*™include UV-vis'**’ atomic absorption spectroscopy:*° electrochemica®®**

fluorescencé?®*?®laser-induced fluorescené&'*°and enzyme-based biosensti"*’

However MS,

as the leading detection technique for metabolites, has rarelyebg@oyed as a detection/analytical
tool in connection with on-line microdialysi& The reason for this, as discussed in the previous
chapter, is that electrospray ionization-MS (ESI-MS) is lyighisceptible to the presence of salts and
other low molecular weight impurities that are always presehtalogical sample&® Integrating an

on-line SPE procedure into the on-line microdialysis syste provide a clean sample for MS

detection represents a potential solution to this difficditythis chapter, a fully automated system

20



consisting of on-line microdialysis sampling, on-lineEséhd HPLC-MS is described.

B. Experimental
1. Chemicals.

Milli-Q (Continental Water System; El Paso, TX) deionizeatav (18 M2) was used. HPLC
grade methanol (MeOH) was obtained from Fisher Scientific I@wair NJ, USA ).
Heptafluorobutanoiacid (HFBA, 99%), was purchased from Sigma-Aldrich (SuisoMO, USA).
HFBA is a liquid at room temperature and was used as receivedtfr® supplier without further
purification. Tridecafluoroheptanoic acid (TDFHA, 99%), waschased from Aldrich. TDFHA is a
solid at room temperature (melting point 30°C). Before tls glass bottle containing TDFHA was
placed in an oven at ~40°C for 15 minutes to liquefy thiel saktificial cerebrospinal fluid (aCSF)
was water containing: 147.0 mM NaCl, 2.7 mM KCI, 1.2 mMQGg§ and 0.85 mM MgGl pH
adjusted to 7.40 by a phosphate buffer.

Ammonium hydroxide (NEOH) (28% in HO, 99.99+%) was purchased from Sigma-Aldrich
(St. Louis, MO, USA), it was diluted to ~7% with deimed water for further use. Formic acid (FA)
(ACS grade, 88% in water) was purchased from Sigma-Aldbdpamine (DA), epinephrine (EPI),
norepinephrine (NE), serotonin (5-HT), and 3-methoxytyine (3-MT) were also obtained from

Sigma-Aldrich.

2. Stock and Working Standard Solutions.
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Stock standard solutions (1.0 mM) of the three individtetecholamines (DA, NE. EPI),
5-HT, and 3-MT were prepared in water containing 0.1% FA stoded at -8%C. The working
solutions were prepared by diluting the stock standardisolwith aCSF. Thus, a 042M standard
solution containing two catecholamines (DA and EPI; NE wasstudied), 5-HT and 3-MT was
prepared as follows: 0L of each of the four stock solutions was added tol866f aCSF to obtain
10 uM solution; 20uL of the resulting solution was then added into RBMf aCSF to obtain 0.gM
standard solution. All resulting solutions were storeglastic vials and were passed throughph®

centrifuge filter (NanoSEP™; VWR, USA) before use.

3. Instrumentations Overview.
An overview diagram of the automated system is shown iar€sg2-1 and 2-2. Note that the
BAS rat housing/containment system (RafyBAS, IN, USA) shown in Figure 2-1 is not included in

Figure 2-2 because it was not an integral part of the analgyissm.

4. On-line Microdialysis Sampling
Immediately prior to microdialysis experiments, the aCSRisolwas filtered through a 0.2
pm NanoSEP™ centrifuge filter and thoroughly degassed with piire helium gas. A gas tight 1000
uL syringe (BAS Bee Sting®r model MD-0100) was then filled with this aCSF solutigh
microinjection syringe pump (CMA 180CMA, Stockholm, Sweden) was used to deliver the aCSF at
a flow rate of 1.5uL/min. The syringe was connected to the inlet of a CMArrodialysis probe

(4 mm membrane, MW cutoff 20,000 Da) using 0.12 mnxID.65 mm OD PEEK capillary tubing
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(BAS), with dead volume of 1, 2L/100 mm. CMA capillary tube adapters were used to provild, ti
close to zero internal volume, connections. Such tubing adapteeseasy to use because they swell
in 70 % alcohol and shrink in air. The outlet of the pralas connected to a microbore 10 port valve
(Cheminer®; Valco Instruments, Houston, TX, USA) through CMA REEapillary tubing. The
microdialysate from the probe was introduced into one ofwiieesample loops of the 10 port valve.
The sample loops were made of 0.20 inxI/16 in OD orange PEEK tubing (Upchurch, WA, USA).
The two loops had identical length of 17.2 cm and, hemgd; volume was 35.QL. The 10 port
valve was controlled by a BAS Pollef}-&n-line injector controller through a Valco microelectric

actuator.

5. Chromatographic System and MS detection.

The on-line SPE was coupled to the HPLC by a column-swétchnique shown in Figure
2-2. ABAS PM-8F solvent delivery system was used to deliver mobile phaseHetSPE column at
the flow-rate of 200 pL/min. A second HPLC pump, Thermahigan Surveydt MS pump (Thermal
Corp., San Jose, CA, USA) was used to deliver mobile phasend B (gradient) to the analytical
column at a flow-rate of 80 pL/min. The column switch emetbg 6-port valve Chemin&r{Valco)
equipped with a microelectric actuator (Valco). This valve wasralted by the data acquisition
program of the TSQ 7000 mass spectrometer. All connectionshfomatography employed red
PEEK tubing — 0.005 iftD x 1/16 in OD.

Chromatograms were recorded by the Thermal Finnigan®T&IQO triple quadrupole mass

spectrometer operated in the ESI positive mode. The scan maxiselected reactions monitoring
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(SRM). The details of the MS method development are presenté&hapter Four. The mass
spectrometer conditions were as follows: ion source temper28@€; manifold temperature 70;

ionization voltage 5000V, desolvation gas pressure 5SGpspulization gas was not used.

Figure 2- 1. Photograph of the fully automated system.
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Figure 2- 2. Overall schematic of the instrument connection®f the fully automated system.

6. Columns and Mobile Phases

The analytical column was an ODS microbore »6@.0 mm ID - 4 pm Hydro-RB

(Phenomenex, CA USA), with a Phenomenexx28.0 mm ID Gg guard column in an integrated

guard column housing. The SPE column was an ODS micrdgbrel mm ID- 3 um, 80 A BAS

UniJef guard column. The SPE column was mounted directly on tper6valve using a BAS
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UniNut® male-female union to minimize dead volume as shown inr&igt8.

— - = -~ O[]
A B

“_
C

Figure 2- 3. SPE column directly mounted on the 6 port vaee. A: SPE column with a PEEK
ferrule, B: male-female union. C: mounting to valve port,D: finished.

Mobile phase F1 consisted of 5 mM TDFHA in water with the guljusted to 6.5-7.5 with
NH,OH prepared as follows: 508.5 pL TDFHA was added to 5000fmdeionized water; then
NH,OH was slowly added while the solution was stirred andptdiemeasured. The solution was
filtered through a 0.45m nylon filter (Millipore Corporation, Bedford, MA), &m degassed with ultra
pure Helium gas before use. Mobile phase F2 consisted of 5S8IRBA prepared similarly to mobile
phase F1, except 3.25 mL of HFBA was added to 500 mL water.

Mobile phase A consisted of 0.1% formic acid in MeOH, prepasefbllows: 568 pL formic
acid (88%) was added to 500 mL of MeOH. Mobile phase B dedsisf 95% water (v/v) and 5%
MeOH (v/v) containing 1.0 mM HFBA, prepared as follows:51&\L MeOH was added to 237.5 mL

water, and then 32.8 uL HFBA was added. The final pH ofdgbiistion was 2.5 (no pH adjustment
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was necessary). The solution was filtered through a |0dylon filter and then degassed with an
embedded vacuum degasser in the SurVeymts HPLC system. Gradient: linear increase from 100%
solvent B to 100% solvent A overl0 min, 100% solvefidrAL min, decrease to 100% solvent B over
1 min, then 100% solvent B for 8 min. The total HPL@ time was 20 min. The flow rate was 80

puL/min.

7. Evaluation of the Stability of the Fully Automated System
In experiments aimed at evaluating instrument stability, tiseodialysis probe was not used.
The syringe was loaded with 1000, 0.2 uM standard solution containing DA, EPI, 5-HT and 3-MT.
The solution was pumped directly to the sample looptheri 0 port valve at 1.5 pL/min. The system

was allowed to run unattended for 9 h 40 min.

C. Results and Discussion

1. System Control.
For a fully automated system consisting of so many iddal components, synchronization
of their actions is extremely important. The control relatiips of the components are summarized in

Figure 2-4 and explained subsequently.
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injector
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10 port
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Solvent

delievery
system

Figure 2- 4. Instrument control chart

1) CMA syringe pump (microdialysis pump) and BAS solventivdey system (SPE pump)
worked as stand-alone instruments. Throughout experiméetsytinge pump pumped the
perfusate at a rate of 1.5 pL/min; the SPE pump pumpederuitdise F at 200 puL/min.

2) The BAS on-line injector controlldénad two controlling functions: 1) to toggle the 10tpor

valve every 20 minutes; and, 2) to simultaneously start #es spectrometry data acquisition

process.

3) The TSQ 7000 mass spectrometer controlled the 6 port valvéhan8urveyor MS pump

(HPLC gradient pump)
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2. Flow Scheme.

The eluent flow scheme, presented in Figure 2-5, illustratestihe 10 port valve and 6 port

valve were coordinated to achieve automated microdialysis sangpithgn-line SPE for the system.

Microdialysate

Inject Loop 1
Load Loop 2

Load Loop 1
Inject Loop 2

APE eluent
pump

| To waste |

Sample load
and cleaning

To
Waste

Figure 2- 5. Flow scheme.

During the experiment, the 10 port valve was toggled evergi@0In each 20 min cycle, one

of the loops was filled with the perfusate solutioa.(aCSF or, in later experiments, aCSF containing

the parkinsonian toxicant). The sample stored in the secapdwas loaded onto the SPE column
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during the first min of the cycle. Then the loop was wadbedhe remaining 19 min by the SPE

mobile phase. The 6 port valve was controlled separately doyith data acquisition system and

independent to the 10 port valve.

During each 20 min cycle, the 6 port valve was toggled twité¢he first event, which was

before the first toggle occurred, the SPE column was loadidsainple which was swept out of the

loop by the SPE mobile phase. The sample was then contipnaashed with the SPE mobile phase.

The time of loading and washing was an important factor wihétided the efficiency of the on-line

SPE, and was optimized according the properties of the tangdytes. The detailed optimization

procedures for SPE were presented in Chapter Three. Genegsdlying time around 1.0 min was

employed. During the time for sample loading and waslontpeé SPE column, the analytical HPLC

column was under the initial gradient elution. At the en8PE washing, the 6 port valve was toggled

to another position and the second event initiated. This é&et for 13 min. During this event, the

targeted analytes were back-flushed onto the analytical HPLC colwynrthe gradient and

chromatographically separated. Usually it only took a verytdhoe to wash the analyte molecules

off the SPE column. The additional time was necessary foaHfHeC gradient solvents to clean and

regenerate the SPE column. The gradient theoretically reached X@8ftcosolvent (MeOH) in 10

min. However, the dead volume for the HPLC system hae tmwhsidered in the experimental setting.

Thus, the dead volume for the Surveyor MS pump itde the tubing connecting the pump and

HPLC column was about 160 pLe., the dead time was approximately 2 min. Thus, 13 min was

employed to make sure that the SPE column was thorougtdlyed with 100% MeOH. At 14 min of

the cycle, the 6 port valve was toggled again to triggethihg évent. In this event, the SPE column
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was flushed and equilibrated with the SPE mobile phasehendRLC column was equilibrated with

agueous mobile phase B prior to the next run.

3. Event Flow Chatrt.

The events for all instruments are presented more clearly iBvitiets Flow Chart (Figure

2-6). It is important to track and synchronize all the &v@tcording to this chart in order to avoid

confusion and mishandling since events from different imsnts are intimately related to each other.

The details of all events for each instruments is explainediaadsded subsequently.

Mass spectrometer
(Acquires data or
prepares for next run)

10 port valve
(two positions)

6 port valve J J

(two positions)

(gradient)

SPE pump &
syringe pump
(isocratic)

T \ \ . . >
0 20 40 time (min)

Figure 2- 6. Events flow chart for the fully automated sgtem.
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1)

2)

3)

4)

5)

The events of all components are strictly aligned, although safiexible and could be

adjusted individually. This is critical in the method devetept process for the fully

automated analytical system.

During experiments, each run cycle was fixed at 20 min. Tlis an arbitrary choice,

partially based on previous experience in the development of @0 eicosanoids assay.

Theoretically, the shorter this cycle time, the better the tieselution would be for the

monitored analytes. Although a shorter cycle time necessariljreschigher detection power,

it is in fact limited by the HPLC separation sté,., solvent gradient running time and

column re-equilibration time. This is particularly trueemhithe monitored analytes have large

differences in chromatographic behavior. Since the concentraiindschromatographic

properties of target analytes vary tremendously, the cycle timaélds be optimized for each

type of analysis.

The TSQ 7000 mass spectrometer performs two tasks in eachi@cliata acquisition for

the first 18 minutes, after which data acquisition is teateid to permit method loading in

readiness for the next acquisition.

The 10 port valve is toggled every 20 min. During each ROimterval it permits the filling

of one of the two 35 pL loops, and empties and washeshbelobp.

The 6 port valve performs three events in each cycle as descritwktaih previously. It

should be emphasized that the first event decides how lon@iigesis to be loaded and

washed on the SPE column. SPE breakthrough curves were detgfoyi changing the time
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of this event and measuring how much targeted substance remagrethafwashing step.

Breakthrough curves and SPE efficiency are discussed in det@hapter Three. In our
experiments, 1.0 min SPE washing (or 200 pL SPE solwest) a general guideline. The
second event decides how long the SPE column is backflushesl. last event is

reconditioning of the column by the SPE mobile phase. Ist mxperiments, this is 6 min or
1200 pL of SPE mobile phase.

6) The Surveyor HPLC pump is triggered by the mass spectroraetérrun the gradient
described previously.

7) The syringe pump pumps the perfusate at 1.5 pL/min thouighe experiment. The SPE
pump pumps the SPE mobile phase (isocratic) througheugxperiment. Theoretically, the
higher the SPE flow rate, the better it is for the wholeserment, since it shortens the SPE
process. However, this has to be optimized taking into acdbanback pressure and the

lifespan of SPE columns.

4. System Stability.
The system stability was measured during 9 h 40 min tiramous running, since typicad
vivo monitoring experiment lasted 6-8 h, subject to the dutabil the microdialysis probe.
1) Data Processing Method.
The extracted ion chromatography (EIC) method was applied tdPAC-MS/MS data in
order to obtain accurate chromatography peak parameters for ewyteaikICis also known as

reconstructed ion chromatography (RIC). The difference betwearidotchromatography (TIC) and
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EIC is that TIC plots théotal ion current (intensity) vs. time, whereas EIC plosimgle ion signal
intensity vs. time. The mechanism of EIC is similar t@std ion monitoring (SIM), whereas SIM is

a MS data acquisition technique, EIC is a MS data processingidaeh EIC is a basic function for all
MS data processing software. To obtain EIC for a particalgrdimply input the m/z value of the ion
and the deviation allowed (usualty0.5 m/z). EIC is extremely useful when peaks are overlapped in

total ion chromatography (TIC), as shown in Figure 2-7.

517

RT:5.17

MA: 5540503 7.53

TIC

“ RT:7.49 EPI

O

100 /

Relative Abundance
[

] [ | 5-HT

O T T T T T T T T T T e e e e e R e e e e e e e e e e

3 4 5 6 7 8 9

Time(min)

Figure 2- 7. Data processing method. TIC and EICs fordur measured analytes.

In TIC chromatography (top trace in Figure 2-7), the chrogratthy peaks for 3-MT and

5-HT were overlapped, but separated by their EIC (bottoniraees in Figure 2-7).
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Relative Abundance

2) Microdialysis sampling delay effects.
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Figure 2- 8 Chromatographies for the first three runs.

Because of the very low perfusion flow rate (1.5 pL/mihg dead time must be carefully

considered in on-line microdialysis experiments. For exanipl€jgure 2-8 the first run shows no

signal because when it was started, the syringe pump beganngutin@istandard solution, hence no

sample reached the sampling loop. Nevertheless, the data oirsheufi was valuable since it

provided the mobile phase blank data. In the second rumuglh the sample loop had been

continuously filled with analytes for 20 min, the deadumaé between syringe and the sample loop

has to be taken into account. For a typical 40 cm length ofargpEEK tubing for the connection,

the dead volume was ~4.8 pL. However, any connections, symggmgie and the pathway inside 10

35



port valve contributed to the dead volume. Thus, the tet@d dolume was much larger than 4.8 uL.
Accordingly, it was no surprise that the signal intengigak area) for the second run was only ~50%
of that measured for the third run. From the third runtbe signal intensity became constant. Thus
stability was measured by comparing chromatograph peak aresecfornalyte sample during tHé 3

to the 29 run (totally 9-h).

3) System Stability.

120 T T T T T T T T T T T T

115 -

110 —

105.'5_\/5 \

HPLC peak area expressed as
percentage of the mean

95 - —
90 .
85 - .
80 ' Ll ' L ' L ' L ' L ' L
0 100 200 300 400 500 600
Time /min

Figure 2- 9. System stability test: EPI. The green dottelines are the maximum, mean
and minimum for all data. The red dotted line is the lirear fit for all data.
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Figure 2- 10. System stability test: DA. The green dottelihes are the maximum, mean and
minimum for all data. The red dotted line is the linearfit for all data.
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Figure 2- 11. System stability test: 3-MT. The green dt#d lines are maximum, mean and
minimum for all data. The red dotted line is the linearfit for all data.
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Figure 2- 12. System stability test: 5-HT. The green di&d lines are maximum, mean
and minimum for all data. The red dotted line is the lirear fit for all data.

Substance Peak area mearx10° SDx10° SEM x10°
EP 5.18 0.177 0.034
DA 2.00 0.051 0.0098

3-MT 1.96 0.075 0.0051
5-HT 0.464 0.018 0.0035

Table 2- 1. System stability statistics data.

Figure 2-9- 2-12 are plots of HPLC peak area expressed as the percentageagérage of

27 runs against time. The red dotted lines are the lined tfieodata and show the overall trend for

the signals. FOEPI, the overall trend for the signal was to decrease. FombD obvious trend was

observed. For 3-MT and 5-HT the trend for the signal wasdrease. The mechanisms behind these
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trends were subjected to further investigation. Putativietydeclining trend for EPI might be related
to its lower stability than the other analytes, meaning tttaad EPI concentration in perfusate
declined with time. The increasing trend for 3-MT and 5-HTlatde caused by their higher affinity
to the reversed phase SPE column, since both of them aregolaéty molecules. Thus, they could
have a tendency to accumulate on the SPE column and subsggaest increasing signals for later
runs. Nevertheless, the variations observed for all analyges small (Table 2-1). Thus, it was

concluded that the fully automated system was a high precgat@m with very good stability.

5. Time Arrangement for In Vivo Experiments Ultilizing the Fully Automated
System.

The fully automated system was largely labor free, with hpggrision and high sample
throughput. Nevertheless, careful time arrangement for theewhwivo experiment was necessary in
order to maximize the usefulness of the system and to mmihuman error. Figure 2-13 describes
the experimental schedule from ordering the animal to the &nd wivo experiments. Human
interactions are shown in the gray boxes; these actions areiglbtentbject to further automation.
Some of the actions, such as drug perfusion, can be autbmidltean extra electronic controlled
device. Some of the actions, including placing the microd&lysibe in a standard solutian gitro
examination) and then to an aCSF blank solution (in omldret flushed and cleaned), could be
automated with the help of robotic devices. For the remaiofiéine actions, such as surgery and
implanting the microdialysis probe into an awake rat afecdif to automation, at least at the present

time.
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Rats brain surgery
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aCSF blank data
acquisition

Microdialysis probe
implanted in rat brain

in vivo basal data
acquisition

Drug perfusion

N

in vivo data . invivo experiment |\ .
. . Rat euthanasia
acquisition continued ends

Figure 2- 13. Time arrangement forin vivo experiments utilizing the fully automated system.

D. Conclusions

In this chapter, a fully automated system combining on#iigodialysis sampling, on-line

SPE and HPLC-MS techniques was constructed. The coordirwtibe components is illustrated by
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the control relation chart, eluent flow chart and event flow chitue stability of the system was tested
by 9 h 40 min of continuous, unattended running. Theesysvas proved to be stable, labor free and
had high throughput. The system therefore has the potemfimbtide an important research tool for

in vivo monitoring of all kinds of metabolites, which will be demstrated in later chapters.
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Chapter Three

On-line lon-pair Reversed Phase Solid Phase Extraon

(IP-RP-SPE)

A. Introduction

lon-pair (IP) techniques held the key to the success of thenatedn vivo monitoring project.
In this project, IP was intensively used in RP-SPE to cigamand pre-concentrate analytes in
microdialysate samples. IP was also applied to HPLC in dalémprove retention for targeted
analytes.

The mechanism for ion-pairing is quite straightforwHfd*** IP reagents contain a nonpolar
portion, usually a long chain aliphatic hydrocarbon (perfhaiion is employed in order to increase
the volatility of the agent), and a polar portion, such aadcuh or base. The polar portion of the IP
reagent interacts with the analyte counter-ions, formingiam-pair.” The nonpolar portion interacts
with the nonpolar reversed phase media, usually thg Hydrocarbon chain of the
octadecylsiloxane-bonded silica surface. Retention of an analytdbenanhanced by increasing the
carbon chain length of the IP reagent and by increasing the ¢@tmenof the IP reagent.

In principle, many volatile organic acids, bases, or saltddcbe used as IP reagents in
RP-HPLC-MS technique®$® Among them, formic acid (FA), acetic acid (AA), ammonium acetate
(NH4OAC) are widely employed. However, such compounds are mopeghyoconsidered as pH

modifiers or buffer additives than IP reagents. Indeed, tRefunctions are weak owing to the very
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short nonpolar segment of their structures. Among thedBant arsenal, trifluoroaectic acid (TFA) is
the most well-known and widely used volatile IP reagengd@afly in the field of peptide and protein
analysis:*® Larger analogs of TFA are more useful for small, very potapnic substance®:**"*>*

Among them, HFBA and TDFHA are the most popgfar>*>’

TFA

F3C OH

HFBA

TDFHA

Figure 3- 1. Chemical structures of three IP agents

The major limitations of IP reagents is their propengitysignal suppression in ESI-M%
Nevertheless, many methods to address this problem have beelopgd including post-column
organic solvent or acid additidf’ In the present study, however, high concentrations of @rately
strong IP reagent such as HFBA or a very strong reagentasu€®FHA at low concentrations were
used for the SPE process, while only very low concentrafiomd1) of HFBA were used in HPLC

mobile phases. Thus, the amount of IP reagent that enterethisespectrometer was kept minimal.
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This approach benefited from prudent selection of the HPL@muol (Phenomenex Synergi
Hydro-RP). The separation properties of this column are based onexdmiechanism. While the
column stationary phase basically consists of a nonpalareé®ersed phase, the unbound silanol
groups on the silica are end-capped with a polar functionabgfhis arrangement results in the
column exhibiting good retention for both non-polar aighly polar compound¥**®*Nevertheless,
for extremely polar and ionic compounds, an IP reagent whsestled in order to obtain reasonable
retention of the target analytes, although the minimum atofinP reagent needed to effect
appropriate retention was employed. In our experiments, ESlsig8al suppression was not

prominent and, hence, it was not necessary to devise strategdréss this issue.

B. Experimental
1. Chemicals and Chromatographic Conditions.

Most chemicals and chromatographic conditions were the same asheldsor detail in
Chapter Two. MPTP and MPRwvere purchased from Research Biochemicals International (RBI;
Natick, MA). Reduced glutathione (GSH) and cysteine (CySHewobtained from Sigma.
GSH-MPB and CySH-MPB were produced as described in Chaptr Several more SPE mobile
phase solutions were prepared and tested. These SPE mobils plas:

1.) Mobile phase F3, water containing 0.1% FA
2.) Mobile phase F4, water containing 20 mM JOAC.
3.) Mobile phase F5, water containing 25 mM HFBA, pH 2.5.

4.) Mobile phase F6, water containing 50 mM HFBA, pH 2.0.
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5.) Mobile phase F7, water containing 50 mM HFBA; pH was adjusted8 with NHOH.

2. Standard Solutions.

Stock standard solutions were prepared and stored as desoriDedpter Two. A UM DA
standard solution was prepared as followsplL®f 1 mM DA stock standard solution was added to
990pL of aCSF; 10QuL of this solution was then added to Q00aCSF. The JuM standard solution
containing three catecholamines (DA, NE, EPI), 5-HT and 3wW4§ prepared as follows: 1A of
each of five stock standard solutions (each 1mM) was added® @ 95CSF; 10QuL of the resulting
solution was added to 9Q@Q aCSF. All solutions were stored in plastic vials and weaissed through
0.2 um centrifuge filter (NanoSEP™, VWR, USA) before use. ThgM standard solutions for

MPTP, MPP, GSH, and CySH were prepared similarly. All aCSF sahstivere degassed with He

sparging.

3. Basic Chromatographic Properties of the SPE ColumnDead Volume and
Solvent Front Profile.
These experiments focused only on SPE and, hence, the ftdipated system was modified
as follows:
1) The HPLC pump, HPLC column and microdialysis insentation were not used.
2) PEEK tubing (Upchurch), 0.005 IB x 1/16 in OD, was used to connect the TSQ 7000

MS ion source inlet and port 6 on the 6-port valve; theymalve was set to sample load
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and cleaning position at all times so that the SPE colas directly connected to the

mass spectrometer during experiments.

3) An injection adapter was installed on port 1 of thepdf-valve so that samples were
manually loaded into the sample loop.

4) The injection was controlled by manually pushing thggai button on the BAS on-line
injection controller. After the sample was loaded the buttas wushed to toggle the
10-port valve so that the sample was delivered to the SPEicolit the same time the

TSQ 7000 MS was triggered to initiate data acquisition. TRE uent was continuously

monitored by MS.
5) The SPE mobile phase used in this experiment was mdiaite (3.

With the above modification, 35L MeOH was injected and the SPE eluent was monitored by

MS in the full scan (50-500 m/z) mode.

4. Influence of Different lon-Pair Agents on the SE Efficiency.
Using the above instrumental arrangement, SPE mobile phasé4, F5 were tested. The

1 uM DA (as model compound, MW = 153.1) standard soluti@as wanually injected and the SPE

eluent monitored by MS in the single ion monitoring (SIb4.1) scan mode.

5. Influence of HFBA Concentration and pH on SPE Hiciency.
The instrumentation used in these experiments was the same as aB&®E mobile phases

F6, F7 and F1 were tested. Theu¥ DA standard solution was manually injected and the SPE
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eluent monitored by MS in the single ion monitoring scaden

6. SPE Breakthrough Curves for Catecholamines, 5-HT amh 3-MT Using
HFBA- and TDHFA- Based Mobile Phases.

The fully automated system described in Chapter Two was eetplde standard solution
containing a mixture of UM catecholamines, 5-HT and 3-MT was perfused by a syringe plingp.
SPE wash times were programmed between 0.2 and 2.5 miniag,0u& or 0.5 min increments for
each step. The first experiment employed mobile phase F1. &kith&n repeated using SPE mobile
phase F2. The mass spectrometer was set to the selected reactiitosimg (SRM) scan mode.

Detail of SRM settings will be presented in Chapter Four.

7. SPE Breakthrough Curves for MPTP and MPP
Using the fully automated system (Chapter Two) and mobitse F2, the standard mixture
solution of MPTP and MPReach 1uM) was perfused using a syringe pump. The SPE wash times
were programmed between 0.2 and 3.0 min in 0.2 min increM&EIM scan was employed where

the ion of 174 m/z was monitored for MPTP and 170 /PP

8. SPE Breakthrough Curves for GSH, CySH, GSH-MPB andCySH-MPB.

Using the fully automated system (Chapter Two) and mobéseir2, a standard solution of

GSH and CySH (1M each) was perfused by a syringe pump. The SPE wash tiearegpwogrammed

between 0.3 and 3.0 minute in 0.2 min increments. GSH ar@Hdy the HPLC eluent were
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monitored by MS in the SRM mode. Using the modifiedyfalltomated system (Chapter Five), the

10 uM standard solution for GSH, CySH together with the 5MMB solution (on-line derivatization)

were perfused by a syringe pump. GSH-MPB and CySH-MPB wergtored by MS in the SRM

mode.

C. Results and Discussion

1. Solvent Front of the SPE Column and Theoretical Cosiderations.
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Figure 3- 2. Solvent front profile for the SPE columnshowing the retention time (0.28 min)
and peak width at half maximum (FWHM) (0.17 min).

The dead time {} for the SPE was 0.28 min at a flow rate (r) of 200 ib/mhus, the dead

volume (V) was calculated as V #tr = 56 pL. The full width at half maximum (FWHM) ofeh
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peak was 0.17 min. The simplest theoretical simulation wd# tbe chromatographic peaks to a

normal distribution curve:

1 (t—t,)?
S=——exp——5—)
o\ 2T 20°
where 0 = ——~ FWHM = 0.425FWHM

242In2

Using the experimental values gfando, a normal distribution simulation was carried out and is

presented in Figure 3-3.
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Figure 3- 3. Normal distribution curve (red dashed line) sperimposed on the
experimental SPE solvent front profile (black curve)

With this simulation it was possible to calculate the tbtcal breakthrough curve for the

solvent front for salts. A breakthrough curve is a grapbprasentation of the recovery rate of the
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monitored analyte relative to the time employed to wash thecBREn. Measuring and studying the
breakthrough curve was important to justify the efficiencgt Bnoptimize the SPE. For HPLC-MS
techniques, the experimental measurement of breakthrough cungsdtécand other unretained small
molecules is difficult, if not impossible.

Thus, the theoretical breakthrough curve is a tool to stbdybehavior of salts in SPE
processes. From the normal distribution formulation, teakihrough curve can be derived as:

t—td)]

R=50x[1-erf(
o2

where R is the SPE recovery, expressed as a percentage; antieeb&ussian error function. Using

experimentalfando values, the breakthrough curve is presented in Figure 3-4.
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Figure 3- 4. Theoretical breakthrough curve for solvent frot (salts). The wash time
required to remove 99.9% of salts was 0.52 min.

From the simulation data sheet (not shown), a 0.52 miih Wae was necessary to wash
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out 99.9% of salts. It should be noted, however, tha b is the theoretical minimal time. In
reality, longer washing times are always necessary. One consideisathat there are endogenous
matrix compounds which are not totally unretained and, thexefmnger wash times are required to
remove these substances.

If a recovery of 99.9% is assigned for a compound withaaimum of 0.1% of the salts
remain left on the SPE column, and it can be calculated freordtical simulations (process not
shown) that a minimum retention time of 0.75 min isureef for that compound, which corresponds

the retention factor K:

K :ﬂ:lGS

L

2. Influence of Different lon-Pair Reagents on SPE eifiency.

Relative Abundance
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Figure 3- 5. DA SPE eluent profiles for different IP reagnt-modified SPE mobile phases. From
left to right: solvent front (blue dotted line); mobile phase F4 (solid black line); mobile phase F3
(solid violet line) and mobile phase F5 (solid red line).
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Figure 3- 6. Theoretical breakthrough curve for solvent frat (salts) and DA in different mobile
phases. From left to right: solvent front, mobile phasé&4 (NH,OAC), mobile phase F3 (FA) and
mobile phase F5 (HFBA).

The dotted line in Figure 3-6 indicates the situation whentheoretical minimal wash time
(0.52 min) is applied. Under these conditions, only teophase F5 met the requirement for a DA
recovery of 99.9+%. NFDAC and formic acid were not adequate IP reagents to extract BBAH

was a good IP reagent for DA in IP-RP-SPE.

3. HFBA Concentration and pH Influence on SPE Efficierty for DA.
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Figure 3- 7. HFBA concentration and pH influence on DA exaction. The numbers represent
HPBA concentrations and pH.

The experimental results displayed in Figure 3-7 show thateasing the HFBA
concentration from 25 mM to 50 mM decreases the retentionfomBA from 1.49 to 1.36 min.
Increasing pH greatly increased retention time. When the pHneesased to 6.5, no detectable DA
was washed out from the SPE column in 5 min. The conciugierefore, is that the concentration of
the IP reagent has a limited influence on SPE efficiency, whilegs a tremendous influence. This is
reasonable because: 1) the concentration of IP was always sederal of magnitude greater than
that of the analytes; and, 2) in order to have the abilitgrta an ion-pair the IP reagent must be in its

ionic form, meaning it has to be deprotonated. Deprotonétiatways facilitated by higher pH.
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4. Experimental Breakthrough Curves for Catecholamines5-HT and 3-MT.

Previous experiments showed that direct measurement of SPE @lofles for the analytes
was a useful technique to evaluate SPE efficiency. However, thibemnalytes were ‘truly’ retained
on the SPE columre.g.,DA in mobile phase F1, an elution profile cannot be obtaiNedertheless,
experimental measurement of the breakthrough curve was feasiblprdwiding a better way to
optimize SPE conditions. In experiments measuring brealghrourves, assigned wash times were
applied to the targeted compound, then it was backflashedf ¢l SPE column and subsequently
analyzed by HPLC-MS. The advantages of direct breakthrougk cugasurements include:

1) A breakthrough curve can be measured for most compotlihdsexperimental set-up is
straightforward and easy to perform with the fully automatsdtem. During the
experimental design, a sample acquisition queue was designetthatialt acquisitions in the
gueue were identical except the SPE wash times were programnmetei@mse (or decrease)
in a stepwise fashion. The details of how to change the \ivashis described in Chapter Two.
Once the acquisition queue was started, the whole experimenfulllasautomated and
unattended.

2) The system setting used to measure breakthrough cwagsthe same as tha vivo
experiments. Thus, SPE condition optimization directly teelato in vivo experimental
results.

3) When measuring breakthrough curves, salts were washadtlie sample before further

analysis thus protecting the MS detector
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Figure 3- 8. A typical data in the breakthrough curve meastements for catecholamines, 5-HT
and 3-MT. Extracted ion chromatography (EIC) was appled for all 5 analytes.
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Figure 3- 9. Breakthrough curves for catecholamines, 5-Hand 3-MT in mobile phase F1.
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The above graphs show breakthrough curves for the three cateaines, 5-HT and 3-MT

using SPE mobile phase F1. Clearly, NE was not retainedwaty meaning that most NE actually

co-eluted with the solvent front or salts. EPI had a muctetb@bnger) retention time than NE

although a shorter wash time (~0.7 min) was required teaeta high recovery. The optimal wash

time for DA was around 1.2 min. For 3-MT and 5-HT, wéstes longer than 2 min were preferable.

Theoretically, the recovery rate always decreases with wash timeewdn it was commonly

noted in SPE experiments that the recovery rate increased in lthetages of washing, as shown on

the graph for DA, 3-MT and 5-HT (Figure 3-9). The explamafior this relies on the fact that the

detection of many compounds is affected by the matrices thatim-Brolonged wash times help to

remove these matrices.

From the above experiment, NE could not be analyzed usindenyitdse F1. Accordingly,

another experiment was carried out using mobile phase F2, ehaueh stronger IP reagent, TDFHA,

was employed.

The following graphs show the breakthrough curves for fargeted analytes three

catecholamines (DA, EPI and NE), 5-HT and 3-MT. They were aedlpy the fully automated

system (Chapter Two) using SPE mobile phase F2 (TDFWAM)of the targeted analytes were

recovered to a satisfactory extent. From the graph, a washofirh.0 to 1.2 min was an optimized

practical choice for the analysis of these compounds.
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Figure 3- 10. Breakthrough curve for catecholamines, 5-H&and 3-MT in mobile phase F2.

5. Breakthrough Curves for MPTP and MPP"
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Figure 3- 11. Breakthrough curves for MPTP and MPP using mobile phase F2.
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The above graph (Figure 3-11) show MPTP and Mi@akthrough curves in mobile phase F2.

An SPE wash time of 0.81.0 min was a practical choice.

6. Breakthrough Curves for GSH, CySH, GSH-MPB and CySHMPB

Sometimes even a very strong IP reagent such as TDFHAldeuto permit the SPE column
to retain strongly ionic molecules. This effect was obsenfeevanalyzing GSH and CySH (Figure
3-12). Accordingly, it was necessary to derivatize GSH and Cyfii MPB in order to enable the
SPE extraction. A full description of the derivatization qass is presented in Chapter Five. The

breakthrough curves for GSH, CySH, GSH-MPB and CySH-MRBsummarized in Figure 3-12.
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Figure 3- 12. Breakthrough curves for GSH, CySH, GSH-MB and CySH-MPB using
mobile phase F2.
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As illustrated in Figure 3-12, GSH and CySH were co-elutitd the solvent front in mobile
phase F2 and, consequently, could not be analyzed. Howewewifalderivatization, GSH-MPB and

CySH-MPB were extracted very well by SPE. A wash time fra8rtd 2.0 min was a practical choice.

D. Conclusions

The use of IP reagents in SPE and HPLC was the key taitiresses of fully automated
system. Optimization of the SPE process for any analytieeisnost important step for the whole
experiment. In order to determine the optimum SPE condjtidifferent IP agents were tested.
Experiments showed that pH was the most important factoingelat IP efficiency. HFBA exhibited a
very good ability to increase SPE efficiency for most catechaksni5-HT and 3-MT. However,
HFBA was inadequate for NE. TDFHA is the reagent of choicéHeRP-HPLC. However, TDFHA
was inadequate for very ionic molecules such as GSH and CySHd, ®ther approaches such as
pre-SPE derivatization were necessary in order to analyze GSBy&tdl. During SPE optimization,

breakthrough curve measurement was a powerful tool.
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Chapter Four

Fully Automated On-line Sample Cleanup and HPLC-MSMS
Determination of Catecholamines and Related Compouws in Rat

Brain Striatum: An In Vivo Microdialysis Study.

A. Introduction

Catecholamines such as dopamine (DA), norepinephrine (NEg@inéphrine (EPI), are
naturally occurring molecules that act as neurotransmitters andohes regulating multiple
physiological processes in organistfisin animal brain, abnormal physiological concentrations of
these compounds are often related to neuroendocrine distfdéfdlassive release of DA is one of
the characteristic effects observed in response to the admioistrati certain widely used
neurotoxicants that mimic, in experimental animals, the selentweodegeneration that occurs in
Parkinson's disease (PBf""* Catecholamine metabolism is also believed to provide an importan
source of free radical? For example, during the monoamine oxidase-B (MAO-B)-mediat
degradation of DA a byproduct is,®, that can serve as a source of the highly cytotoxic hydoxyl
radical (HOJ by transition metal catalyzed Fenton or Haber-Weiss cheri&tr§. Accordingly,
accurate, selectivim vivo measurement of catecholamine and related metabolite levels initéblog
systems could be important in pathological studies of madiseases. In our laboratory,
catecholamines and related metabolites in animal models of PD hamnerdgmely analyzed.

Historically, the methods for catecholamine and related metabafitdgses in biological fluids have
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primarily utilized HPLC with electrochemicdf™"® or fluorimetrid®# detection. However, such
methods are unable to provide unequivocal identification of #salgnd require considerable
analytical skills. More recently, mass spectrometry (MS)-basedatigt particularly HPLC-MS, have
begun to be employed for analysis of catecholamines and relatebatites in biological
sample¥®*® |n this chapter, a fully automated system combining miatgsis sampling, on-line
IP-RP-SPE sample preparation, IP-RP-HPLC separation and taiB&WS detection techniques has
been developed and employed to monitovivo three catecholamines (NE, DA and EPI), 5-HT and

3-MT.

B. Experimental

1. Chemicals and Chromatographic Conditions.

Chemicals and chromatographic conditions were the same ashddsicriChapters Two and
Three. One extra HPLC mobile phase was tested: mobile phasti&2was water containing 0.1%

FA.

2. Standard Solutions.
Stock standard solutions for NE, DA, EPI, 5-HT and 3-TmM) were prepared and stored
as described in Chapter Two.
Five 1uM standard solutions for individual analytes were prepardaollasys: 10uL of each 1

mM individual stock solution was added to Q90aCSF to obtain 1QM solution of all compounds;

61



100 pL of this solution was added into 9Q@. aCSF to obtain a solution containingull of each
compound.

A series of calibration standard mixture solutions (1000 500 nM, 100 nM, 50 nM, 20
nM, 5 nM, 2 nM, 1 nM and 0.5 nM) was prepared as follavsuM standard solution containing NE,
DA, EPI, 5-HT and 3-MT was prepared the same way describea ab00uL of this solution was
added to 50QiL aCSF to obtain a 500nM solution; 1@D of 500 nM solution was added into 4Q0
aCSF to obtain a 100nM solution; 5a0 of 100 nM solution was added into 50 aCSF to obtain a
50 nM solution; 40QuL of 50 nM solution was added into 60Q aCSF to obtain a 20 nM solution;
200 pL of 20 nM solution was added into 6@ aCSF to obtain a 5 nM solution; 4pQ of 5 nM
solution was added into 6Q@A. aCSF to obtain a 2 nM solution; 5QQ of 2 nM solution was added
into 500uL aCSF to obtain a 1 nM solution; 50Q of 1 nM solution was added into 5pQ aCSF to
obtain a 0.5 nM solution. All solutions were storedpiastic vials placed on ice in a covered
container, and were passed throughpOr2centrifuge filter before use.

The standard mixture solutions for in vitro experimeBf&0(nM, 100 nM and 50 nM, 1000

pL each) were prepared in the same manner described above.

3. Selected Reaction Monitoring (SRM) Optimization.
In SRM optimization experiments, off-line loop injectionere performed and the fully
automated system was not employed. The 6 port valve wasieaoas a loop injector as follows: a 10
pL PEEK sample loop (Upchurch) was installed on ports2\End 5; a injection adapter was installed

on port No. 4; port No. 1 was connected to the HPLC &lymmt No. 6 was connected to the mass
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spectrometer; port No. 3 led to waste. Mobile phase A (104198) flow rate of 10QuL/min was
employed.

MS full scan: 10uL of 1 uM individual standard solutions were injected, while MS scan
range of m/z = 50 to 500 was employed in order to obtaienpaon information. Other MS
conditions were the same as described in Chapter Two.

MS/MS scan conditions: 1QL of 1 pM individual standard solutions were injected. The
collision gas was ultra high purity argon; the pressurargén in the collision cell chamber was 2.7
mTorr. Other MS conditions were the same as described int€hRpo. In each experiment, a data
acquisition sequence was established in which the collisiarcéuddissociation (CID) energy was
programmed to increase in a stepwise fashion from 10 eV ®V5 5 eV steps, with each step
lasting 2.5 min. The total experiment lasted 22.5 min. damh step, one injection of the standard
solution was manually performed. MS/MS mass spectra and clugraats were collected

continuously. This type of scheme was called CID energyistgpase experiment.

4, Influence of Different MS Scan Modes on the HPLC-MSSignal/Noise

Ratio.

In these experiments the instrumentation was the same as destriwedexcept that: a) a
PhenomeneSynergi™ Hydro-RP column was installed between port No. 4 and theéddSource
inlet, and, b) the HPLC eluent was 100% mobile phase Boitratic condition. Three MS scan
modes were employed) full scan, 50 to 500 m/z; b) SIM scan, m/z =154.1 and, RM S$can,

154.1- 137.1@16eV. For each experiment, l0of the 1uM DA standard solution was injected.
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5. Calibration Curves
The fully automated system (Chapter Two) was employed for rabbh curve
determinations. However, the microdialysis probe was not asddthe BAS gastight syringe was
loaded with the standard mixture solution. The solutias werfused directly to the sample loop on
the 10-port valve at a rate of 1.5 pL/min. Experiments vpendormed starting from the lowest
concentration (0.5 nM) to the next higher concentration armhs&or each concentration, at least six

runs were performed with the first two runs being considasegijuilibration processes.

6. InVitro Microdialysis Experiments
Utilizing the fully automated system (Chapter Two), thenge was loaded with aCSF.
The tip of the microdialysis probe was immersed into stahahixture solutions stored in plastic vials.
The recovery was expressed as the percentage ratio of the measyssded@incentration compared
to the known concentration of tlhir vitro standard solutions. Experiments were performed starting
from the lowesin vitro concentration (50 nM) to the next higher concentration anshséor each
concentration, at least six runs were performed, the firstrtwag being considered equilibration

processes.

7. Animals and Surgical Procedures
All animal experiments were performed in strict accordance wélptbtocols approved by
the Institutional Animal Care and Use Committee at the Urityep§ Oklahoma. Adult male albino

Sprague-Dawley rats (Harlan Sprague-Dawley, Madison, WI)hiregg320-350 g were used. Upon
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arrival they were allowed-Y days to become equilibrated with their new environmentnals were
housed individually in cages with bedding (Sani ChisJ. Murphy Forest Products, Montville, NJ)
and free access to food (Lab Diet® #5008 Formulab Diet: ®PNuitrition International, LLC:
Brentwood, MO) and water. The room that housed the rats H&dhour light-dark cycle. During the
equilibration period, rats were brought into the laboratoryd -6 h each day prior to surgery. The
purpose of this was to allow the rats to become accustontbe smell, noises and handling of the
researcher prior to surgery.

On the day of surgery, all rats were weighed, and the heavitds group was selected for
the first surgical procedure. The rat was pre-anesthetized igithylether (in a desiccator) prior to
injection of the anesthetic (ketamine, 85.72 mgéay;0.3 mL) and analgesic (xylazine, 5.72 mg/kg;
ca. 0.2 mL). Ten minutes after the initial anesthesic/analgesic,atsinere tested for limb reflex by
pinching the muscles in its hind legs with tweezers. If thmanvas not completely unconscious, an
additional dose of anesthesic/analgesic at 67% of the origisal, idm, ~0.2 mL of ketamine and
~0.15 mL of xylazine was administered. During surgery, ahienal’'s consciousness was checked
periodically and additional doses of ~0.2 mL ketamine an@i5-tL xylazine were administered if
limb reflex was exhibited. Animals were placed in a stereotaxicuiment (Lab Standard™, Stoelting,
Wood Dale, IL) with the nose bar positioned 3.3 mm belwsvitteraural line.  Sterile eye lubricant
(Moisture Eyes™ PM; Bausch and Lomb, Rochester, NY) was eabjidi the animal's eyes for
protection. The scalp was trimmed of excess hair and steriiited70% ethanol. A midsagital
incision was made with a surgical scalpel and the skull was eapodVith the help of the stereotaxic

instrument, an initial hole was made above the right strig&immm lateral and 0.5 mm anterior to
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bregma). The hole was made with an electric drill handpiece sy3tbefBOW; Osada Electric Co.,
LTD, Tokyo, Japan) using a surgical trephine drill bit @AThree smaller trapenizations were made
in the area surrounding the initial holes and cranial scrBlest{cs One, Roanoke, VA) were secured
(1 mm depth below the surface of skull) in these locatiohs. ficrodialysis probe guide/dummy
cannula (CMA-12) was implanted into the initial hole locatwwith the tip positioned 3.4 mm below
dura. The probe guide/dummy cannula was secured to the gkoieéns of the three screws and
cranioplastic cement (Plastics One).

At the end of surgery, the incision was closed with twtureg using monofilament
polyglyconate synthetic absorbable sterile surgical suture (M&0n 17 mm; Davis + Geck,
Danbury, CT). A collar (Bar-Lok® Cable Ties; Avery Denmisé&ramingham, MA) was fastened
around the animal's neck. The animal was then transferresl davit cage and left undisturbed for
1-2 days to recover with food and water provided. Two daysréehicrodialysis experiments,
animals were placed in a bedding-lined 40 cm diameter Plexigldssbated on a BAS Raturn during
the daytime to become accustomed to the surrounding in prepdi@tio vivo microdialysis studies.
The animal's collar was attached to a tether (with the alilitpgdve freely) and it had access to food

and waterd libitumthrough the study.

8. InVivo Microdialysis.
The in vivo microdialysis experiment utilized the fully automated syst@midl generally
followed the protocol described in Chapter Two. The follgvpresents the detailed step-by-step

procedure:
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1) In vivoexperiment preparation.

A new microdialysis probe was prepared for use accordindgndontanufacture’s (CMA)

recommendations (not shown). The aCSF solution wasefilt degassed (He sparging) and then

transferred to the BAS 10QQ. syringe. A 100 nM standard mixture solution (fiovitro examination)

was prepared as described previously. A TSQ 7000 MS data #ioquigieue was established. The

gueue contained all the data acquisition sequences neededvito examination, the aCSF blank

wash, andn vivo microdialysis experiments. For a typicah(9-h) experiment, a total of 27 data

acquisition sequences were contained in the queue. The Bexfju®nces were assigned iforvitro

studies (probe recovery measurements), followed by 3 acquossiissigned for aCSF blank washes.

Basal neurochemical level monitoring usually require@ &cquisitions ¢a. 2-3 h). Drug perfusion

began at the same time that the last basal acquisition was stée@maining 1215 acquisitions (4

=5 h) were for thén vivo microdialysis experiments.

If necessary, individual data acquisition sequences could bedaddor deleted from the

gueue even after the acquisition had begun. The instrumentaéithoan which defined the SPE

loading and wash time, HPLC gradient and all MS parameterswas embedded in the individual

sequences and could be modified during the experiment. Thigdeat flexibility was extremely

useful for real-time monitoring experiments. Because experimsetti@thgs could be modified in real

time according to the newest data acquired, it was not necess$ely tioe whole experiment.

2) Invitro examination.

Approximately 20 min after the syringe pump began perfusfaCSF, the acquisition queue

was started and the microdialysis probe was dipped intotdneasd mixture (DA, NE, EPI, 5-HT,
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3-MT) solution. This step was designed to determine bathnticrodialysis probe recovery and to
establish that the entire system was operating correctly.
3) aCSF blank wash

When the probe recovery was in a satisfactory range, the nalysidi probe was taken out
from thein vitro standard mixture solution, rinsed briefly with deionizestew and placed into fresh
aCSF. During this period, aCSF continued to be pumpedigh the probe in order to flush out any
trace standards.

4) In vivobasal neurochemical level monitoring.

Once the signal.e., HPLC peaks) for standards disappeared from the aCSF waiorsthe
dummy probe was removed from the guide cannula (in the arémdlyeplaced by the microdialysis
probe with the tip being positioned 7.4 mm below duraotliphout microdialysis experiments, the rat
was attached to a tether in a bedding-lined BAS Raturn asekftine, was able to move freely, and
had access to food and wadet libitum

5) Drug perfusion.

Once the basal neurochemical levéls.(HPLC peaks) became constant, a BAS UnisWitch
Syringe Selector switched the perfusion solution to aCSRirdmg 10.0 mM MPTP for 30 min, after
which the perfusate was switched back to aCSF. Microdialysatples were then monitored for the

next 4 to 5 h.

9. Calculations and Statistics

Analyte concentrations measuredimvivo microdialysis samples were expressed asM
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SEM (or percentage of basal lexeBEEM) based on at least three replicate experiments. The effects
of MPTP on neurochemical levels compared concentrations measuraea, béfiring and after
perfusion using one-way ANOVA. A p-value < 0.05 was takersignificant. Origin™ (version 6.0,

Microcal Software Inc.; Northampton, MA) was used for phoid statistical calculations.

C. Results and Discussion
1. Parent lons, Daughter lons and CID Optimization forAll Analytes.
Parent ions information was obtained from MS full scan spebaughter ions and CID

optimization were achieved by CID with energy-step-increase exgeti$m
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Figure 4- 1. Mass spectrum of 5-HT.

69



Relative Abundance

Relative Abundance

g 2 2 Jd 3883888

I \%HH‘T\HS\H\O\‘H\\?\HW\HS\H\U\‘\Hﬁ\\\ﬁ‘\\\

o3 a 88 8 &8 &
m?\m\mﬁ’\m\mﬁmmm\H\mﬁ’m\\

90
80
70
60
50
40
30
20

160.1

1150

1171
1321

1301| 1331 1591

1420

1771

0

80 90 100 110 120 130 140 150 160 170 180 190

m/z
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Figure 4- 4. CID breakdown curve for 5-HT.

Figures 4-1 through 4-4 illustrate how CID optimizatiwas performed for 5-HT. Parent ion

(177 m/z) and major daughter ions (160, 132, 117, 1¥% imformation was obtained from the MS

full scan and MS/MS spectra, respectively. Extracted lon Clegraphy (EIC) for the parent ion

and major daughter ions were established and are presentigaiie #3. A plot of their peak areas

versus collision energy is shown in Figure 4-4; thigl$® known as the CID breakdown curve. Thus,

from this curve it is clear that the best CID condition wa6é eV for the daughter ion of 160 m/z.

Thus the optimized SRM condition for 5-HT is 17%4.160.1@16eV.

Figures 4-5- 4-16 show spectra and CID breakdown curves for each of tles fabr

analytes. The optimized SRM conditions are summarized in Table 4
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Substance SRM optimized conditions

3-MT 168.1-151.1@16eV.
5-HT 177.1-160.1@16eV.
DA 154.1-137.1@16eV.
EPI 184.1-166.1@16eV.
NE 170.1-152.1@13eV.

Relative Abundance

Table 4- 1. Optimized SRM conditions for all analytes

2. Influence of Different MS Scan Modes on the HPLC-MSS/N.
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Figure 4- 17. MS scan mode influence on S/N ratio in HRI-MS.
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In Figure 4-17, the signal to noise (SN) ratio increasedarder of magnitude when the SIM
scan mode was compared to the full scan mode, and anotieerafrmagnitude enhancement was
achieved when the SRM scan mode was employed. This illustingtesason that the SRM approach
is more and more popular and becomes the method of choicePtdC-MIS analysis of biological
samples.

Still in Figure 4-17, a comparison of the DA HPLC peak ar@gased as MA) for three
different scan modes reveals that they are opposite to the tetitefS/N ratio. The increase of the
S/N ratio is due totally to decreasing noise. This revealsdaimental mechanism to enhance the S/N
ratio by employing a different scan mode: SIM or SRM did increase the signal intensity, but
selectively decreased the noise intensity. This unique capabiityh)uge advantage for MS compared

to other commonly used detection techniques.

3. Standard Curves and Sensitivity.

Analyte Equation Gy TES
3-MT Y=29547+23278X 0.9993 2.0-500 1.0
5-HT y=-3816+9178-X 0.9996 1.0-500 0.5
EPI Y= 13183+19048-X 0.9999 1.0-1000 0.5

DA V= -22428+7594:X 0.9999 2.0-1000 0.5
NE = -2330+7906-X 0.9995 2.0-500 1.0

Table 4- 2. Calibration curves, limit of detection (LOD) ad linear dynamic range.
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Calibration information is summarized in Table 4-2. SRMaisvery specific detection
techniqgue and matrix interference with the analyte signal is ri@aedn Thus, not only were better
LOD values (compared to full scan or SIM scan MS) achievedalbatbetter correlation coefficients

and wider linear dynamic ranges were obtained routinely.

4. In Vitro Experiments

Microdialysis probe recovery values obtained from in vitroegixpents are summarized in

Table 4-3.
Recovery rate (meantS.E.M., n=4) /%
Substance NE EPI DA 5-HT 3-MT
in vitro conc.
50nM 219+ 1.6 17.1£ 1.7 214+ 1.9 21.1£1.8 18.7£1.5
100nM 25.3+£0.8 26.3+£ 0.3 27.1£ 0.7 23.5+0.9 24.3+1.3
500nM 16.9£ 0.2 27.5£0.3 30.5£04 26.0+1.1 22.1£04

Table 4- 3. In vitro microdialysis probe recoveries for all analytes at differehconcentrations.

5.

In Vivo Experiments.
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Figures 4-18 to 4-21 show representative neurochemical lelederved inin vitro

experiments, aCSF wash solutioimsyivo basal, andh vivo post-drug measurement.

The following table lists basal microdialysate levels of thgeti@d neurochemicals measured

in vivo.

Substance Basal level in dialysate (meag SEM, n=3) /nM
3-MT 3.5:0.4
5-HT 4.32.1
DA 6.4£0.7
EPI Not detected
NE 0.8t0.2

Table 4- 4. Basal microdialysate levels of targeted newbemicals.

The following figures present microdialysate concentratioretprofiles for NE, DA, 3-MT

and 5-HT detected im vivo experiments.
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Probe insertion caused extracellular levels of all four detectedtesdly increase significantly.
Subsequently, all analytes rapidly declined to basal leveBOimin. Perfusion of 10 mM MPTP
dissolved in aCSF evoked an almost immediate and significazgseelof DA, 5-HT and NE. The
massive release of all three analytes reached peak valoas4& min. The peak value for DA was
20,000%, 5-HT was 1,700% and NE was 1,600% above basas.l&Métr reaching peak levels,
extracellular concentrations of DA and 5-HT declined rapidl{1R0 min) to basal levels, whereas
the decline of NE was much slower (180 min). The concemntréitice profile for 3-MT was different
from the other analytes. Thus, there was a 20-min delay beforedialysate levels of 3-MT began to
increase upon MPTP perfusion. The massive release of 3-MT reagieedt @aalue of 6,000% above
basal level after 60 min, remained at this peak value for anétheiin, and then declined slowly to

B%1% and other

basal level after 240 min. Compared to the previous studiee dh our la
researcher§* where electrochemical detection was employed, the basal dialysate catimesitare
very close and the concentration profiles are also similar.eMdery HPLC-MS has advantages over
other detection methods because it usually gives unequivocaheeidor the identity of analytes.
D. Conclusions

In this chapter, the fully automated system was employed daiton in vivo three
catecholamines (DA, NE and EPI), 5-HT and 3-MT. The SRMdtions for all analytes were
optimized by off-line experiments. The fully automated syst®as extensively used to prepare
calibration curves, determirie vitro microdialysis probe recoveries, and in connection witkivo

experiments. These studies established that the system wasedupdwol for real-time, highly

sensitive and specific measurement of multiple metabolitesving hnimal.
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Chapter Five

Fully Automated On-line Sample Cleanup and HPLC-MSMS
Determination of GSH and CySH in Rat Brain Striatum: An In

Vivo Microdialysis Study.

A. Introduction

GSH and CySH are ubiquitous thiol-containing moleculesrganisms. GSH and CySH play
a central role in cell biology, especially cellular protection reggavarious toxic compounds such as
free radicals and hydroperoxid&8!®* GSH and CySH status is a highly sensitive indicatocedif
functionality*®*
Numerous analytical approaches have been established to determth@n@SCySH in

195199 o fluorimetric

biological samples. Among them, capillary electrophoresis coupltéd UV
detectior’® and HPLC coupled with U%°?** or electrochemical detectiBi?®’ have been
frequently employed. In addition, NMR spectroscopy has békred for analysis of intact cells for
GSH and CySH® However, direct GSH and CySH analyses without derivatizatienrare. The
purposes of derivatization are to prevent autoxidation of @8HCySH, to improve chromatographic
retention, or to enhance sensitivity. HPLC-MS is a ligdpgecific and sensitive technique, and has
been applied to the analysis of blood cell and liver GSHecdnHowever, the available methods are

time consuming because of sample preparation procedures suphiddiduid extraction and off-line

derivatization*>*?**?* Fully automated HPLC-MS analyses of GSH and CySH in miiatysate
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samples have not been previously reported.

In this chapter, a fully automated system is described whiatbio@s microdialysis sampling,
on-line derivatization (Figures 5-1 and 5-2), on-line IP-BPE sample clean-up, IP-RP-HPLC
separation and tandem MS/MS detection techniques to monitora@&IEySH in the striatum of rats

in response to perfusion of the parkinsonian toxins M&iPMPP.
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Figure 5- 1. Derivatization reaction for GSH.
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Figure 5- 2. Derivatization reaction for CySH.

B. Experimental
1. Chemicals and Chromatographic Conditions.

Most of the chemicals used and chromatographic conditions twersame as described in
Chapters Two and Three. EZ-LihlMaleimide polyethyleneoxide, 2 (PEBiotin (MPB; structure
shown in Figures 5-1 and 5-2) was purchased from Pierdgbekford, IL). Upon arrival, the MPB
was weighed and distributed into smaller portions (26rig each) and stored in securely capped
plastic vials. The vials were stored in a dessiccator &€.~KIPB solution was always freshly
prepared before experiment. Upon usage, the calculated amouatenfwas added to the above vials

to obtain MPB at the desired concentrations. All of the abopeaphes were employed to protect the
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moisture-sensitive MPB from hydrolysis and loss ofction.

2. Instrumentation.

On-line derivatization was carried out by adding a 3-wayawigixer to the fully automated

system described in Chapter Two. An overview of the mods#fistiem is presented in Figure 5-3.
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£ ()
H W g b
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‘ |L. 0 Y ez
TSOQ TO00 mass speetrometer Waste [
i al®
B
Cradient HPLC
pump
[]
Waste
SPE
eluent On-line mixer

pump

Sy

Figure 5- 3. Overview of the modified fully automated syiem
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The additional syringe B was a Hamilton gasfig®50 pL syringe (1700 series; VWR
Scientific, West Chester, PA). It had the same effective lengbhc(@) as syringe A. Thus the actual
output flow rate from syringe B was 0.375 pL/min. Téysinge was filled with 5.0 mM MPB in water.
The solution was thoroughly degassed (He sparging) fariose. After mixing with dialysate, which
was driven by syringe A, the MPB was automatic diluted41Lto a concentration of 1.0 mM in the
perfusate solution.

The on-line micro-mixer was a homemade device using a modifi¢d 12° microdialysis
probe (Figure 5-4). Thus, the probe membrane was removetti@imdet needle tubing was cut to the
level of the end of the shield tubing. During experiméimésmicrodialysate solution coming from the
rat brain was connected to the original inlet of the probe.ifileé and the inlet needle has a very
small dead volume (<1 pL) so that chromatographic resolwtias not compromised. The MPB
solution was connected to the original outlet of the proleflamved out through the shield tubing.
The outlet and the shield tubing had a larger dead volumeui(};3but it does not matter for the
homogenous MPB solution. In such a setting, the MHBtisa appears as a sheath solution to the
microdialysate. (Figure 5-4) The microdialysate and MPB solutions mix together at thepeimt of
the shield tubing and continue mixing as they are pumpedtliet sample loop. The derivatization
reactions (Figures 5-1 and 5-2) occur in room temperature Wese solutions are mixed. The
advantages of this on-line mixer include very low dead volwasy connection using microdialysis

tubing and adapters, and low cost.
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Figure 5- 4. Structure of microdialysis probe and its mdification to be as a micro-mixer.

3. Stock and Standard Solutions.

Stock standard solutions of GSH and CySH (10 mM) wegpgred and stored as described in
Chapter Two. GSH-MPB and CySH-MPB stock standard swoisti(1 mM, stoichiometric
calculated by assuming a 100% vyield for the derivatization remjtiosed to optimize SRM
conditions were prepared as follows: 2510 mM GSH/CySH stock standard solution andu520
mM MPB solution were added to 2@ aCSF solution in a plastic vial. The vial was left in room
temperature for 1h to complete the reaction, then stored’a for later use.

GSH-MPB/CySH-MPB standard solution (3{M each) was prepared by adding [uQ

GSH-MPB/CySH-MPB stock standards (1 mM) to 920aCSF.
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Standard solution for GSH/CySH (16M) was prepared as follows: 10L of 10 mM
individual stock solutions were added to 990aCSF to obtain a 100M solution; 100uL of such
solution was added to 9Q. aCSF to obtain the 20M solution.

A series of calibration standard mixture solution (@0, 20 uM, 10 uM, 5 M, 2 uM, 1 uM,
0.5uM and 0.2uM) were prepared as follows: 10 of 10 mM stock standard solutions of GSH and
CySH were added to 980L aCSF to obtain a 10QM mixed standard solution; 500L of this
solution was added to 5Q@. aCSF to obtain a 5aM solution; 400uL of the 50uM solution was
added to 60QuL aCSF to obtain a 2AM solution; 200uL of 20 uM solution was added to 6Q0
aCSF to obtain a M solution; 400uL of 5 uM solution was added to 6QQ. aCSF to obtain M
solution; 500uL of 2 uM solution was added to 500 aCSF to obtain UM solution; 500uL of 1
MM solution was added to 5Qf. aCSF to obtain 0.pM solution; 400uL of 0.5 uM solution was
added to 60QuL aCSF to obtain 0.@M solution. All solutions were stored in plastic vialsioa in a
covered container and were passed througpu®.2entrifuge filter before use.

The standard mixture solutions (dM, 10uM, 5 uM and 2uM) for in vitro experiments were

prepared in a similar manner to that described above.

4. Selected Reaction Monitoring (SRM) Optimization.

SRM optimization was carried out in the same way describ&thapter Four except that 10

MM GSH, CySH, GSH-MPB and CySH-MPB standard solutioasevwused.
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5. Calibration Curves
Calibration curves were determined in the same way describeldajote® Four except that a
series of GSH and CySH standard mixture solutions were arsgéhe modified fully automated

system describe earlier in this chapter was employed.

6. InVitro Microdialysis Experiments
The procedure foin vitro microdialysis experiments was the same as described in Chapter

Four, except that gM, 5 uM, 10 uM and 40uM mixed GSH and CySH standard solutions were used

and the modified fully automated system describe previonglyis chapter was employed.

7. Animals and Surgical Procedures

Animals and surgical procedures were the same as in Chapter Four.

8. InVivo Microdialysis (Probe Recovery Studies).

In vivo microdialysis followed the same protocols described in @napour but with the
following differences: 1) the modified fully automated systiascribed in this chapter was employed:
2) a 5 mM MPB in water solution was prepared in the preparatep; 3) a 1M GSH and CySH
standard mixture solution was employed for ihevitro studies (probe recoveries); and, 4) 10 mM

MPTP, 2.5 mM MPPand 5 mM MPP were perfused into the rat striatum.
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9. Calculations and Statistics

Data calculations and statistics were the same as described it Caynr.

C. Results and Discussion

1. Parent lons, Daughter lons and CID Optimization forGSH, CySH,

GSH-MPB and CySH-MPB.

Parent ion information was obtained by means of MS full sspectra; daughter ion

information and CID optimization were achieved using CID enstgg-increase experiments. The

data processing technique for CID breakdown curve establishwasrdescribed in Chapter Four.

Figures 5-5- 5-16 present spectra and CID breakdown curves for each &uhanalytes.

The optimized SRM conditions are summarized in Table 5-1.
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Figure 5- 5. Mass spectrum of CySH.
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Figure 5- 9.MS/MS spectrum for GSH.
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Figure 5- 12. MS/MS spectrum for GSH-MPB.
10 20 30 40 50
:I.X:I.O6 T T T T T T T T T 5X:|.O6
9x10° 1
8x10° - 4x10°
7x10° 1 §
| 1 . o)
6x10° 310" = ¢
[0}
] ] c 8
5x10° £
e — <
—42x10° S &
4x10° S
i o
1 o 8
3x10° 5 g
. 41x10° & 6
2x10° <
_ )
1x10°
1 40
04

CID energy (eV)
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Figure 5- 16. CID breakdown curves for CySH-MPB.

Substance SRM optimized conditions
GSH 308.1- 179.1 @ 17 eV
CySH 122.1-76.1 @ 19 eV

GSH-MPB 833.3- 704.3 @ 30 eV

CySH-MPB 647.2 - 629.2 @ 25 eV*

Table 5- 1. SRM optimized conditions for all analytes.
* Not obtained from graph; discussed further later in this chapter.

2. Pre-Column Derivatization: Why It Was Necessary?
As discussed in Chapter Three, the primary reason for puneaoadlerivatization was that GSH
and CySH were literally not retained on the SPE column. Amatbason was that CySH displayed
very poor chromatographic behavior on the HPLC column we. 0dwal following Figure compares

the chromatographic behavior of CySH and GSH.
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Figure 5- 17. GSH and CySH standard, SPE wash time:Dmin.

As illustrated in Figure 5-17, GSH exhibited much betteptatographic behavior. Thus,

the retention time was longer (3.25 min vs. 2.48 mirCig®H.), and the peak shape was much better

(FWHM: 0.08 minvs. 0.4 min). It is worth noting that a very short SPE wéime (0.2 min) was

employed for the above experiment in order to obtain any sigoalGSH and CySH. Such a short

SPE wash time was deemed unacceptable because they actually cor@mt8&E column with salts

in aCSF.

However, when the sample pH was decreased (by adding formic theidjetection of GSH

drastically improved, as illustrated in Figure 5-18. Alsdenthat for this experiment a longer SPE

wash time (0.5 min) SPE was used.

Thus, no signal was detected for GSH at pH 6 (Figure Seler trace). A weak peak

appeared when the pH was decreased to 3 and the signal iatefgifher as the pH was decreased
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further. Lower pH values than 1 were not studied becauser wuth conditions the SPE column
can be damaged or destroyed. Nonetheless, acidification dichpaive CySH detection (data not

shown).
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Figure 5- 18. 1uM GSH standard at different pH valuesthe SPE wash time was 0.5 min.

The conclusion from the preceding experiments was that GSHecamatyzed without on-line
derivatization although on-line acidification was necessary. @nother hand, for CySH analysis,
on-line derivatization seemed inevitable for utilizing thdyflutomated system. Following on-line
derivatization, the derivatization products, GSH-MPB and C)8*B, exhibited very good

chromatographic behaviors (Figure 5-19).
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Figure 5- 19. 10uM GSH and CySH mixture in aCSF solution with on-line derivatization
(resulted in GSH-MPB and CySH-MPB) and a SPE wash tieof 1.0 min.

3. Standard Curves and Limits of Detection (LOD).

. Correlation Liner range LOD

Analyte Equation coefficient (uM) (uM)
GSH Y=-79670+192945-X 0.9996 0.2-20 0.1
CySH y=-28123+13323-X 0.9984 2.0-50 10

Table 5- 2. Calibration, LOD and linear dynamic range fo GSH and CySH.

4. Derivatization — “to be or not to be, that is the giestion”.
The main purpose for derivatization was to improve GSH ay@HCretention on the SPE
column such that interfering substances like salts were wasteadin the SPE step. The dilemma was
that the derivatization process necessarily introduces a nevemtarfunreacted MPB. A huge excess

of MPB (concentration ~3 orders of magnitude higher tharanalytes) was employed to facilitate the
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derivatization reaction. Unfortunately, the on-line SPE proaessunable to eliminate unreacted MPB,

as illustrated in Figures 5-20 and 5-21.
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Figure 5- 20. aCSF blank solution, on-line-SPE-HPLQ9S in full scan mode.
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Figure 5- 21. MPB in aCSF, on-line-SPE-HPLC-MS in fili scan mode.
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Comparing Figures 5-20 and 5-21, the use of MPB causeattidous contamination. In the

TIC chromatogram in Figure 5-21, many pollutant peaks appé@teen 911 min. The chemical

identity of these contaminants, except unreacted MPB, was hdedeiomine. The EIC chromatogram

of MPB (526 m/z) itself indicated a giant peak (huge peak argh)ametention time of 9.39 min,

which appeared distinct from the peaks for both GSH-MPB5(in) and CySH-MPB (~10.3 min).

Thus, unreacted MPB itself does not directly affect the anabfsiSsSH and CySH. However, the

unknown impurities of MPB could caused significant intenfere. EICs with the same m/z values as

the parent ions for GSH-MPB (833) and CySH-MPB(647)dsplayed in Figure 5-21, lower two

traces. The 833 m/z interfering peak (~9.9 min) appears far amaythe GSH-MPB peak at ~7.5

min, meaningGSH analysis should not be affected. Unfortunately, thereansignificant 647 m/z

HPLC peak close to the CySH-MPB retention time (10.3-ff.
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Figure 5- 22. MPB in aCSF, on-line-SPE-HPLC-MS in BM scan mode.
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If the daughter ion pattern for the interferent at 647 m/d#fierent from those of CySH-MPB,
they would not interfere with the determination of theelatierivative using the SRM technique.
However, Figure 5-22 illustrates how the 647 m/z ion figiAB solution in fact interfered the
analysis of CySH-MPB. In this experiment, MPB in aCSkitsin was used, three reactions were
monitored simultaneously: 647270@42eV, 647 375@32eV, 647 629@25eV. These reactions
were three best reactions for SRM analysis of CySH-MPB denivEdjure 5-16. In Figure 5-22, the
first two reactions have significant HPLC peaks close to theH=MPB peak (not shown), which
would severely affect the analysis of CySH. However, thed th@action appeared free from
interference. Thus, the reacti®@d7- 629@25eV became the optimized SRM condition for CySH
analysis (Table 5-1)t should be pointed out that this reaction had a muclkd®ensitivity compared
to the other two reactions, especially to 6470@42eV (peak intensity: 10 1¢° vs. 6.8 x 10,
Figure 5-16). Thus, the interference accompanied with deriviatizgirocedure causes lower
sensitivity for CySH detection. That was a price paid foivdération analysis.

As stated previously, determination of the chemical structutbeofnterferent (647 m/z) in
the MPB solution is virtually impossible. However, MS teicjue provided an opportunity to
investigate the interferent which has the same parent ion (697 the€ same daughter ions (270 and
375) and the same retention time (~10.4 min) as CySH-Nmpire 5-23 is full scan (100-900 m/z)
mass spectrum of all the compounds in the MPB/aCSF soltitad eluted at retention times ranging

from 10.3 to 10.5 min in Figure 5-21.
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Figure 5- 23. Full scan mass spectrum between retention t&® 10.3 to 10.5 min of MPB in
aCSF solution.

All of the ions shown in Figure 5-23 co-eluted with CyBI®B, for they have identical
retention times. Nonetheless, for SRM analysis only onesionived after the firsguadrupole
filtering, which is the ion of 647.3 m/z (parent ion foySH-MPB). The actual procedure to do this
was to set up a small window which has a width of 1.8 eehtered at 647.3 m/z. Then this small
window was applied to the first quadrupole, so onlg floin was passed through. The embedded
spectrum in Figure 5-23 shows the detailed mass spectriine abns (647.3 m/z) and surrounding
ions. The series 646.3, 647.3 and 648.3 peaks appare¢mrilyifotopic pattern for a typical organic
molecule. Thus, the ion of 647.3 m/z, which originated fidfB aCSF solution, isctually the
isotopic ion of 646.3 m/z. This ion was resulted from I#ss abundant naturally occurred isotdp@s
H, N etc in the 646.3 compound. The chemical structure of the ingerféon, at 646.3 m/z, could
be further elucidated by measuring its accurate m/z value, Hieveehbundances of all isotopic peaks

and MS/MS spectrum. Nonetheless this was beyond the sctifie ofsearch project.
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This is an example of how MS, as sensitive as it is, iserable to minute impurities in the

sample. It also raised the question of whether derivatizati@muldhbe employed, since the

impairments caused by a huge excess of the derivatization reaglnalivkinds of unknown

impurities might be much greater than endogenous matrix cardpan microdialysates like salts.

Indeed, it is a widely-held opinion that derivatization stoalways be treated as a last resort in

HPLC-MS method development. When derivatization must be emglogreat caution should be

taken concerning the reagent purity and possible side remctiorthis research project, it was

concluded that CySH has to be derivatized, although at the expedsecreased sensitivity and much

more frequent mass spectrometer maintendregfrom every 3 month to every 2 weeks, in order to

maintain sensitivity.

5. InVitro Microdialysis (Probe Recovery Studies).
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Figure 5- 24. Typical data forin vitro experiments.
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Relative Abundance

Recovery rate (Mean+ S.E.M.,n=4) /%

o Substance GSH CySH
In vitro conc
2uM 24.8+1.6 __—
SuM 15.7£1.0 59.7+2.0
10pM 11.0+0.8 64.612.1
40pM 5.140.6 41.141.2
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o o N ® ©
S © o o o
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Table 5- 3.

6. In Vivo Experiments.

The following are the results

Probe recoveries for GSH and CySH.

obtained framvivo experiments.
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Figure 5- 25. Typical data forin vivo experiments, including necessarin vitro checkup
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Figure 5- 27. Time-dependent effects of a 30-min perfusiasf 5mM MPP” into rat striatum on
microdialysate levels of GSH and CySH. The horizontal bl bar shows the time during which
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The basal concentration for GSH was 8.6.1 uM (mean+ SEM, n=3) in microdialysate
samples and for CySH was &2.4uM (meant SEM, n=3). The probe insertion caused extracellular
(microdialysate) concentrations of both GSH and CySH teeasa significantly (Figure 5-27), and
then both declined rapidly to basal levels. In preliminaryeg@rgents, perfusions of 10 mM MPTP in
aCSF solution failed to evoke any increase in microdialysateslef@€SH or CySH (data not shown).
Accordingly, the effects of its metabolite MPPwere studied. In preliminary experiment, the
concentration of MPPemployed was 2.5 mM and the effect of MR GSH and CySH was so
small that it was decided not to waste additional animalsordingly, in subsequent experiments, a
MPP" concentration of 5 mM was employed. In experiments usimi/5MPP" (Figure 5-27), during
perfusions extracellular concentrations of GSH and CySH wersigmificantly different from basal
levels. However, when MPP+ perfusions were discontinuedaatinlar GSH increased massively,
reaching 650% (60 min) of basal levels, and then declinechgal Bevel in about 90 min. After
discontinuing MPP perfusion, CySH continued to increase but more slowlypaadted later than that
GSH at 1,100% (180 min) above basal level. Subsequentlgceltilar CySH slowly declined,
although remaining significantly above basal level untilehé of the experiment (270 min).

The extracellular GSH and CySH profiles reported above are imxdpm@ate agreement with
previously results from our laboratory when HPLC-EC wapleyed to monitor levels of these thiols
in microdialysate samplé&’ However, the maximum increase of GSH was much higher préyious
(5,000% vs. 650%), whereas the CySH peak values were weilars(1,540% vs. 1,100%). It is

worth pointing out that HPLC-MS/MS (SRM) is a much mgpecific technique than HPLC-EC.
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D. Conclusions

In this chapter, the highly specific and sensitive fully oedted system combining
microdialysis sampling, on-line derivatization, on-line IP-BPE sample preparation, IP-RP-HPLC
separation, and tandem MS/MS detection techniques were applieointtor GSH and CySH in rat
striatal microdialysates in response to MPTP or MPpBrfusion. The conditions for SRM of all
analytes were optimized using off-line experiments. The fultgraated system was extensively used
in calibration curve,in vitro microdialysis probe recovery, arid vivo experiments. All these
experiments showed this system to be a powerful tool fortimal highly specific and sensitive

monitoring of targeted metabolites in biological systems.
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Chapter Six

Fully Automated On-line Sample Cleanup and HPLC-MS
Determination of MPTP Metabolites in Rat Brain Striatum: An In

Vivo Microdialysis Study.

A. Introduction

1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTPE@sidered by many neuroscientists
to hold the key to understanding the pathogenesis of idicp@D. The history of MPTP as an animal
model for PD was described previously. However, the detailed anesth of MPTP-mediated
dopaminergic nerotoxicity has yet to be fully establishéd:® Nevertheless, it has been well
established that MPTP exerts its selective neurotoxic effectsghiits active metabolite MPP"%8
Direct measurement of MPTP and its metabolites in the braiasinfal models of PD should be an
effective way to help contribute to an understanding of ibledical pathway for its selective toxicity
towards dopaminenergic neurons. The results of such studiéstn, might thus contribute to an
understanding of the mechanisms underlying PD.

Historically, MPTP and its metabolites have been analyzed prihcipalHPLC-UV'>%19-222
and GC-MS*?%2%There have been very few reports of the use of HPLC-MS tagmifpr such
analyses although they should, in principal, have great pait&fit The limitations of HPLC-UV
analyses include its low specificity, since it mainly dependsatention time measurement, and

susceptibility to many interferences present in biological t&snpn the case of GC-MS, the major
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drawback it that it requires the analytes to be volatile agirtdlly stable, which was not the case for
MPTP and its metabolites.

In this chapter a fully automated system which combines diagsis sampling, on-line
IP-RP-SPE sample clean-up, IP-RP-HPLC separation, and selectechonitoring (SIM) detection
technigues was employed to monitor MPTP and its metabdlifgsenyl-1,2,3,6-tetrahydropyridine
(PTP), 1-methyl-4-phenyl-2,3-dihydropyridinium (MPHP 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine- N-Oxide (MPTR-Oxide) and (1-methyl-4-phenylpyridinium) MPPFn rat

striatal microdialysates in response to perfusion of MPTP.

B. Experimental
1. Chemicals and Chromatographic Conditions.

Chemicals and chromatographic conditions were the same as in Ghapteaind Three.

2. Instrumentation.

The fully automated system used was described in Chapter Two

3. Stock and Standard Solutions.

Stock standard solutions for MPTP (10 mM) and MEPmM) were prepared and stored as

described in Chapter Two.
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Standard solutions for MPTP/MPR10 uM) was prepared as follows: 0L of 10 mM
individual stock solutions were added to Q90 aCSF to obtain 10QM solutions; 10QuL of such
solution was added to 9QL aCSF to obtain 1AM solutions.

A series of calibration standard mixture solutiongf2, 500 nM, 100 nM, 20 nM, 5 nM, 2
nM, 1 nM and 0.5 nM) was prepared as follows 1010 mM stock standard solution of MTPT and
MPP" was added to 980QL aCSF to obtain 10QM mixed standard solution; 20L of this solution
was added to 980L aCSF to obtain 1M solution; 400uL of 2 uM solution was added to 6Q0.
aCSF to obtain 500M solution; 200uL of 500nM solution was added to 8QQ. aCSF to obtain
100 nM solution; 20QuL of 100nM solution was added to 8@ aCSF to obtain 20 nM solution;
400 pL of 20 nM solution was added to 6@Q. aCSF to obtain BM solution; 400uL of 5nM
solution was added into 6Qf. aCSF to obtain &M solution; 500uL of 2 nM solution was added
into 500uL aCSF to obtain ©iM solution; 500uL of 1 nM solution was added into 5. aCSF to
obtain 0.5n1M solution; All solutions were stored in plastic vialaged on ice in a covered igloo, and
were passed through Queh centrifuge filter before use.

The standard mixture solutions fiorvitro (1 uM and 5uM) experiments were prepared in the

same manner described above.

4. Selected Reaction Monitoring (SRM) Optimization

SRM optimization was carried out in the same way describE&thapter Four except that10

UM MPTP and MPPindividual standard solutions were injected.
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5. Calibration Curves
The fully automated system describe in Chapter Two was esgplimydetermine calibration
curves. Detailed procedures are described in Chapter Four exceatsiaes of MPTP and MPP
standard mixture solutions were used. In addition, M&én3IM scan mode for MPTP (174 m/z) and

MPP" (170 m/z) was employed.

6. In Vitro Microdialysis Experiments
The fully automated system was employed to perfarnvitro microdialysis experiments
(probe recoveries), the procedures being the same as in Chaptezxeept that UM and 5uM

mixed MPTP and MPPstandard solutions were used and the MS SIM scan mode whs/edip

7. Animals and Surgical Procedures
Animals and surgical procedures were the same as described in Graapter
8. In Vivo Microdialysis.
In vivo microdialysis followed the same protocols described in Chapter with the
following modifications: a) a UM MPTP and MPP standard mixture solution was employed in the
in vitro studies (probe recovery check); and, b) the MS SIM scan mod@evismed at 160 m/z

(PTP), 170 m/z (MPB, 172 m/z (MPDP), 174 m/z (MPTP) and 190 m/z (MPTP-N-Oxide).

9. Calculations and Statistics

Data calculations and statistics were the same as described it Caynr.
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C. Results and Discussion

1. Parent lons, Daughter lons and CID Optimization forMPTP and MPP".

Parent ion information was obtained by means of MS full sgaectra. Daughter ion
information and CID optimization were achieved by CID energp-gticrease experiments. Data
processing for CID breakdown curve establishment was descriliglthpter Four.

Figure 6-1 and 6-2 present spectra and CID breakdown curvddA®P and MPP The

optimized SRM conditions are summarized in Table 6-1.
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Figure 6- 1. Mass spectrum oMPTP.
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Figure 6- 6. CID breakdown curves for MPP
Substance SRM optimized conditions
MPTP 174.1- 44.1 @ 30 eV
MPP” 170.0-128.0 @ 40 eV

Table 6- 1. SRM optimized conditions for MPTP and MPP.

Although SRM is the preferred MS technique on most occadimnbiological samples,
selected ion monitoring (SIM) was employed for the remainfiehe experiments described in this
chapter, including calibration curves,vitro andin vivo experiments. The reasons were: 1) it was not
possible to obtain the standards for three targeted MPTP ritsbd.e. PTP, MPDP,

MPTP-N-Oxide; 2) only parent ion information was available iarkiture sources for the above three
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metabolites, which could be used for the SIM experiment sritimadequate for SRM experiments;
and, 3) the fragmentation pattern for MPTP was not veraldeitfor SRM,.e. MPTP has only one
detectable daughter ion, and its intensity was low (< 208teoparent ion signal intensity as shown in
Figure 6-3)The principle disadvantage of the SIM approach is its relsitlogl specificity compared
to SRM. Thus it may not appropriate when server interferaappens. However, in our experiment,

the interference was not significant.

2. Standard Curves and Sensitivity.

Calibration information for MPTP and MP® summarized in the Table 6-2.

. Correlation Liner range LOD
Analyte Equation coefficient (nM) (nM)
MPTP y=5285800 + 95755 - X 0.9997 5.0 -2000 1.0
MPP* y=721590 + 224460 - X 0.9998 2.0 - 2000 0.5

Table 6- 2. Calibration parameters, LOD and linear dynanic range for MPTP and MPFP".

3. InVitro Microdialysis and Probe Recovery Measurements.

Figure 6-7 presents typical data obtained frionvitro experiments. Thén vitro standard
mixture solution used containeduM concentrations of both MPTP and MPRIso shown are results
for aCSF solution (blank). Compared to SRM data reportedrévious chapters, SIM was less
specific, thus there were some interfering peaks at retentias tof 1.0 min and 4.8 min for both

MPTP and MPP. Nonetheless, no significant interference appeared at the oetéinie of ~12.5 min
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where both MPTP and MPEIluted. The peaks for MPTP and MR®re almost overlapped in TIC

(not shown), however they were separated

microdialysis probe recovery data.

in EIC chromatogrdaisle 6-3 summarizes
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Figure 6- 7. Typical data fromin vitro (probe recovery) experiments.

Recovery rate (Mean + S.E.M. ,n=4) /%

Substance MPTP MPP*
in vitro conc:

1 pM 289+ 1.1 305+ 1.1

5 uM 19.1+0.9 24.1+1.3

Table 6- 3. Probe rec

overies for MPTP and MPP
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4. In Vivo Experiments.

During in vivo experiments, five ions were monitored at m/z = 160 (PTR),(MPP), 172

(MPDP'), 174 (MPTP), and 190 (MPTP-N-Oxide). In order toteeb the MS detector, MPTP was not

monitored until 30 min after the perfusion finished. Tokofving figures present the results obtained

fromin vivo experiments.
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Figure 6- 8. Typical aCSF blank data (before probe implated in rat brain).
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which MPTP was perfused. Data are meatt SEM (n = 3). * p < 0.05, ** p < 0.01.
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Figure 6- 11. Time-dependent effects of a 30-min perfusiod 80mM MPTP into rat striatum on
microdialysate levels of putative MPDP. The horizontal black bar shows the time during which
MPTP was perfused. Data are meag SEM (n = 3). * p < 0.05, ** p < 0.01.

In in vivo experiments, PTP chromatograms did not show any sigrifiueaks throughout
the experiment (data not shown). MPTP-N-Oxide chromatogrpealgs did not change significantly
throughout the experiment.During 10 mM MPTP perfusion, extracellular concentratiohBP"
and MPDP remained very low. However, when MPTP perfusiong wiscontinued, extracellular
MPP" and MPDP increased significantly, MPDPrapidly reaching a peak value at 60 min and
remained at this peak value for about 40 min, then decliagidlly over the next 90 min. MPP
increased less rapidly than MPDBY reaching the peak concentrations of 500 nM at 100 min, then

slowly declined.
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D. Conclusions

In this chapter, a highly specific and sensitive fully automatgdtem combining
microdialysis sampling, on-line derivatization, on-line IP-BPE sample clean-up, IP-RP-HPLC
separation, and tandem MS/MS detection techniques was appliehitomMPTP and its metabolites
in rat striatal microdialysates in response to perfusiodafiiM MPTP. In order to monitor as many
as possible metabolites, the MS SIM scan mode was employedfullyy automated system was
extensively used for determination of calibration curiresjtro microdialysis probe recovery, and for
in vivo experiments. All these experiments showed this system & gmverful tool for real-time,

highly specific and sensitive monitoring of targeted metadmlit biological systems.

127



Chapter Seven

Determination of Arachidonic Acid Metabolites in Ra Striatal
Microdialysates by HPLC-MS/MS Utilizing Electron Capture

Atmospheric Pressure Chemical lonization.

A. Introduction

Chronic inflammation is becoming increasingly recognized as quortant participant in
numerous neurodegenerative diseases including Alzheffféf8and Parkinson’s diseas&8?%*
Among the participants in the inflammatory process, the eicamarmve received substantial
attention. Eicosanoids originate from the enzymatic oxidatioarachidonic acid (AA) to produce
proinflammatory prostaglandins, leukotrienes, thromboxangéskohols (Figure 7-12%" Accurate
measurement of trace amounts of AA metabolites in brain mankbmportant step in understanding
a role for these eicosanoids in neurodegenerative brain disofidessis a considerable analytical
challenge because of their low abundances (concentrations rang@ifmolar to nanomolar) in
very complex biological backgrounds, and their isomeric gntigs (enantiomer, regioisomer and
stereoisomer). Traditional methods of analysis for eicosanude employed HPLC coupled with
UVv2%24 fluorescencd??* or ESI-ME*2 detection, GC-M&®2*° and radioimmunoassay- 2>
These methods suffer from inadequate detection limits, timsdooing sample preparation, inability

to differentiate isomers, sample instability and cross reactiRecently, HPLC-MS/MS with electron

capture atmospheric pressure chemical ionization (ECAPCI) has beemstrated to be a promising
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approach to analyze eicosanoftfs®> In the present study a modified form of this method was
employed to analyze several eicosanoids in rat brain striatabdiatysates. Three eicosanoids —
prostaglandin E(PGE), prostaglandin B (PGD,), and prostaglandin,fl{PGF,) were successfully
detected in microdialysate samples and both £@&d PGE, were measured quantitatively and
routinely. The recent use of arachidonic acid-d8 (AA-d8) aist@nnal standard has greatly increased
confidence in the quantification process. By this analytical odgttihe LOD for PGEand PGE, has
been determined to be 0.1 nM, which is close to the LOD ratftoimmunoassay, which is one of the
most sensitive methods for eicosanoids analysis nowadays.

The difference between regular APCI and ECAPCI is that the anatyte€ APCI undergo
derivatization to tag them with an electron-capturing grouph s the pentafluorobenzyl moiety
before analysis. The pentafluorobenzyl derivatives undergoaiigve electron capture in the gas
phase to generate negative ions through the loss of pentéfrzyl radicals. ECAPCI can provide
an increase in sensitivity of 2 orders of magnitude when acedpto regular APCE? Figure 7-2

illustrates the whole ECAPCI scheme, where RPiSEhe model compound.
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Figure 7- 2. Mechanism for ECAPCI analysis of PGE (&) Esterfication reaction, introducing
an electron capture tag (PFB moiety). (b) The productionf low energy electron. (c) Electron
capture dissociation.

B. Experimental

1. Reagents and Chemicals.
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Most chemicals used were the same as in Chapters Two and Threaled&rated AA
(AA-dg), PGE,, PGD,, and PGE, were purchased from Cayman Chemical, Inc. (Ann Arbor, MI).
Butyl hydroxytoluene (BHT), diethyl ether, pentafluorobdnzyoromide (PFB) and
diisopropylethylamine (DIPE) were obtained from Sigmdsih. PFB was diluted in toluene (1 : 19;
v/v). DIPE was also diluted in toluene (1 : 9; viVRIEC grade toluene, hexanes and isopropanol were

purchased from Fisher Scientific.

2. Stock and Standard Solutions.

AA was provided as 100g/uL in ethanol solution. 1QL of this solution was diluted in 990
uL of deoxygenated (He sparging) ethanol to obtainug/iL solution. 100uL of the latter solution
was added to 900L deoxygenated ethanol to obtain a 100uhg{~330 uM) solution which was
stored below -AT.

PGE and PGD were provided as 1 mg solid samples contained in small glasswith an
open top septum cap. One mL of deoxygenated ethanol was adeszhtaial by syringe through the
septum. The resulting solutions were shaken for several esirtot dissolve the solids to give a
concentration of uig/uL. 100 uL of such solutions was added to 900 of deoxygenated ethanol to
obtain 100 ngiL (~280uM ) solutions which were stored in a freezer at belo#G20

PGR,was provided as a100 mdy/ethanol solution and stored below °20

100 uL of each of the above four 100 pd/solutions was added to 6@ of deoxygenated

ethanol to obtain the standard mixture solution whichaadncentration of 10 ng! for each of the
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analytes. This solution was stored at’@0r lower until needed.

AA-dg was provided as al00 mdy/ solution in ethanol. 1QL of this solution was diluted in
990 uL of deoxygenated ethanol to obtain a 1uhggolution. 20uL of this solution was added to 980

uL of deoxygenated ethanol to obtain a 2Qupggolution which was stored at -ZD or lower.

3. Equipment and Chromatographic Conditions

HPLC-APCI-MS/MS was performed with a Thermo Finnigan T3@@0 equipped with a
Thermal Finnigan Survey®rMS pump. A Thermo HyperSilSilica (250 x 4.6 mm, 5 pm)
normal-phase HPLC column from Thermo-Hypersil-Keystonell@onte, PA) was used for all
separations. The mobile phase was isocratic hexanes (90%,is@prépanol (10%, v/v), with flow
rate at 1.2 mL/min. MS Conditions: APCI source in negatnode; vaporizer temperature, 450
corona discharge needle, fi8; sheath and auxiliary gas pressures were 40 psi and Hi@agr
units), respectively. SRM with transitions of 351.2271.2 (PGBQE;), 353.2-309.2 (PGE),
303.3-259.3(AA) and 311.3 267.3 (AA-¢;) were monitored. Other conditions were the same as

described in Chapter Two.

4. Sample Extraction and Derivatization.
Immediately after each microdialysate fraction was collected, 5f jthecinternal standard
(AA-dg, 20 pg/uL) was added and the microdialysate was extractedwatic@50uL of diethyl ether.

The organic extracts were combined and dried with a SpeedVAc (dHgavarit, Holbrook, NY).
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Then, 100 pL of PFB (in toluene solution) and 100 pID&RE (in toluene solution) were added to
each vial and the resulting solution placed in a heating ka0 °C for 1 h. The product was
allowed to cool and then evaporated to dryness on a Speed¥ammatemperature. Reconstitution
was performed by added 1. MeOH to each vial. The resulting solutions were then refady

HPLC-ECAPCI-MS/MS analysis.

5. Selected Reaction Monitoring (SRM) Optimization.
SRM optimization was carried out in the same way as descri@dapter Four, except that

1 ngiiL of individual standard solutions were injected.

6. Calibration Curves
The mixture standard solution (10 pb) was further diluted with deoxygenated ethanol and

calculated amounts were spiked into 1mL of deoxygenated aCS&iringtHCI (0.1 mM final
concentration) and BHT (0.02%g/uL final concentration). Standard curves were prepared for each
analyte of interest over the concentration range 0.2 pg/ulLnig/| L ca. 0.6 nM to 3.0 uM). The
sample treatment for calibration standards was the same as fodialigsate samples.e., 105ulL
standard mixture solution was spiked withul5 internal standard (AA« 20pg / pL), extracted and
derivatized the same way as previously described. The calibraties was plotted using the ratio of

analyte peak area to that of the internal standard, AA-d

7. Animals and Surgical Procedures
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Animals and surgical procedures were the same as in Chapter Four.

8. InVivo Microdialysis Sample Collection.

On the day of the experiment, the guide cannula was removegpladed with a CMA 12
microdialysis probe with the tip 7.4 mm below dura. Thebps were perfused with deoxygenated
aCSF at 1.5 pL/min. Microdialysate was collected in a CMA®Iréfrigerated fraction collector at 70
min intervals. Each vial initially contained 1.0 M HCI (1/fifal volume of microdialysate) and 1.0
pHg/uL BHT (2.5% final volume) to insure eicosanoid stabiliFor eachn vivo experiment a reagent
blank was prepared. Thus, 105 pL aCSF was treated by the ewmet grocedure used with

microdialysate samples.

9. Calculations and Statistics

Data calculations and statistics was the same as described in Grapter

C. Results and Discussion
1. CID Optimization for AA, PGE,, PGD,, and PGF,.

Daughter ion information and CID optimization were achievedCly energy-step-increase
experiments. The data processing technique for CID breakdowe establishment was described in
Chapter Four.

Figures 7-2 to 7-9 present spectra and CID breakdown cuoveallffour analytes. The

optimized SRM conditions are summarized in Table 7-1.
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Substance SRM optimized conditions
AA 303 - 259 @ 18 eV
PGE, 351271 @ 16 eV
PGD, 351271 @ 16 eV
PGFy,, 353309 @ 23 eV

Table 7- 1. SRM optimized conditions.

PGE, PGD; are enantiomers and therefore are not distinguishable by M§sianad., they

both have the same parent ion and daughter ion patterns. Hotheyecould be separated by normal

phase HPLC chromatography utilized in this project. As shiaviigure 7-10.
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Figure 7- 10. Chromatograms for PGE/PGD, standards.

Figure 7-10 shows the results of three experiments: ,P&@hdard, PGEstandard , and
PGE/PGD; mixture (both at the same concentrati¢fgr every experiment, reaction 351271 @ 16
eV was monitored. The retention time for PGixas 3.15 min and for PGBEvas 3.45 min and,
therefore, a baseline separation was achieved.

2. Standard Curves and Sensitivity (Limits of Detectio).

Analyte Equation Correlation Liner range LOD
coefficient (nM) (nM)

AA y =-1.905 + 1.124K 0.9998 0.6-1500 0.1
PGE, y =-0.167 + 0.833X 0.9990 0.6-1500 0.1
PGD, y =-0.710 + 0.908X 0.9997 1.2-1500 0.5
PGFy, y =-0.577 + 1.882ZX 0.9998 1.2-2000 0.2

Table 7- 2. Calibration parameters, limit of detection (LOD)and linear dynamic range for all

analytes
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Figure 7- 12. Typical data fromin vivo experiments: insertion of the microdialysis
probe evoked a rise in extracellular (microdialysatePGE,, PGD,, and PGR, levels.
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PGD, was detected only in the first sample after probe insertio@.concentration of PGD
measured was 12 0.3 nM (meant S.E.M., n=3). The insertion of the microdialysis mrataused
PGF, to significantly increase immediately. Subsequently, it latecreased to basal level in 2h.
The probe insertion also caused R(@¥els to increase. However, this increase was much slower than
for PGk, and required 4 h to reach the peak value of 3.5 nM,PBEE then slowly declined to
basal level (9-h). Interestingly, extracellular concentratior®Q; increased again showing a second
peak value of 3 nM after approximately 15 h after which it dedlslowly back to basal level

It has previously been reported that insertion of the mialpsls probe evokes a rise in

extracellular levels of ecosanoitf&?*’However, such studies did not employ HPLC-MS.

D. Conclusions

A highly sensitivity and specific HPLC-ECAPCI-MS/MS methhas been developed and
applied to the analysis of basal levels of several eicosamoids $triatal microdialystates. However,
this analytical method was impaired by its low sample thmpug and time-consuming sample
preparation. Nonetheless, as an instrumental analysis technigu€;ECAPCI-MS/MS proved to be

capable ofn vivo monitoring metabolites in very low abundance.
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Chapter Eight

Summary and Future Directions

“If you cannot see it, it doesnt exist* an unidentified scientist.

This dissertation research was dedicated (except Chapter #veioging an automated
HPLC-MS method to monitor a number of important neueatbals (metabolites) in rat brain
striatum which might be of relevance to an understandingeopénthenogenesis of PD. Table 8-1

summarizes all the compounds targeted in this dissertats@arch.

Analyte LOD Basal dialysate levels Maximum dialysate levels*
+ SEM (n=3) + SEM (n=3)
DA 0.5nM 6.4+ 0.7 nM 1.4+ 0.6uM
EPI 0.5 nM / /
NE 1.0 nM 0.8+0.2 nM 13.3+ 3.0 nM
5-HT 0.5nM 43+2.1nM 77.2 22.5nM
3-MT 1.0 nM 3.5+ 0.4 nM 217.G6t 37.3 nM
GSH 0.1uM 0.6+ 0.1uM 3.7+ 0.4uM
CySH 1.0uM 6.2+ 0.4uM 67.2+ 3.5uM
MPTP 1.0 nM / 36.8+ 5.0uM
MPP* 0.5nM / 482.4+ 55.6 nM
MPDP* / / 76+ 12**
AA 0.1 nM / /
PGE; 0.1nM 0.7+ 0.2 nM 3.5+ 0.4 nM
PGD, 0.5 nM / 1.2+ 0.3nM
PGFy, 0.2nM 2.0£0.2nM 12.0+ 2.5 nM

Table 8- 1. Targeted analytes and their detection limits.

*The maximum level was caused by probe insertion for AAPGE,, PGD, and PGF,,. for other
analytes it was caused by drug perfusion. **chromatograplpeak area /16
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In experiments, selected reactions monitoring (SRM) was appliall analytes except MPTP,
MPP" MPDF’, where selected ion monitoring (SIM) was applied. AA, RGEGD, and PGE,
analysis were not performed by the fully automated system.

Before employing MS-based techniques, routine detection tectlsngmployed in this field
were electrochemical or UV-vis, which were also the major analytiegthads employed in our lab.
For these techniques, people have to “guess” from the LC chrampiygdata— what did the
chromatography peak represent? If it has a similar retentienttithe standard, then...it might be the
same compound. In HPLC-MS, MS and MS/MS spectra data enatiésee” the analyte. If the data
displays the same molecular mass, the same fragmentation p@eghter ions) and the same
retention time as the standard, it most likely is the sammpoond as the standard.

The fully automated system developed in the research and descritbeddissertation is an
essential tool for both method development imndvo measurements.

Thus, analyte calibration, SPE breakthrough curves, pterroberivatization (if necessary),
in vitro experiments (microdialysis probe recovery studies)iandvo experiments were all carried
out in a largely labor-free, precise, expeditious and fully raated way. Figure 8-1 describes all
experiments required to fulfill a project. The green blocksha graph represent the experimental
procedures that can be approached by the fully automated system.

Typically, all required experiments, includimg vivo experiments employing multiple én3)

animals would only take 2-3 weeks to accomplish.
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Searching literature for

i 2
Standards available ? SRM conditions

Yes

SRM optimization

SPE breakthrough curve On- line pre- column

(SPE applicable?) derivatization

Yes

Calibration
curves

In vitro experiment

In vivo experiment
(employ animal model)

Data processing, report

Figure 8- 1. General procedures for arin vivo project utilizing the fully automated system.

The future directions of HPLC-MS techniques in PD stuitidsard to predict for a number of

reasons: 1) the application of HPLC-MS in this area hasgiasted and still in its infancy; 2)
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HPLC-MS technology is growing extremely rapidly; and, BgEstablishment of human metabolome,
which doesn’t have a clear time schedule yet, could have profoyatt on HPLC-MS applications
in this field.

Currently, the main obstacles for MS-based applications aredmplexity and expense of
mass spectrometers; the difficulties associated with their ars# the lower reliability of mass
spectrometers compared to other analytical instruments, suchoasatbgraphs. The next generation
of mass spectrometers are focused on solving these proBf&tisin addition, they will have
unprecedented sensitivity, resolution and dynamic rantdpanks for the exponential development of

electronic technology and the urgent demand of life science.
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