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Abstract 

Adequate and quantitative observation of neurochemical phenomena is instrumental in guiding 

efforts towards a better understanding of the mechanisms underlying brain functions. Although a 

plethora of highly focused mechanistic studies have been conducted to unravel or approximate the 

cause-result relationships of brain activities, the scattered pieces of fragmentary information often fail 

to consolidate into a holistic picture of brainôs functional organization. Therefore, basic and applied 

brain research continues, powered by an explosive expansion of integrated initiatives and techniques 

continuously advancing the existing pool of knowledge. In vivo neurochemical monitoring in model 

organisms represents an invaluable strategy for capture of dynamic events or neural communication 

and the physiological state of the brainôs chemical environment at homeostasis (or purposefully 

dysregulated). However, it also remains technically and experimentally challenging due to many 

restrictions regarding the choice of subjects, target analytes and the opportunity to reproduce or repeat 

the experiments in the future, as well as suitability and performance of existing in vivo techniques. 

Solid phase microextraction (SPME) has inhabited the analytical chemistry landscape for several 

decades, however the progressing understanding of the microextraction phenomena applied to dynamic 

systems with minimal disturbance has only recently received recognition in the field of in vivo 

monitoring and granted the opportunity for SPME to grow beyond the proof-of-principle area. The 

chemical biopsy operation mode of this technique ensures that no tissue is removed or collected during 

the integrated sampling and analyte isolation step. The diffusion-based extraction of negligible amounts 

of an analyte from its unbound pool by the biocompatible probe spares the sampled system from drastic 

physiological re-adjustments to replenish its metabolites, and the binding to matrix components remains 

largely unchanged. These features, in principle, minimize disturbances to the studied system, making 

the in vivo results a close representation of its physiological state at the time of sampling. The work 

presented in this thesis capitalizes on these features and aims at critical stress-testing of SPME in several 
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studies involving diverse instrumental modes and scientific questions, with the in vivo neurochemical 

analysis of small molecules as the common theme. 

One prerequisite for understanding neuronal communication and circuitry is the ability to 

dynamically measure concentrations of neurotransmitters in multiple brain regions simultaneously. 

This goal has been addressed by development of a miniaturized SPME-based probe, specialized for 

extraction of small hydrophilic molecules via synthesis and functionalization of the SPME extracting 

phase. The protocol for integrated in vivo sampling/sample preparation followed by LC-MS/MS 

analysis has been thoroughly characterized with respect to probe shape, desorption solvent, storage 

strategy, quantitative performance, and the balance between temporal resolution and sensitivity. The 

resulting tool and workflow were subsequently applied to the simultaneous electrophysiology-guided 

measurement of several neurotransmitters in three areas belonging to the fronto-striatal network in 

behaving macaques. The results indicated realistic prospect and capability of this approach to 

distinguish chemical fingerprints of different behavioral or pharmacologically induced brain activation 

states. 

The linkage of molecular information with its spatial distribution in such complex system as the 

brain has been the aim of coupling SPME to desorption electrospray ionization mass spectrometry 

(DESI-MS) to yield a platform for unidimensional, spatially resolved analysis with quantitative 

capabilities. The work documents the development of a hardware interface for the coupling, and 

evaluation of the experimental protocol through quantitative reconstruction of the laminar and radial 

concentration gradients of xenobiotics introduced in multilayer gel arrangements and surrogate brain 

tissue models. Adequate quantitative results were achieved by proposing a novel strategy that combined 

signal correction via preloading of internal standard onto SPME probes and signal integration in scan-

by-scan mode. The proposed approach allowed for fast and minimally-invasive probing and imaging 

of three-dimensional objects without the need for their slicing, allowing for in vivo applications with 

reduced number of required probe insertions, relative to SPME-LC-MS approach, in order to obtain 

information about analyte distribution with sub-millimeter resolution. 
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The culmination of the outlined strategies is subsequently illustrated by the development and in vivo 

application of a protocol for quantitative and spatially resolved analysis of a xenobiotic and its 

metabolites in rodent brain, tailored for characterization of local drug delivery via stimuli-responsive 

drug-loaded nanoparticles which release their cargo focally upon application of focused ultrasound. 

The presented data illustrate an SPME methodology capable of monitoring pharmacokinetics of 

ketamine and its metabolites in the infralimbic region of the medial prefrontal cortex in vivo after 

systemic administration of the drug. The space-resolved component of this study further explores the 

SPME-DESI-MS in terms of fundamental phenomena pertaining to the properties of the extractive 

substrate, interactions with microdroplet-based DESI mechanism and the resulting method 

performance. This work results in the first instance of unidimensional molecular imaging applied in 

vivo with subsequent LC-MS cross-validation. 

Due to the high energy demand of brain and its vulnerability to metabolic stress, many neuronal 

properties expected to be valid in physiological conditions cannot be reliably inferred from in vitro 

experiments. The importance of in vivo studies is herein emphasized by investigation of changes in 

brain neurochemistry occurring immediately and shortly after death. The broad analyte coverage 

characteristic for SPME and untargeted analysis mode enabled by MS have been combined to determine 

death-induced changes affecting rat hippocampus in the first hour of postmortem interval (PMI). 

Significant changes in brain neurochemistry were found to occur as soon as 30 min after death, further 

progressing with increasing PMI, evidenced by relative changes in levels of metabolites and lipids. 

These included metabolic intermediates, signalling molecules, and inflammatory mediators. 

Additionally, thorough analysis of interindividual variability in response to death provided insights into 

how this aspect can obscure conclusions drawn from an untargeted study at single metabolite and 

pathway level.  
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Chapter 1 

Introduction  

1.1 Brain-focused science: why study the most complex system in the Universe? 

The significantly delayed emergence of fully autonomous androids originally expected to take place 

as early as in 1992 by science-fiction writer Philip K. Dick1 is a result of the fact that human brain 

consists  of over 120 billion neurons2 (which are additionally outnumbered by glial cells) and more than 

150 thousand kilometers of wiring in the form of myelinated neural fibers, creating several hundred 

trillion synaptic connections (a trillion synapses per cubic centimeter in the cerebral cortex alone).3 

Brain is the most complicated system in the universe4 (known to humans), and also the most important 

and complex organ in a human body (according to the brain). Therefore, simulating human brain with 

the complexity of its neural circuitry is currently exponentially beyond the reach of existing technology 

and might remain so for the foreseeable future. So far, artificial neural networks have failed to do justice 

to the complexity required for brain-like functioning as well as encountered trouble overcoming issues 

posed by the incompleteness of the theory of thought.5,6 Nevertheless, progress in understanding the 

brain through neuroscientific efforts continues to stimulate further developments in deep neural 

network technology, and vice versa.7 Currently, neural networks do not present themselves as a good 

approximation of the self-aware, thought-generating mind formed as a result of a long evolutionary 

process5ðhowever the pursuit of its recreation has undoubtably yielded technologies which 

revolutionized almost every aspect of modern life.8 

What is then the point of studying brain using scientific methods? The first answer is: disorders. 

Improved understanding of brainôs organization and functioning constitutes a logical step towards 

understanding the causes and mechanisms of disorders, which can in turn be addressed in an attempt to 

provide treatment.9 In case of many brain disorders, especially those of neurodegenerative character, 

effective treatment strategies, conclusive etiologies or detailed mechanisms remain to be found. 
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Studying pathological brain states requires a comprehensive approach, as they are often associated not 

only with imbalances in neurotransmission systems, but also with connective patterns and neuronal 

synchronization10,11  

Not necessarily all approaches in brain research aim at treating disorders; some have more of an 

exploratory role, aiming at answering questions pertaining to cognitive, affective and behavioral 

aspects, and ultimately the question of what makes us us.12 It must also be noted that the basic research 

on brain structure, function, and circuit mapping does not cease. These aspects are indispensable pre-

requisites to further exploration and interpretation of more complex inquiries such as linkage of specific 

neural activity patterns to behavior and cognition or the mechanisms of brain disorders.9,13 

Finally, by generating complex questions (de facto about itself), human brain ultimately inspires 

development of more sophisticated and advanced technologies, aimed not only at recreating or 

simulating the brain, but also creating appropriate research tools required for studying it. 

 

1.2 Current state of affairs in in vivo brain research 

The second decade of 21st century marks an explosive expansion of integrated initiatives aiming at 

advancing brain research worldwide.13,14 Of particular interest to this thesis is that the focal points of 

these initiatives include emphasis on micro- and nanotechnologies in service of measurements of brain 

activity and probing of the neurochemical environment. This involves not only improvement and 

advancement of the existing tools that are already a commonplace in neuroscience (for example, 

electrophysiological recordings), but also reaching far beyond what is currently considered possible, 

with ambitious objectives of overcoming fundamental limits in pursuit of new discoveries.15 Finally, 

the intermediate category comprises existing techniques that may originate from fields other than 

neuroscience with the intention of expanding them beyond the existing proof-of-concept phase and 
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fine-tuning them to address biological questions pertaining to brain function. Contrary to those initial 

proof-of-principle studies, the next stage of investigation is intended to focus not on the technique itself, 

but on its contribution and suitability for answering fundamental questions about the nervous 

system.13.15  

Enter analytical chemist. How does a scientist whose primary purpose is to pick things apart using 

intricate methods until they reveal their quality and/or quantity fit into the realm of big questions about 

the nature of thought and finding cures to diseases? Surprisingly (or perhaps not) neuroscience has 

adapted the science of measurement to a tremendous extent,16,17 to which the in vivo measurements of 

neurochemicals in animal model are the best evidence. Moreover, analytical chemistry is a valuable 

source of techniques which were abandoned after the initial proof-of-concept but have a massive 

potential to be useful in other fields.  

Further introduction and discussion will focus only on selected in vivo non-imaging techniques, as 

any attempt of doing justice to all existing in vivo methods in service of neuroscience would inevitably 

yield outrageous oversimplifications.  

In vivo studies are perhaps more important in studying brain than they are with other organs. Due to 

the exceptionally high energy demand of brain, vulnerability to metabolic stress in the situation of 

energetic imbalance is inevitable. Since maintaining energy homeostasis in brain is a task of its own, 

functioning of neurons cannot be the same in vivo and ex vivo, when the energy reserves are shut down. 

Therefore, many neuronal properties expected to be valid in physiological conditions are not reliably 

transferable from ex vivo experiments.18 Ex vivo investigations of even the most basic neuronal 

parameters using acute slice preparations might not be relevant for in vivo translation, as the effective 

electric field strength values required to give rise to action potentials and induce modulation of neuronal 

activity have been found to be much lower upon brain activity termination.19 Considering that neural 
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communication is based on transient release of neurotransmitters from synaptic vesicles, and the 

extremely short half-life of some of these molecules in brain parenchyma, the timescale and dynamics 

of neurochemical events and their consequences requires an in vivo approach with high temporal 

resolution.20 For pharmacological investigations or drug discovery studies it is of utmost importance to 

measure neurotransmitters and metabolites in awake and freely-moving animals both before and after 

administration of agents expected to affect the target neurotransmission systems.21 As the correlation 

between the efficacy of a neurotherapeutic and its brain concentration is an important pharmacokinetic 

parameter, accurate measurements of unbound drugs in vivo are indispensable in drug development.22 

Finally, surrogate ex vivo systems and cell cultures often fail to represent the level of complexity and 

physiological functions existing in a living organism.23  

In brain, again to a greater extent than in any other organ, maintaining the structure integrity and 

connectivity for various measurements is essential, due to its heterogeneity. Besides the obvious 

structural and functional levels of brain organization, neurochemical heterogeneity is also present 

within particular brain structures such as striatum and prefrontal cortex.24,25 Moreover, even diffusion 

of chemicals in brain exhibits heterogeneity and anisotropy.26  

 
Figure 1.1: Simplified levels of brain organization illustrating the comprehensive nature of investigation methods 

required to cover the range of spatial and temporal resolution of measurements. MRI- magnetic resonance 

imaging, PET- positron emission tomography, MSI- mass spectrometry imaging. 
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Obviously, in vivo research is not free from limitations. In vivo methodologies often incur significant 

costs and are hindered by complexity, therefore are unsuitable for high-throughput pharmacokinetic 

studies at early stages of drug development.22,27 Regarding the ethical aspect of in vivo studies, the 3R 

rule of replacement, reduction, and refinement puts in place guidelines regulating animal 

experimentation and welfare, however some invasive in vivo practices in animal research continue to 

face ethical concerns.27 Nevertheless, in vivo experimentation on animal models remains invaluable as 

some mechanistic investigation and validation (e.g. lesion studies of behavior and cognition or 

knockout of genes for causality confirmation) can only employ animals.28,29 

1.3 The need for (purposeful) innovation 

Despite years of tireless brain research by scientists from many branches related to neuroscience 

constantly innovating their tools and theories, the overall picture of brain functioning and its disarray 

in disease state remains incomplete. While lack of effort can definitely be ruled out as the cause, brain 

complexity outlined previously is only partially responsible. The scattered state of the knowledge and 

lack of appropriate research tools can be pointed as specific areas in the need for improvement.15 To be 

fair, research tools not good enough will perhaps remain an issue for eternity, as new tools lead to new 

discoveries, which bring more questions requiring even more advanced tools. 

In the meantime, thorough review of the future directions sections of published studies, a list of 

ideal properties can be outlined for a technique characterized by high usefulness in brain research. 

Considering spatiotemporal characteristics of neurochemical events, the innovation direction should 

allow for simultaneous measurements of multiple modalities (i.e. molecular, electric, and imaging) in 

multiple brain regions in awake, behaving animals, with the possibility of local, non-disruptive delivery 

of pharmacological agents. All these goals additionally align with considerations for animal well-being 

in in vivo approach. Specific types of experiments would then require further features, for example, 
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capability to conduct high-throughput in vivo analysis for drug development studies or capability to 

monitor a broad range of molecular species simultaneously with physiological parameters for disease 

markers studies. 

What might look suspicious in the above list is that all the components already exist and are being 

employed in neuroscientific research. However, what still makes the claimed innovation of the outlined 

approach valid is their integration and simultaneous employment. One might also wonder what the 

purpose of new developments is, since there exist outstanding techniques (i.e. microdialysis) which fit 

most of these requirements and are being used in neuroscience in conjunction with other tools. Firstly, 

every innovative methodology recognizes its limitations ï no technique is a panacea, and enhancement 

of a single tool is a process that never truly ends. Secondly, innovation means range and variety to 

choose from to satisfy oneôs goals and specific scientific questions. Additionally, competitiveness 

between existing approaches and techniques (provided a healthy competition) also drives innovation 

by inspiring unusual solutions. Finally, scientists have their areas of expertise, preferences, and 

technical capacity (e.g. access to mass spectrometers or animal facilities). All this leads to the 

conclusion that the ultimate innovation perhaps lies in multidisciplinary approach as the most 

productive research model. Complex studies require the collaboration of many specialists, each 

bringing their unique expertise and skill set. The needed components include theories and hypotheses 

linked to properly designed experiments, development and application of experimental tools with 

consideration for their engineering and performance for a given purpose, animal models, instrumental 

platforms, data treatment and sharing, as well as validation via critical feedback loop between parties 

involved at each stage of the process. Valid and successful tools would be then given its own life by 

subjecting them to circulation and making them available for others. 

On the note of innovation, it is easy to take mass spectrometry (MS) for granted. This technology 

has become so commonplace in analytical chemistry that it is by some seen as a routine detector, 
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inarguably with many operation modes and capabilities, but a detector nevertheless. For instance, mass 

spectrometers were used as the only ñdetectorò type sufficient for the completion of this entire thesis. 

Throughout many published studies only a short instrumentation section is allotted to acknowledge that 

a single piece of instrumentation was used to detect hundreds or thousands of molecular species within 

seconds or minutes. In truth, mass spectrometry-based approaches constitute some of the most robust 

analytical methodologies with the most versatile qualitative and/or quantitative information available 

to obtain from complex biological samples.30 Therefore, the continuous, unrelenting advancement in 

mass spectrometry will undoubtedly benefit any field that adapted this technology, including in vivo 

neurochemical analysis. 

MS imaging deserves a special mention here. The unique features of this MS methodology enabling 

linkage of molecular information with spatial distribution within the sample31 have contributed to its 

adaptation and expansion in neuroscience.32 With versatility of several ionization mechanisms available 

for MS imaging, such as matrix-assisted laser desorption/ionization (MALDI), secondary ion mass 

spectrometry (SIMS), and desorption electrospray ionization (DESI), MS imaging has been successful 

in mapping small molecules (metabolites, neurotransmitters, and lipids) as well as peptides and 

macromolecules (nucleotides, glycopeptides, and peptides).33,34 Even though this approach currently 

lacks real in vivo capabilities (this aspect has been further elaborated on in Chapter 4), the spatially-

resolved analysis is a strength that plays to the issue of heterogeneity of brain tissue. 

1.4 Solid phase microextraction: a condensed overview 

Microextraction constitutes a branch of analytical techniques characterized by employment of 

extraction phase in amount that is significantly smaller than the sample volume and therefore generally 

does not allow for exhaustive extraction.35 Solid phase microextraction (SPME) is an equilibrium-based 

technique which utilizes small volume of extracting phase dispersed on a solid support to isolate and 
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enrich analytes from a sample via diffusion-based partitioning mechanism by exposing the extracting 

phase to the sample for a well-defined period of time.36 SPME further translates this concept into a 

family of sub-techniques with the common denominator of solid extraction phase being immobilized 

in a form factor enabling direct contact of the extracting phase with the sample. What is common for 

all existing formats and operation modes of SPME is integration of the analytical process into just 

several simple components, as the sampling, analyte isolation and preconcentration constitute a single 

step. Moreover, all SPME modes are characterized by environmental sustainability,37 by minimizing 

the use of solvents required for analyte extraction and desorption (solvent desorption mode and LC 

applications), eliminating the use of solvents altogether (thermal desorption mode and GC 

applications38) or being in the grey area of solvent consumption, where only as much as several tens of 

microliters of solvent are used per sample analysis (direct-to-MS approaches39). 

 
Figure 1.2: Available modes of coupling SPME to analytical instrumentation. The integrated sampling step 

combining sample preparation and analyte isolation can be followed by direct coupling to MS bypassing the 

separation step or undergo thermal or liquid desorption with subsequent GC or LC separation, respectively. Each 

strategy is characterized by certain solvent consumption, analysis time, and labour intensity schematically 

depicted in the figure. 
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Applications of SPME have populated multiple research areas, such as clinical analysis,40 

metabolomic and lipidomic research,41 environmental monitoring42,43 with prominent applications in 

water analysis,44  food and agricultural products analysis,45,46 and forensic toxicology47 to name a few. 

Commercialization of SPME provided a level-up from purely academic use to routine laboratory 

practice48 (in areas such as forensic analysis of volatile organic compounds in autopsy materials or 

environmental analysis of air pollutants), with many more methodologies meeting the appropriate 

requirements to keep up with regulated methods49 or showing a promise of becoming so, yet lacking 

the inter-laboratory validation component.50,51 The breadth of applications employing SPME has its 

source in the techniqueôs simplicity and high level of tunability, whether regarding to the device 

format,52 extracting phase chemistry and properties,53,54 or coupling to various instrumental modes.55 

The non-exhaustive and diffusion-based principle of SPME makes it relatively heavy on 

fundamental and theoretical aspects, whose understanding is crucial for its proper implementation and 

quantitation. In the simplest example, an SPME experiment consists of extracting phase exposure to 

the sample (here often referred to as sampling) and subsequent desorption. Desorption can be performed 

on-line, integrating this process with instrumental analysis (gas chromatography (GC) and direct-to-

MS applications) or off-line, which permits the simultaneous desorption of multiple devices followed 

by high-throughput unsupervised instrumental analysis (liquid chromatography (LC) applications). 

Sampling is time-dependent: analyte extraction commences as soon as the extracting phase comes 

into contact with the sample and the affinity-driven, diffusion rate-controlled mass transfer occurs until 

partitioning equilibrium is reached between the analytes and the extracting phase. The amount of 

analyte extracted as a function of extraction time (the so called extraction time profile) reflects the 

kinetics of SPME, which can be divided into kinetic regime and an equilibrium regime, describing the 

various rates of analyte adsorption over time. The initial linear portion of the kinetic regime reflects the 

fastest adsorption of the analyte, while the equilibrium regime reflects a period of only marginal further 
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analyte collection.56 Under conditions fully characterized by the sample matrix and the extracting phase, 

the quantity of a given analyte extracted in equilibrium conditions (ὲ) can be determined based on 

equations 1.1 and 1.2 for absorptive and adsorptive extracting phases, respectively. 

ὲ ὅ  [1.1]   ὲ ὅ  

 
 [1.2] 

Where: ὅ - concentration of analyte in the sample; ὑ - distribution constant of analyte between the 

extracting phase and the sample matrix; ὠ- volume of the extracting phase; ὠ- volume of the sample; 

K- adsorption equilibrium constant of the analyte; ὅ - maximum concentration of the active sites 

in the extracting phase; ὅ - concentration of the analyte in the extracting phase at equilibrium. 

The view that only equilibrium SPME can yield quantitative results is a common misconception. The 

quantity of an analyte extracted in pre-equilibrium conditions (n) is extraction time dependent and can 

be determined according to equation 1.3.57  

ὲ ὲ ρ Ὡ     [1.3] 

Where: t- extraction time; ὥ- time constant (determined by the mass transfer coefficients, equilibrium 

constant as well as the physical dimensions of the extracting phase and the samplematrix; a is constant 

when the agitation conditions are also constant). 

 

The main consequence of pre-equilibrium extraction is decreased amount extracted, which can 

translate to higher limits of detection (LOD) and quantitation (LOQ), as well as the fact that dynamic 

character of the time profile in pre-equilibrium may contribute to reduced precision, if the extraction 

time is not strictly consistent for all samples/replicates. These repercussions are however a reasonable 

trade off and can be relatively easily compensated via fine-tuning of other aspects of the method 

development, as in reality employing extraction times allowing for reaching equilibrium may be 

impractical. 
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Figure 1.3: Kinetics of SPME illustrated by the extraction time profile with fundamental relations allowing for 

quantitation in all regimes of the kinetic curve.   

 

While other fundamental aspects of SPME have been eloquently described elsewhere with great level 

of detail,55 it is perhaps important to the practical aspect of SPME-specific method development that 

mass transport is affected by variables such as the binding matrix58 and device geometry,59 which in 

turn influence the extraction kinetics and equilibration time (te) according to equation 1.4. The 

equilibration time is assumed to be attained when 95% of the equilibrium amount of the analyte has 

been extracted (t95%). 

ὸ ὸ Ϸ      [1.4] 

Where: ὑ - distribution constant of analyte between the extracting phase and the sample matrix; Ὀ- 

diffusion coefficient of the analyte in a given sample matrix; ‏- volume of the boundary layer 

(an area surrounding the extracting phase where the flux of the analyte is controlled predominantly by 

diffusion); d- extraction phase thickness. 

What the above translates to in practice is the influence of agitation conditions, coating thickness, 

and sample properties (i.e. tortuosity, presence of binding matrix, etc.) on SPME kinetics as well as 

analyte quantities extracted within a given pre-equilibrium time. Other relevant fundamental principles 

(especially related to diffusion within a tissue sample) will be discussed further on in this thesis in more 

specific and practically-oriented manner. 
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It is noteworthy that in practice the kinetic aspects of SPME are usually determined empirically and 

through calibration rather than from first principles.  

1.4.1 Non-standard operation: in vivo tissue sampling 

It is often stated that SPME integrates sampling and sample preparation, although this statement is 

only truly correct for in situ experiments, where a sample is never collected, and the sampling involves 

only collecting the isolated molecules on the SPME device. This would include in vivo SPME and its 

equivalent for technically non-living matter (e.g. air, water) sampled in field ï in situ SPME. 

 

Based on equations 1.1 and 1.2, whenever the extracting phase volume is so small relative to the 

sample volume that it can be neglected (ὠ>>ὑ ὠ and ὠ>>ὑὠὅ ὅ ), the extracted quantity 

of analyte becomes independent on sample volume (equation 1.5). 

ὲ ὅὑ ὠ    [1.5] 

The fact that amounts extracted by the SPME device are independent of the sample volume (when 

the requirement of negligible volume of extracting phase is fulfilled) and proportional to the initial 

concentration of the analyte in the sample constitutes the single most important feature that makes this 

technique suitable for quantitative in vivo measurements. This is fortunate for sampling of organs such 

as brain which, besides occupying a certain volume as a whole, is further divided into distinct functional 

and structural compartments of not always precisely known volumes. For external in vitro calibration 

of in vivo measurements, the threshold volume of a calibration sample at which the requirement of 

negligible ratio of extracting phase to the sample volume is fulfilled should be evaluated 

experimentally.60
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Extraction via free form and balanced coverage 

While the extent to which SPME can be considered minimally-invasive and the consequences of 

probe insertion into living tissue will be discussed in Chapter 5, the generally non-disruptive character 

of SPME implies that what is effectively being extracted is the free analyte fraction. This contrasts with 

techniques utilizing tissue collection and sample preparation via analyte isolation from tissue 

homogenate (for example solid-liquid extraction), which extract both free and bound fraction of the 

analyte. SPME can however provide information about both free and total analyte concentration in the 

sample, when calibration in surrogate tissue or non-binding matrix is performed, respectively.61  

The consequence of extracting via the free form is that analytes with a low degree of binding to 

matrix components should have larger contribution to the pool of analytes extracted by SPME, and 

since hydrophilicity inversely corresponds to binding, hydrophilic compounds are often largely present 

in free form. However, hydrophilic compounds are often characterized by lower affinity towards the 

extracting phase (i.e. lower Kes values), which restricts their level of recovery, even if the extracting 

phase exhibits polar properties.62 On the other hand, compounds with higher affinity towards the 

extracting phase (and higher Kes values) are likely to be hydrophobic, and therefore predominantly 

bound to matrix components. This balance between the compoundsô availability and affinity prevents 

saturation of the extracting phase by unbound solutes present in high abundance in biological matrices, 

as well as allows for extraction of species covering a broad range of physicochemical properties 

important in untargeted studies.41,63,64 

The truth is however, that the moleculeôs hydrophobicity is not the only factor that determines its 

level of binding. The extent of protein binding is typically determined with blood plasma, but such 

observations donôt apply directly to brain tissue.65 There, binding may occur both: nonspecifically to 

brain membrane lipids and proteins, as well as in much more specialized and controlled manner, 

through receptors or reuptake transporters localized on the cells building the central nervous system, 

diverse in their morphological, functional, and numerical characteristics.66 The significant differences 
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between the free concentration in brain and in blood plasma are observed not only for the molecules 

that are actively transported through the blood brain barrier (BBB), but also for those that are 

transported passively or do not pass the BBB at all.67 Moreover, nonspecific binding interactions with 

brain lipids and proteins are area-specific due to the regional differences in brain lipid composition.66 

Biocompatibility  

The prerequisite for a technique suitable for in vivo investigations is the biocompatibility of all 

materials building the sampling device, in case of the SPME probe the support, the extracting phase, 

and the binder. The biocompatibility is a feature ensuring appropriate host response in a given 

application,68 in this case lack of adverse effects upon probe insertion into the tissue.63 Thus, while the 

supporting metal or metal alloy wire and the polymeric extracting phase are biocompatible and suitable 

for sterilization, the binder choice is generally inspired by the materials used in biomedical devices, 

with the additional requirement for appropriate thermal stability and compatibility with organic 

solvents.69,70 Due to the lack of continuous sampling and on-line coupling capabilities of SPME, the 

risks of severe biofouling effects common for biomedical devices71 are eliminated, as the transient 

character of SPME sampling and probe insertion does not require long-term implantation. 

From the sampling device and analytical performance point of view, the term matrix compatibility 

describes the properties preventing the probe fouling by interactions with the sample constituents. The 

most commonly used binder in biocompatible SPME devices suitable for direct immersion and liquid 

desorption applications ï polyacrylonitrile ï is characterized by hydrophilicity and creates a negatively 

charged synthetic membrane between the polymeric extracting phase and the biological environment.72 

These properties make the material inert to the sample matrix and prevent the attachment of 

macromolecules,73 which could limit the diffusion of small molecules towards the extracting phase and 

contribute to decreased recoveries, as well as cause the occurrence of matrix effects along the line in 

instrumental analysis.74 Eliminating adhesion of macromolecules and cells also prevents the organism 
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from triggering its defensive mechanisms,75 which could in turn influence the physiological 

environment being sampled. 

Given these properties and the principled suitability for in vivo analysis it seems that sampling of 

living organisms should be amongst the primary applications of SPME. In practice, what the technique 

seems to be built for remains an obscure non-standard operation mode attempted by few, and the routine 

use by non-experts continues to be a future prospect for this technique. 

 
Figure 1.4: Selected properties of all components involved in in vivo sampling of brain tissue via SPME. Left:  

The polymeric or silica-based extracting phase (here: hydrophilic-lipophilic polymer- HLB, functionalized with 

benzenesulfonic acid (top) and octadecyl and benzenesulfonic acid functionalized silicate (bottom), respectively) 

provide balanced analyte coverage through multiple and various interactions with different classes of compounds. 

Middle:  The polyacrylonitrile (PAN) binder introduces biocompatibility through formation of hydration layer 

with the aqueous environment of the sample, limiting the attachment of macromolecules and cells. Right:  The 

availability of an analyte for SPME is a product of its physicochemical properties and the extent of its binding to 

proteins and receptors, as well as the coefficient of partitioning between the sample matrix and the extracting 

phase (generally lower for hydrophilic molecules and larger for hydrophobic compounds). 
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Measuring dynamic concentrations 

A major challenge of in vivo brain analysis is the dynamic character of release and uptake of 

neurochemicals resulting in effectively establishing multiple equilibration profiles throughout the 

sampling event.76 Perhaps a good mental visualization of this process is a loading bar that starts 

increasing when the extraction commences, however every time a release of neurochemicals takes place 

during the extraction- the progress restarts. This process is additionally obscured as the reset loading 

bar is now a different, alternate loading bar not identical to the initial one, due to the fact that when the 

neurochemical event occurred, the probe already extracted certain amount of the analyte.  

Due to the fluctuating concentration of analyte in the sample, the statement for equation 4 can be 

modified to state that the amount of an analyte extracted via SPME is proportional to its average 

concentration in the sample over the sampling time.35 This case is called the time-weighted average 

sampling (TWA) and itôs been adapted from its previous employment in cases where the concentration 

of analytes varies over long periods of sampling time, such as in case of in situ water and air analysis, 

and the access to the extracting phase is spatially restricted.77 The important consequence of the 

inevitable TWA model of sampling in live brain is that if the concentration of a neurochemical was to 

significantly decrease as a result of re-uptake or depletion, the extraction equilibrium may shift all the 

way towards desorption from the extracting phase into the tissue (this would be additionally dependent 

on the interaction type between the extraction phase and the analytes ï this aspect will be discussed in 

Chapter 2). Thus, to prevent analyte leaching via reversed diffusion, it is recommended to employ short 

sampling times.78 This would not only contribute to improvement of precision of TWA measurements, 

but also to enhancement of the temporal resolution of the sampling. Practically, the dynamic 

neurochemical events such as neurotransmitter release, degradation, and reuptake occur on a sub-

second timescale, well below the typical SPME sampling times of several or several tens of minutes. 

Moreover, many neurochemicals and metabolites operate within distinct physiological concentration 
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range. Therefore, unless the extraction time is decreased to sub-second duration, these strategies are 

expected to play less of a role in in vivo brain sampling than in in situ environmental analysis. 

 

Calibration of in vivo measurements 

Several approaches have been proposed for calibration of in vivo measurements in pre-equilibrium 

conditions as well as successfully employed in real cases.79 One such method is the kinetic calibration 

with internal standard (IS) preloaded in the extracting phase. This strategy assumes that desorption of 

the IS preloaded in the extracting phase in known quantity will occur in the sample, as well as that the 

kinetic profile of IS desorption will be symmetrical to the uptake of target analyte from the sample. 

Based on the knowledge of the amount of IS desorbed, the amount of analyte extracted can be calculated 

if the distribution constant of the analyte between the extracting phase (Kes) and the sample matrix and 

the extracting phase volume (Ve) are known.36 Since the calibration occurs in the target system, this 

approach compensates for the fact that the agitation conditions (in in vivo system related to tissue 

perfusion rather than actual agitation) cannot be reproduced during external matrix-matched calibration, 

as well as for any diffusion difference effects related to temperature and presence of the binding 

matrix.80,81 This strategy has been previously successfully employed for calibration of in vivo 

measurements in rodent blood,82 fish muscle tissue,83 and rodent brain.84 The reliance of isotopically-

labelled IS, high level of reproducibility of IS preloading, and the requirement of the desorbed amount 

being measurable and significantly larger than experimental error are practical limitations of this 

approach. However, a fundamental limitation can also be found when considering the suitability of 

method introducing exogenous molecules into the sample for in vivo brain analysis with a behavioral 

component or when monitoring the undisturbed neurochemical environment in its physiological 

conditions is of interest. In these cases, it is likely that the threshold or sub-threshold amounts of 
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desorbed IS (which is purposefully almost identical to the target molecules) could alter the sampled 

environment, biasing the obtained results.  

The standard-free kinetic calibration approach was conceived as a remedy to the inconvenience or 

inability to match target analytes with appropriate internal standards with high similarity of 

physicochemical properties, as well as to insufficient IS desorption during a short sampling event.85 

This method only requires sampling of the target system at two different time points to calculate the 

concentration of analyte in the sample. Similarly, the knowledge of the Kes and Ve are required. 

Moreover, this method assumes the sampling rate to be constant throughout the entire extraction 

period,36 which excludes its suitability for calibration of measurements in dynamic systems such as the 

brain. For these reasons, this approach has been only proven suitable for in situ sampling of water an 

air using absorptive extracting phases, rather than in vivo sampling of tissue with solid, adsorptive 

coatings.  

The outlined calibration approaches rely on knowledge of constants determined via in vitro 

experiments,83 in tissue homogenates, or complex flow-through systems in equilibrium conditions. This 

proves that for in vivo measurements the idea of a method which does not employ a system attempting 

to mimic the target conditions is highly elusive or impossible. In this case, the conventional external 

matrix-matched calibration strategy constitutes an adequate solution for in vitro calibration for in vivo 

measurements, characterized by its ability to accurately reflect the composition of matrix binding sites 

occurring in live tissue. The main limitation of this approach is however the lack of the ability to 

appropriately mimic the conditions of flow-mediated solute transport occurring in live brain. The 

suitability of tissue homogenates as a surrogate matrix for calibration of measurements in intact tissue 

have been confirmed for lung analysis.60 The several advantages of this approach include practical 

simplicity and adjustability of the calibration range to multiple analytes existing at drastically different 

concentration levels. The calibration range modification and the matching of IS to analytes for suitable 
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correction can be done post hoc and directed by the knowledge obtained from in vivo experiments. 

Moreover, external calibration can be made independent of the variable instrumental response by 

simple conversion of the calibration relation to amount of analyte extracted as a function of 

concentration in the sample. This allows for building only one matrix-matched calibration curve for 

multiple in vivo measurements analyzed in batches, which is particularly useful for long term behavioral 

studies.  

1.5 The tale of two in vivo sampling techniques 

A staggering majority of SPME literature on the subject of in vivo sampling contains a comparison 

to microdialysis (MD) as a technique to match, outperform and triumph over. Similarly, throughout 

this thesis, making several comparisons could not be avoided. The purpose of this sub-section is to 

prove that this is due to the similarity of these two techniques and a natural drive of the younger of the 

two to look up to the more senior, gain approval and respect, and be allowed to sit at the same table 

(the table here is in vivo neurochemical analysis in truly exploratory studies, beyond the proof-of-

principle applications). It only makes sense to compare tools that are akin to one another and based on 

related principles (similarly to the only valid comparison of two Formula 1 drivers being their 

evaluation of driving in equal machinery). 

Based on the provided overview, one might realize that SPME is characterized by simplicity, 

versatility and capability of providing good figures of analytical merit. However, the application to in 

vivo brain analysis is a more complex case: throughout the method development process the 

experimental parameters cannot always be chosen arbitrarily or freely to provide competitive figures 

of merit, as is the domain of proof-of-concept studies. The parameter choices in in vivo analysis are 

predominantly guided by practicality and the very clearly defined goals of the studies. Perhaps the best 

example to illustrate this is the choice of extraction time: while longer exposure times are favorable for 
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attaining better sensitivity via SPME, the realistic timeframe of in vivo experiment often limits the 

extraction to only several minutes and requires a rapid sampling. Examples of such cases include 

monitoring of neurochemistry during transient states in studies with behavioral component, monitoring 

of drug pharmacokinetics (especially with local release of the drug and its fast clearance), or 

intraoperative sampling in clinical analysis. 

 To conclude the dispute on differences between SPME and MD and the areas of their superiority: 

temporal resolution, on-line coupling capabilities, and proficiency at extracting highly hydrophilic 

molecules are the domains of MD,86,87,88 while high affinity towards hydrophobic molecules, low 

experimental complexity, and versatility of coupling to various instrumental modes are the strengths of 

SPME.70 Otherwise, multiple aspects and limitations remain shared, such as fairly complex calibration 

strategies, challenge of measurements in dynamically changing systems, the potential for disruption of 

the studied system by requiring probe insertion, etc. The progressing amenability for miniaturization89,90 

and quantitative capabilities,91 remain common for both techniques as well. 

Another shared feature is the fact that both techniques show unquestionable promise (SPME) or 

approval (MD) for in vivo brain studies, despite being invasive and inevitably causing an insult to the 

neural tissue upon probe insertion. This is however a fair price to pay for the ability to employ mass 

spectrometry, with which both techniques are compatible. The innovation and possibilities brought by 

MS deem MS-compatible techniques a valuable resource for monitoring the chemistry of brain 

microenvironments. 

Both techniques recover analytes in proportion to their free concentration, which is used in 

pharmacokinetic studies of neurotherapeutics as the measure of moleculesô activity in central nervous 

system.22 The multi-analyte extraction ability and coupling to LC-MS determines suitability of MD and 

SPME for investigation of metabolic changes during neuron activation, as well as the sequence of the 
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metabolic events, which have been of interest to neuroscience for decades.92 Importantly for the 

emphasized heterogeneous nature of brain, the above information can be obtained in area-specific way, 

with good and constantly improving spatial resolution. Moreover, due to the MD and SPME probe size 

ranges, the sampled compartment includes predominantly the extracellular space, with some 

contributions from the vascular system and neural cells ruptured upon probe insertion. The interstitial 

system constitutes a very important compartment of the brain microenvironment associated with several 

brain disorders and instrumental for local delivery of neurotherapeutics, and is often overlooked in 

studies focusing on phenomena related to neural cells.93   

 

 
Figure 1.5: Similarities between the principles of in vivo MD and SPME and differences between the classes of 

molecules extracted. Both techniques are diffusion-based and extract via the free fraction of analytes available in 

the sample. MD extracts small hydrophilic molecules and peptides with high efficiency, while SPME 

demonstrates higher affinity towards hydrophobic molecules than hydrophobic species.
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1.6 Research objectives 

The increasing complexity of scientific questions being asked to determine the mechanisms of brain 

function and malfunction brings the challenge of reliable and versatile monitoring of neurochemical 

environments to analytical chemistry. The constant drive to improve and refine the existing tools and 

develop new solutions must satisfy the requirements of neurochemical measurements at various levels 

of the brainôs functional and structural organization, from synaptic events, through neuronal signaling 

and circuitry interactions to the resulting cognitive and behavioral effects. Approaches relying on the 

use of one technique may no longer suffice, as any appropriate package of information should ideally 

contain data about action potentials, molecular identities and concentrations, as well as their linkage to 

distribution within cortical layers, neural circuits and the whole brain. This thesis explores the use of in 

vivo solid phase microextraction coupled to various MS-based instrumental and data acquisition modes 

as a chemical biopsy tool for brain studies. The developed in vivo sampling approaches have been 

stress-tested in several model situations or real-life applications involving measurement or monitoring 

of both endogenous and xenobiotic molecules in order to identify the techniqueôs place in 

interdisciplinary neuroscience research and the barriers to its broad adaptation beyond the proof-of-

principle studies. 

The introduction was meant to provide general insight into motivation behind brain studies and the 

challenges associated with it from the interdisciplinary standpoint, as well as outline the theoretical 

principles of solid phase microextraction. Details pertaining to the analytical aspects and techniques 

employed for neurochemical and pharmacokinetic monitoring are discussed in the introductions to 

respective chapters.  

Fulfilling the identified need for a multidisciplinary approach, Chapter 2 follows the development 

and validation of a new SPME probe and methodology dedicated for quantitative analysis of 

neurotransmitters in vivo in nonhuman primates. The first phase involved thorough optimization of the 
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extracting phase and the probe shape, ultimately fine-tuned to yield an in-house synthesized and 

functionalized SPME coating immobilized on a recessed support. In the second phase, the protocol has 

been applied for MRI- and electrophysiology-guided measurement of absolute concentrations of 

several neurotransmitters in three brain areas simultaneously while nonhuman primates were engaged 

in goal-directed behavior. The study was further extended to investigate the possible area-specific 

detectability of other neurochemicals and metabolites in an untargeted metabolomic profiling. The 

presented approach is evaluated in terms of its applicability as a low-barrier-to-entry tool for measuring 

multiple neurochemicals in non-human primate brains. 

Chapter 3 documents the development of a direct-to-MS coupling of SPME capable of performing 

spatially resolved measurements utilizing the mechanism of desorption electrospray ionization (DESI). 

This work follows all necessary steps for establishment of a new derivative technique (created from the 

pre-existing components of SPME and DESI), including development of a hardware interface for the 

coupling, designing and testing of the protocols and methods for the analysis and signal processing, 

and linking the existing fundamental physicochemical phenomena of molecules diffussing in tissue 

samples to the realistic expectation for the techniqueôs performance. Finally, the system was evaluated 

through the quantitative reconstruction of the laminar and radial concentration gradients of exogenous 

small molecules (drugs and pharmaceuticals) introduced in multilayer gel arrangements and surrogate 

brain tissue models.  

Chapter 4 addresses the common need to monitor pharmacological agents, their concentration 

gradients and distribution margins in brain via rapid measurements in in vivo conditions, without the 

need of animal sacrifice per each sample and tissue slicing, which effectively limit the throughput of 

pharmacokinetic investigations. This work represents a culmination of several strategies developed in 

Chapters 2 and 3 and applies the quantitative and spatially resolved capabilities of in vivo SPME to 

characterization of systemic and local release of ketamine in brain via LC-MS/MS and DESI-MS/MS. 
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This chapter presents an in-depth investigation of parameters deciding the in vivo and real-life 

applicability of the SPME-DESI-MS approach, with regard to the internal standard incorporation into 

the SPME probe, stability of the spatial imprint during storage, as well as attaining appropriate 

quantitative performance by balancing the extraction time and extracting phase thickness.  

The revolutionary capabilities of mass spectrometry enabled broadening of the focus from primarily 

neurotransmission and neuromodulation-related effects on brain function and its deterioration to now 

include the systemôs metabolic status. Metabolites monitored alongside the neuroactive molecules 

constitute an end product of gene and protein expression, as well as cellular environment, hence their 

large contribution to brainôs functional status and importance of their role in pathophysiological states. 

Chapter 5 explores the broad analyte coverage provided by SPME in the context of untargeted 

metabolomic profiling of the hippocampal response to the occurrence of death. Purely death-induced 

changes affecting endogenous molecules in rat hippocampus in the first hour of post mortem interval 

are investigated, leveraging the unique possibility of sampling the same brain area of each animal both 

in vivo and post mortem via SPME.  

Each chapter concludes with a description of immediate or future steps to be undertaken to address 

the identified limitations or expand the presented scope of work to further validate the developed tools. 

Several dead-end strategies and optimizations bringing no clear improvement are included, highlighting 

the importance of failure and its informativeness in guiding the subsequent potentially successful steps. 

Detailed experimental workflows and improvement ideas are provided with the hope that the outlined 

strategies will go beyond merely showing promise on paper and will find application in near future in 

truly exploratory efforts aiming at better understanding of brain function.
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Chapter 2 

In vivo monitoring of endogenous compounds and neurochemical 

environments via solid phase microextraction  

2.1 Preamble 

This chapter contains sections that have already been published as 2 articles- in Analytical Chemistry 

and Journal of Neurophysiology. Subchapters 2.2 and 2.4 include the article entitled Solid Phase 

Microextraction-Based Miniaturized Probe and Protocol for Extraction of Neurotransmitters from Brains 

in Vivo by Sofia Lendor, Seyed-Alireza Hassani, Ezel Boyaci, Varoon Singh, Thilo Womelsdorf, and 

Janusz Pawliszyn, Analytical Chemistry 2019, 91(7), 4896-4905. Subchapter 2.3 includes the article 

entitled Multineuromodulator measurements across fronto-striatal network areas of the behaving macaque 

using solid-phase microextraction by Seyed-Alireza Hassani, Sofia Lendor, Ezel Boyaci, Janusz Pawliszyn, 

and Thilo Womelsdorf Journal of Neurophysiology 2019, 122(4), 1649-1660. The contents of the articles 

are herein being reprinted with permission of the American Chemical Society and American Physiological 

Society, in compliance with both publishers and the University of Waterloo policies.   

2.2 Solid phase microextraction-based miniaturized probe and protocol for extraction 

of neurotransmitters from brains in vivo 

2.2.1 Introduction  

Efficient neural communication has been proposed to be dependent on the transient balancing of 

multiple neurochemicals at and outside neural synapses.94,95 Small aberrations of the balance between 

interacting neurochemicals disrupt neural communication and distort cognitive functioning as is 

characteristic in the brains of patients with neuropsychiatric diseases.96,97 Despite the importance of 

understanding the neurochemical profile underlying efficient neuronal communication, effectual 

measurement of multiple neurochemicals in the awake brain remains a challenge. Neurotransmitters 

act within a limited dynamic range, where concentrations that are too large or too small are 



 

 26 

detrimental.98,99 This highlights the need for techniques sensitive within this range and capable of 

simultaneous measurements in several brain regions in order to identify alterations in the neurochemical 

milieu of dysfunctional brain tissue characteristic of neuropsychiatric disorders.100,101 

In vivo monitoring is widely regarded as an invaluable step towards a better understanding of brain 

functions; however, it remains challenging in practice due to numerous restrictions associated with the 

choice of techniques, the availability of subjects, the analytes under study, as well as the prospects of 

reproduction or repetition of such experiments. Current state-of-the-art in in vivo analysis of 

neurotransmitters in brains includes employment of various neuroimaging techniques, such as magnetic 

resonance imaging (MRI) or positron emission tomography (PET), which however do not allow for 

direct quantitation of neurotransmitters.102,103 The most prominent examples of non-imaging techniques 

include push-pull perfusion, microdialysis (MD), voltammetry, and sensors. The push-pull technique, 

often considered a precursor of MD, has been almost completely replaced by the latter due to the 

suspected substantial damage to brain tissue caused by perfusion at high flow rates,104 and the need for 

anesthesia during the procedure, which limits its application in behavioral studies.105 This state however 

seems to be changing in favour of push-pull technology again, as novel miniaturized probes start 

emerging, combining high spatial and temporal resolution of measurements while enabling continuous 

direct-to-MS coupling during in vivo sampling.106 MD is currently the most widespread in vivo brain 

sampling technique owing to its suitability for extraction of low molecular mass neurotransmitters from 

the brainôs extracellular space, suitability for behavioural studies107 and continuous sampling 

capabilities.24 It operates with a semipermeable membrane that allows for the continuous collection of 

the available extracellular neuromodulators through passive diffusion and can even be used to locally 

release pharmacological agents.20,24,108ï110 Despite the feasibility of coupling MD to a variety of 

separation techniques and detectors,24,109 the presence of salts and buffers in the dialysate may be 

problematic for MS detection, however ion suppression in the ESI source can be avoided by 
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introduction of an additional desalting step111 or diverting the early-eluting salts to waste. Implantation 

of the MD probe is suspected to cause damage to nerve tissue, temporarily giving rise to artifacts and 

altered neurotransmitter concentrations, thus requiring stabilization; however, the consensus on severity 

of these phenomena remains largely unresolved.112 Recent developments have aided in overcoming 

some of the limitations inherent in MD, improving the techniqueôs sensitivity113,114,115 as well as its 

spatial116 and temporal117,118 resolution to the range of sub-millimeter and a single minute, respectively. 

Electrochemical methods (i.e. fast-scan cyclic voltammetry and related techniques) are characterized 

by excellent spatial and temporal resolution of measurements (micrometer and sub-second ranges, 

respectively), low invasiveness, and high chemical sensitivity. However, such methods are prone to 

interferences caused by changes in extracellular pH, and are practically limited to simultaneous 

measurement of only a narrow range of compounds (significantly differing by their structures).119 

Microelectrode biosensors employ biological components such as enzymes or antibodies to bind with 

analytes allowing even better spatially and temporally resolved measurements of neuroactive 

compounds in vivo (micrometer and millisecond ranges, respectively),120 however, their relatively 

recent introduction restricts their wide applicability due to limited sensor availability. Additionally, 

biosensors can only monitor one compound at a time.121 The most recent advancements in 

microelectrodes and biosensors manufacturing122 enabled real-time monitoring of choline, dopamine, 

ascorbic acid, and oxygen in brains of freely moving rats.120,123ï127 It is also noteworthy that new direct-

to-MS-compatible technologies such as probe electrospray ionization are being adapted for in vivo brain 

sampling in rodents.128 

Solid phase microextraction (SPME) is a recent candidate for an in vivo technique capable of 

surmounting some of the described challenges as well as complementing existing approaches. SPME, 

similar to MD and unlike electrochemical methods and sensors, is broad in its ability to detect 

neurochemicals, although it does not have continuous sampling capabilities. The unique versatility of 
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SPME may not only allow it to complement the mentioned techniques well, but also to fill in roles that 

traditional methods cannot execute.55 Due to the balanced coverage of extracted compounds, SPME 

can provide information regarding multiple compounds from functionally and structurally different 

groups,129 as well as short-lived species,130 whose roles in brain function modulation might not have 

been explored to date. The platform presents itself as a powerful exploratory tool with great potential 

for in vivo applications, as negligible depletion of the sample combined with high enrichment of the 

analytes enables in vivo sampling without causing disturbance to the system under study.131 Examples 

of applications of in vivo SPME in animals include untargeted investigation of metabolic profile in rat 

blood,132 a targeted pharmacokinetic study of anticonvulsant drug in the same matrix,82 metabolic 

profiling and pharmaceuticals monitoring in pig lung and liver,133 extraction of polyunsaturated fatty 

acids from fish,134 untargeted lipid profiling in fish,130 lipidomic analysis in zebrafish and Daphnia 

magna by SPME-nanoESI-MS,135 and monitoring of 4 neurotransmitters in rat brain which was later 

further extended to metabolomic profiling of a broader range of compounds, including hydrophobic 

species.136 Nevertheless, SPME of very polar compounds with high specificity and recovery, especially 

when present in sample at low concentrations still remains to be improved.  

Regardless of the employed technique, quantitative analysis of non-derivatized neurotransmitters 

represents a challenge, as their ions fall within the range of the most highly populated region of 

abundance vs. m/z distribution of ions, giving rise to interferences that result in increased noise and 

decreased signal-to-noise (S/N) ratios.137 Additionally, they are prone to poor ionization, yielding non-

specific fragments (loss of water or ammonia)138 or in-source fragmentation. Such occurrences in turn 

limit the selection of specific fragments as quantifiers, cause interferences, and issues with quantitative 

data interpretation of closely related compounds due to the transformation of analytes or co-extracted 

interferents into precursors or metabolites of compounds of interest.139,140 Data interpretation becomes 
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even more complicated, as amino acid neurotransmitters in addition to being signalling molecules, also 

have a variety of functions associated with metabolic regulation in brain.141  

In this study, we present optimization steps undertaken to develop an SPME-based brain probe 

tailored for improved extraction of neurotransmitters, with the end application of neurochemical 

profiling of non-human primate brain in vivo. The final miniaturized SPME probe utilized an in-house 

synthesized extraction phase coated on a 3 mm recessed tip with a total diameter of less than 200 µm. 

We provide recommendations for the sampling time selection and a sample storage strategy based on 

experimental assessments. The developed protocol was validated by quantitation of neurotransmitters 

and additional related neurochemicals extracted from brain surrogate matrix.  The developed probe is 

expected to supplement existing in vivo sampling toolbox, as it allows for simpler, reliable, minimally 

invasive, and generally matrix-effect-free measurements of polar endogenous neurochemicals. 

2.2.2 Experimental 

Materials, supplies, and chemicals 

The LC-MS-grade solvents methanol (MeOH), acetonitrile (ACN), isopropanol (IPA) and water, as 

well as the acetylcholinesterase inhibitor phenylmethylsulfonyl fluoride (PMSF) were purchased from 

Fisher Scientifc. MS-grade formic acid and acetic acid, polyacrylonitrile (PAN), N,N-

dimethylformamide (DMF), the standards of the neurotransmitters ɔ-aminobutyric acid (GABA), 

glutamic acid (Glu), acetylcholine (Ach), histamine (Hist), serotonin (5-HT), dopamine (DA), taurine 

(Taur), and choline (Cho), and the deuterated analogues ɔ-aminobutyric acid-D6, glutamic acid-D5, 

acetylcholine-D9, histamine-D4, serotonin-D4, and taurine-D4 were purchased from Millipore-Sigma 

(Oakville, ON, Canada). The components needed to prepare the 1M phosphate buffered saline solution 

(PBS; pH 7.4) and artificial cerebrospinal fluid (aCSF, pH 7.4), namely sodium chloride, potassium 

chloride, potassium dihydrogen phosphate, disodium hydrogen phosphate, sodium dihydrogen 

phosphate, sodium bicarbonate, magnesium chloride, calcium chloride and D-glucose, were also 
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purchased from Millipore-Sigma. Epinephrine (Epi), norepinephrine (NE) and their deuterated 

analogues epinephrine-D5 and norepinephrine-D5 were obtained from Cerilliant Corporation (Round 

Rock, TX, USA). Standards of dopamine-D4, choline-D9, phenylalanine-D8, and tryptophan-D5 were 

purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA). Individual stock standard 

solutions were prepared in methanol or water with 0.1% formic acid at a concentration of 1 mg/mL and 

stored at ī80 ÁC for a maximum period of one month, after which they were discarded, and new 

standards were prepared. Quality control samples as well as samples used to build the instrumental 

calibration curve were prepared in desorption solvent in the range of 0.1-200 ng/mL and 20 ng/mL, 

respectively, by serial dilution of the stock standard mixture of all analytes at 1 µg/mL. The 

concentration of the internal standards was kept constant at 20 ng/mL in all samples. 

Fresh lamb brains used to prepare the surrogate brain matrix were obtained locally from a food 

market. The tissue was homogenized within several hours on the same day as the brains were harvested 

and frozen at -80°C immediately after homogenization. An appropriate portion of brain homogenate 

was then thawed on the day of each experiment.  

The polymeric particles used as SPME extracting phases were kindly provided by Waters 

Corporation (Oasis HLB- hydrophilic-lipophilic balance, MCX- strong cation exchange, MAX- strong 

anion exchange, WCX- weak cation exchange and WAX- weak anion exchange) and Millipore-Sigma 

(DSC-MCAX and LC-SCX, both with strong cation exchange properties). The reagents used for 

synthesis of hydrophilic-lipophilic balance polymer particles functionalized with strong cation 

exchange groups, namely 1,2-dichloroethane, ethanol, acetic anhydride, concentrated sulphuric acid, 

concentrated hydrochloric acid, azobisisobutyronitrile, divinylbenzene, and N-vinylpyrrolidone, were 

purchased from Millipore-Sigma. The stainless steel wire (grade AISI 304, 150 µm diameter) used for 

manufacturing of SPME probes was purchased from Unimed S.A. (Lausanne, Switzerland). The 
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stainless steel tubing used for in vivo brain sampling as guiding cannulas (270 µm O.D.; 200±5 µm 

I.D.) was obtained from Vita Needle (Needham, MA, USA). 

LC-MS/MS conditions   

All experiments were carried out using an Ultimate 3000RS HPLC system coupled to a TSQ 

Quantiva triple quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, California, USA). 

MS/MS analysis was performed in positive ionization mode under selected reaction monitoring (SRM) 

conditions (details in Table 2.1). Data acquisition and processing was performed using Xcalibur 4.0 

and Trace Finder 3.3 software (Thermo Fisher Scientific, San Jose, California, USA). The employed 

chromatographic conditions consisted of a modified method previously reported by Cudjoe et al.142 A 

KinetexÈ PFP LC column, 100 x 2.1 mm, 1.7 ɛm particle size (Phenomenex, Torrance, CA, USA) held 

at 30°C was used for chromatographic separation of the target neurotransmitters. Mobile phase A 

consisted of water/MeOH/ACN 90:5:5 (v/v/v) with 0.1 % formic acid, and mobile phase B was 

ACN/water 90:10 (v/v) with 0.1% of formic acid. The following chromatographic gradient at a flow 

rate of 400 µL/min was applied (%B):  0-1 min 100%; 1-4 min convex gradient function (5) to 0%; 4-

5.5 min held at 0%; 5.5-5.6 min linear gradient function 100%; re-equilibration at 100% until 6.5 min. 

The injection volume was 10 ɛL. All analyses were carried out in positive ionization mode with 

capillary voltage set at 2 kV, with the remaining electrospray source conditions set to the following 

values: vaporizer temperature 358 °C, ion transfer tube temperature 342 °C, sheath gas pressure 45, 

auxiliary gas pressure 13, and sweep gas pressure 1 (arbitrary units). The instrumental stability was 

monitored throughout the duration of the LC-MS/MS acquisition by analysis of an instrumental QC 

sample consisting of all target analytes and their internal standards spiked into a neat desorption solvent 

at 20 ng/mL. 
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Table 2.1: Selected properties of target neurotransmitters and their corresponding internal standards: 

hydrophilicity (expressed as logP), dissociation constants, retention times, and monitored SRM transitions. 

Compound logP* pKa* 
Physiol

. charge 

Rt 

[min] 

Precursor ion 

[m/z] 

Fragment 

ion 
(Quan) 

[m/z] 

Confirming 

fragment ion 

(Qual) 

[m/z] 

Collision 

energy  

Quan/Qual 

[V]  

RF Lens 

Quan/Qual 

 [V]  

GABA -2.9 4.53 0 3.40 104 87 69 11/15 30 

Hist -0.7 14.46 1 5.21 112 95 68 14/22 30 

Ach -4.2 -7b 1 3.73 146 87 43 14/26 35 

Glu -3.7 2.23 -1 2.99 148 84 56 15/26 30 

DA -0.9 8.93 1 3.46 154 91 137 23/10 30 

NE -1.2 9.58 1 3.36 152/170 77 107 30/20 50/30 

Epi -1.4 8.59 1 3.44 166 135 107 14/20 59 

5-HT 0.5 9.31 1 3.55 177 160 115 10/28 30 

Cho -3.6 -3.2 1 3.53 104 60 58 16/28 44 

Taur -2.2 9.34 0 0.61 126 65 64 37/52 45 

PheAla-D8 -1.4+ 9.45+ 0+ 3.19 174 128 - 13 32 

Trp-D5 -1.1+ 9.40+ 0+ 3.27 210 193 - 10 34 

GABA-D6 n/r 3.40 110 93 - 10 30 

Hist-D4 n/r 5.21 116 99 - 15 30 

Ach-D9 n/r 3.73 155 87 - 15 30 

Glu-D5 n/r 2.99 153 88 - 17 33 

DA-D4 n/r 3.46 158 141 - 11 30 

NE-D6 n/r 3.36 176 111 - 21 30 

Epi-D6 n/r 3.44 190 172 - 11 33 

5-HT-D4 n/r 3.55 181 164 - 10 30 

Cho-D9 n/r 3.53 113 69 - 18 48 

Taur-D4 n/r 0.61 130 112 - 12 44 

*values from DrugBank (version 5.1.1); n/r- not relevant; +- values for the non-labelled compound  

 

Analytical procedure for optimization experiments  

The following general procedure was applied during all optimization experiments, and successively 

modified according to our findings, leading to more optimal conditions. Further details concerning 

spiked concentrations, as well as volumes and composition of the desorption solvent can be found in 

the Results section and in the figuresô captions. Preconditioning: SPME probes were left to soak in 1 

mL of 50:50 MeOH/water (v/v) overnight, then submitted to vortexing at 1500 rpm for 30 min in 1 mL 

of fresh solvent mixture. Extraction: Optimization experiments to select the most appropriate coating 
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chemistry as well as the most suitable desorption solvent were carried out in 500 ɛL of PBS solution 

spiked with the target neurotransmitters, and extractions were performed for 15 min in static mode. 

Extraction time profile experiments as well as quantitation and validation experiments were carried out 

in 500 ɛL of a brain surrogate matrix. Wash: Following extraction, fibers were wiped with a lint-free 

tissue, immersed into 300 ɛL of MS-grade water for 3 s, then wiped again. Desorption: Fibers were 

desorbed for 1 h with agitation at 1500 rpm. All experiments carried out prior to desorption solvent 

selection utilized a mixture of water/ACN 3:2 (v/v) with 0.1% formic acid and IS at 20 ng/mL. 

Samples were injected into the LC-MS system for neurotransmitter analysis within a few hours of 

desorption. The amounts of nanograms extracted were determined based on instrumental calibration 

curves consisting of all target analytes spiked into a neat desorption solvent in the range of 0.1-200 

ng/mL, with internal standards at a constant level of 20 ng/mL. The ratios of peak areas of the analytes 

and the peak areas of their corresponding IS were used as analytical response. 

Quantitation of neurotransmitters in brain homogenate surrogate tissue  

Quantitation of targeted neurotransmitters was performed based on the signals of the analytes in the 

surrogate matrix calibration curve. For glutamate, GABA, choline, taurine, phenylalanine, and 

tryptophan, quantitation was based on the signals of their deuterated isotopologues. A surrogate matrix 

consisting of agar gel (2% agar in PBS solution, w/v) mixed with lamb brain homogenate in the ratio 

1:1 (v/w) was spiked with a mixture containing all analytes ranging between 5-3000 µg/mL for 

isotopically labelled compounds, and 10-2000 ng/mL for remaining compounds. Prior to mixing the 

agar gel containing analytes with the brain homogenate, the homogenized tissue was incubated with 1 

mM PMSF for 1 h at 37°C to prevent enzymatic activity of acetylcholinesterase, which would lead to 

loss of acetylcholine. The matrix was left to set for approx. 30 min, and extractions were then carried 

out from 0.5 mL of the matrix for 20 min using the optimized SPME probes. The obtained weighted 

linear regression equation fitted to the analytical response in the function of concentration was applied 



 

 34 

to quantify the analytes in the QC samples at 3 concentration levels. Limits of quantitation (LOQ) were 

determined as the lowest concentration of analyte producing a signal to noise ratio Ó 5, with a relative 

standard deviation (RSD) of 4 replicate measurements below 20%, and accuracy within 20% of the 

relative error.143 The methodôs precision was expressed as percent RSD of 3 replicate measurements at 

each QC concentration level. Accuracy was calculated as the relative percent error of concentrations of 

analytes in the QC samples determined experimentally with the use of calibration curves versus 

theoretical (spiked) concentrations. The absolute matrix effect was investigated by analysis of blank 

samples spiked with analytes post-extraction in comparison to obtained signals of each analyte in the 

neat desorption solvent at three concentration levels (where signal is designated as the ratio of the peak 

area of the analyte and the peak area of its internal standard).144 

2.2.3 Fabrication and characterization of the miniaturized recessed SPME probes  

The fabrication procedure involved modification of the supporting stainless steel wire to create a 

recession on the tip and subsequent immobilization of the extracting phase on the modified wire (Figure 

2.2). The composition of the slurry containing the extracting phase suspended in a binder was optimized 

in order to enable deposition of polymeric micrometer-size particles on a thin support, as effective and 

uniform deposition becomes increasingly difficult as the ratio of the supporting wire diameter to particle 

size is decreased. This observation was made during the coating optimization step, where particles of 

different sizes from different vendors were available (5 ɛm for Waters HLB, 20 ɛm for remaining types 

of Waters Oasis particles, and 30-60 ɛm for Supelco DSC-MCAX particles). The biggest particles were 

ground into a fine powder in order to enable their deposition onto the wire. However, grinding could 

potentially lead to loss of benzenesulfonic acid functional groups due to the substantial heat produced 

during the process, resulting in decreased extracting capabilities (results of energy dispersive X-ray 

spectroscopy measurements carried out to test this hypothesis are discussed in below). Therefore, in-

house synthesis of functionalized polymer particles (HLB with strong cation exchange groups: HLB-
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SCX) was proposed as a method for customization of the SPME probe design while maintaining good 

extracting capabilities. 

Synthesis of hydrophilic-lipophilic balance (HLB) polymer particles 

HLB particles were synthesized by precipitation polymerization. In a three-necked round bottom 

flask equipped with a mechanical stirrer and inlet for nitrogen gas purging, 150 mL ACN and 50 mL 

toluene were mixed and purged with nitrogen for 30 min. Monomer (N-vinylpyrrolidone; 1 mL) and 

crosslinker (divinylbenzene; 4 mL) were added to the resulting solution in the ratio of 2.5% with respect 

to the polymerization solvent, with 50 mg azobisisobutyronitrile (AIBN) as initiator. Free radical 

polymerization was induced thermally at 70 oC and carried out for 24 h with stirring at 100 rpm. After 

24 h, a reaction mixture was collected by centrifugation at 10000 rpm for 15 min. HLB particles 

obtained as such were then washed with 100 mL of ethanol and dried under vacuum at 80 oC for 24 h. 

Functionalization of HLB particles with strong cation exchange groups (sulfonation) 

The 1.3 ɛm HLB particles were dispersed in 1,2-dichloroethane by sonication for 2 min and left to 

soak for 4 h. In the meantime, the functionalizing reagent acetyl sulphate was synthesized by reacting 

acetic anhydride (10 mL) with concentrated sulphuric acid (3 mL) in 1,2-dichloroethane (10 mL). Due 

to the reaction of acetyl sulphate formation being exothermic, the reaction flask was kept below -20°C 

in a cooling bath consisting of ethanol and liquid nitrogen, which was added as needed with continuous 

stirring. The reaction mixture was stirred until the solution turned pale yellow. Once the reagent reached 

room temperature, the HLB particle suspension was added and functionalized for a pre-determined 

period of time (1 h, 3 h or 12 h), after which the reaction was terminated by adding deionized water. 

The functionalized particles were then filtered and washed with water until a neutral pH was confirmed. 

After additional washing with ethanol to remove any organic impurities, the sulfonated particles were 

dried in a vacuum oven overnight at 60°C. 

 



 

 36 

Characterization of HLB-SCX particles 

The synthesized particles were characterized by field emission scanning electron microscopy (FE-

SEM Zeiss UltraPlus; Carl Zeiss Meditec AG, Jena, Germany), specific surface area analysis (Autosorb 

iQ-MP, Quantachrome, Boyton Beach, FL, USA), and Fourier Transform Infrared Spectroscopy 

(Bruker Optics Inc., Tensor 27, Germany) for determinations of size and shape, surface area, and 

chemical composition of the particles, respectively. FT-IR spectrum was recorded from 400-4000 cm-

1 on an ATR cell (Pike Technologies, Madison,WI, USA) in powder form (Figure 2.1). The samples 

were coated with a gold layer prior to FE-SEM analysis, and images were captured with the secondary 

electron detector at 4-10 kV (1 nm resolution at 15 kV). 

 
Figure 2.1: (A) FTIR spectra of HLB (top) and HLB-SCX (bottom) particles. Peaks at 1684.36 cm-1 confirms 

presence of -C=O groups in the HLB backbone and peaks at 1449.28, 1520.45, 1626.78 cm-1 evidence the 

presence of divinylbenzene ring in the final product. In the HLB-SCX spectrum, a peak at 1161.36 cm-1 indicates 

the presence of -SO3H groups, which confirms successful sulfonation of HLB particles. (B) FE-SEM images of 

HLB particles. The particles are uniform, spherical and monodisperse in nature. Particle diameter was found to 

be predominantly 1.3 µm 
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Coating suspension preparation 

The SPME coating was deposited on the miniaturized probes according to the modified procedure 

developed in our laboratory and reported previously.145 The binder substance acting as a biocompatible 

glue was prepared by dissolving 2.5 g of polyacrylonitrile (PAN) in 36.5 mL of N,N-

dimethylformamide (DMF) in elevated temperature (90°C) for 1 h with stirring every 15 min. After 

reaching room temperature, the glue was mixed with the particles to obtain a 5% (w/w) suspension. 

After overnight stirring at 900 rpm, more particles were added to reach a final content of 15% (w/w) 

particles in glue. For the commercially available particles tested in this work, the content was kept at 

10%, while ground particles were mixed at 15%.  

Preparing the recessed supporting wire and depositing the coating on a recession  

A stainless steel wire with an initial diameter of 150 ɛm was used as support for the probes. A silicon 

GC septum was pierced with the wire, with 4 mm of the wire protruding through it. The assembly was 

placed in a vial with concentrated hydrochloric acid, allowing only the unprotected wire tip to be 

immersed, while the septum with the remaining length of the wire floated on the surface of the acid 

(Figure 2.2). The vial was exposed to ultrasound in a water bath for total of 70 min, after which the 

wire was removed from the septum and washed with water. The entire length of the wire, both etched 

and un-etched segments, was subsequently sonicated in water for 10 min and in MeOH for another 10 

min so as to remove any acid residues and facilitate faster drying, respectively. The procedure resulted 

in obtaining the support wire with the tip (4 mm long segment) decreased to 100 ɛm in diameter. 
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Figure 2.2: Schematic depiction of the recessed wire preparation and deposition of SPME coating. 

 

The coating was deposited on the support by repeated dipping of the 4 mm recessed tip of the wire 

in a vial containing the extracting phase suspension at a speed of 3 mm/s, until the desired coating 

thickness was reached (total diameter of the coated tip was in the range of 195Ñ5 ɛm - Figure 2.3). 

After the deposition of each layer, the coating was cured in an oven for 1 min at 125°C, while the 

coating suspension was stirred at 900 rpm so as to retain homogeneity and prevent phase separation. 

Different types of tested particles required different numbers of layers to reach the same coating 

thickness. Given that the dipping process causes the tip of the wire to accumulate more material, thus 

yielding a thicker coating in that region, the top 1 mm of the probe tip was cut off to ensure evenness 

throughout the length of probe, resulting in a final probe with 3 mm of coated length. After the 

manufacturing procedure was concluded, SPME probes were soaked in a mixture of MeOH/ACN/IPA 

50:25:25 (v/v/v) under vortex conditions at 1500 rpm for 60 min to remove any residues that were 

incurred during the manufacturing process, such as uncured glue, monomers, and loose polymer 

particles. 
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Figure 2.3: SEM image of the SPME probe at different stages of manufacturing. A: acid-etched wire with 

recession to accommodate the coating; B: wire coated with synthesized HLB-SCX-3h extracting phase. 

 

Employment of small particles with low size dispersion (in-house synthesized HLB-SCX; Figure 

2.4 A1 and A2) translates to better coverage on a miniaturized probe (small wire diameter), smoother 

coating (less tissue attachment), decreased carryover and better extraction kinetics, as the particles are 

not buried in the binder completely, as is the case of the extracting phase that has been ground down 

(Figure 2.4 B1 and B2). 
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Figure 2.4: SEM images of the in-house synthesized coating (HLB-SCX; top) and commercially available ground 

particles (Supelco DSC-MCAX; bottom). A1 represents uniform, minimally dispersed and small particle sizes of 

the synthesized and functionalized polymer. A2 shows the uniform, highly porous structure created once particles 

are mixed with the binder and coated on the wire. B1 shows the morphology of the ground particles with highly 

irregular shapes and sharp edges that could potentially cause tissue attachment. B2 shows how ground particles 

are almost completely buried in the PAN binder when coated on fiber, thus decreasing the exposure of functional 

particles to the sample while also increasing the time required for extraction equilibrium to be reached due to the 

lack of porosity. 

 

 

It is worth mentioning that the PAN binder doesnôt only act as a glue, but it could also be considered 

as a membrane-like medium between the two environments of different pH (the sample or desorption 

solvent and the extracting phase). Therefore, future direction could involve leveraging this fact by pH 

modifications to the coating surface or to the external phase (e.g. desorption solution acidity) that could 

further promote extraction/desorption of solutes. 
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In order to determine how the yield of sulfonic acid groups in the structure of polymers used as 

SPME coatings might affect both extraction and desorption, these groups were semi-quantitatively 

assayed by SEM coupled to an energy dispersive X-ray spectroscopy (EDX)- Figure 2.5. FE-SEM 

Zeiss UltraPlus scanning electron microscope (Carl Zeiss Meditec AG, Jena, Germany) equipped with 

an Apollo XL EDX system (AMETEK, Mahwah, NJ, USA) was used, operated by Team software. Due 

to the semi-quantitative character of these measurements, they should be considered as results of 

tentative and supplementary character. 

It was hypothesized that some amount of sulfonic groups from the Supelco DSC-MCAX particles 

was lost during the grinding process, due to the significant amount of heat generated by friction in the 

ball mill grinder chamber. The comparison of relative percentage of sulfur and oxygen present in the 

whole and ground particles shows that the differences are not statistically relevant (Table 2.2). 

Table 2.2: Results of SEM-EDX analysis of tested particles with respect to the sulfur and oxygen content. 

Sample 
Atomic % (%Error) 

Oxygen (O) Sulfur (S) 

Waters HLB 10.28 (9.93) 1.06 (7.64) 

Supelco DSC-MCAX 36.93 (7.76) 0.20 (19.32) 

Supelco DSC-MCAX ground 28.70 (8.19) 0.18 (18.29) 

HLB-SCX 1.5h 3.44 (11.26) 0.25 (16.72) 

HLB-SCX 3h 5.79 (11.11) 0.68 (7.24) 

HLB-SCX 12 h 7.05 (10.18) 2.01 (4.21) 

 

The second hypothesis was related to the increasing amount of functionalized sites obtained with 

increasing duration of the functionalization reaction, in the case of the in-house synthesized HLB-SCX 

particles. The findings confirmed the correlation between the amounts of neurotransmitters extracted 

(Figure 2.6) and the relative amounts of sulfur and oxygen in the extracting phase (Table 2.2). The 

highest content of sulfur in the polymer subjected to functionalization reaction for 12 h (higher than in 

the Waters MCX particles) supports the observation of significant carry over in the extract obtained 
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from the second desorption of the same probe occurring when the HLB-SCX-12h coating was used, as 

a result of the analytes being very strongly retained by the interactions with predominating sulfonic 

groups. 

 
Figure 2.5: SEM-EDX analysis of the particles tested as SPME coatings within the strong cation exchange group. 

The following elements were locked: carbon, sulfur and oxygen (sulfonic groups), silicon (core of the Supelco 

particles), and gold (all samples were gold-coated prior to the SEM-EDX analysis). For consistency, these 

elements were measured in all the samples. 

 

2.2.4 Results and Discussion 

Evaluation and selection of SPME coating for small polar molecules  

SPME coating selection criteria included the number and amounts of neurotransmitters extracted 

within a 15 min extraction period in static mode, as well as the reproducibility of extracted amounts. 

Optimization experiments to select the most suitable coating chemistry and desorption solvent were 

carried out in PBS solution at pH 7.4 without any further pH adjustments, since matrix modifications 
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would not be possible during in vivo sampling, where alteration of physiological pH is both undesirable 

and technically difficult. Figure 2.6 (Phase I) shows amounts of neurotransmitters extracted by each 

tested type of coating, normalized to the best-extracting coating for each analyte, expressed as percent. 

The in-house synthesis of extracting phase was carried out as means to adjust the physicochemical 

properties of the coating to the characteristics of the analytes of interest.146 HLB-SCX was selected 

based on its superior performance in terms of number of neurotransmitters extracted with the highest 

efficiency, as well as the improved reproducibility of the extracted amounts. These favourable 

properties of the coating are owed to the combination of the selectiveness of sulfonic acid for interaction 

with polar compounds, and a high specific surface area enabled by the small size of particles. Waters 

MCX yielded the second best performance; however, the relatively large size of the particles introduced 

substantial technical difficulties with respect to coating deposition during probe manufacturing, as the 

particle diameter was only a few times smaller than the supporting wireôs diameter. The third coating 

selected for the second phase of testing was the commercially available Supelco DSC-MCAX. The 

particles were ground down due to their initial large size and high size dispersion; however, the grinding 

process was later shown to compromise the quality of the coating (Figure 2.4). The suitability of strong 

cation exchange-functionalized SPME coatings for extraction of neurotransmitters has been already 

demonstrated by Cudjoe et al.142 However, due to the used thin-film blade format and no considerations 

for in vivo analysis and miniaturization, particle size was not of importance to that study. 

Although the developed probes were not intended as reusable devices (new, sterile probes are 

required for in vivo brain sampling), carry-over after the first desorption was investigated as a means 

to assess whether analytes were lost due to their retention on the coating. Several coatings, including 

the in-house synthesized HLB-SCX, presented significant carry-over as observed after the first 

desorption. The synthesis protocol was therefore modified accordingly with respect to the time of 

functionalization with strong cation exchange groups. The reaction was carried out for 1.5 h and 3 h, 
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instead of 12 h as previously done. We hypothesize that the polyacrylonitrile (PAN) binder acts as a 

membrane separating two environments (the sample and the extracting phase) characterized by 

different pH, similarly to the case of three-phase liquid membrane microextraction.147,148 Thus, 

modifying the extracting phase by introducing appropriate amount of acidic groups behind the PAN 

membrane creates environment to which the neutral fraction of polar analytes migrates to then become 

charged upon encountering lower pH. This in turn results in more efficient extraction of basic 

neurotransmitters. More fundamental insight into the mechanism of extraction through the layer of 

biocompatible PAN membrane could be leveraged to further improve recoveries of polar analytes, 

while immobilization of buffering moieties would further improve reproducibility of measurements by 

providing an environment with controlled and stable pH.   

The newly synthesized coatings were submitted to a second phase of testing, narrowed down to the 

best performing SCX coatings (Figure 2.6). As expected, the choice of coating for extraction of 

multiple analytes of interest represents a compromise between the extracting capabilities and the 

technical aspects dictated by the application. Although the commercially available MCX material 

showed the best overall performance in terms of extraction efficiency, its use for the miniaturized brain 

probe was hindered due to the large size of particles, which made it difficult to attain a uniform coating 

on the wire. This in turn translated into decreased reproducibility of replicate extractions. Previous 

results, supported by SEM analysis, showed that grinding of particles does not provide an ideal solution 

to the abovementioned particle size issue, as such a procedure can modify the properties of the coating 

in an oftentimes undesirable manner.  
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Figure 2.6: Extracting phase evaluation. Phase I : comparison of amounts extracted by each coating. Extractions 

from 500 ɛL of PBS spiked with neurotransmitters at 100 ng/mL; Desorption into 30 ÕL of solvent. 100% refers 

to the amount extracted by the best-extracting coating, used for normalization of the remaining results within the 

group of each analyte. The coatings were then ranked according to the total area of summarized amounts of all 

neurotransmitters extracted. Phase II : within the group of SCX coatings. Extractions from 500 ɛL of PBS spiked 

with analytes at 200 ng/mL for 15 min; probes were desorbed into 60 ɛL of solvent. Top figures: amounts of 

neurotransmitters extracted by each type of tested coating (amounts for histamine were divided by 2 for better 

visual representation of all compounds); Bottom figures: SEM images of coatings deposited on fibers; as seen, 

superior porosity and coverage was attained in the case of the in-house synthesized polymer. 

 

Grinding of the DSC-MCAX particles into a fine powder enabled creating a smooth coating surface. 

However, it also resulted in burying the extraction phase under thick protection layer of the binder, 

leading to reduced kinetics and insufficient porosity, parameters that are required for high capacity of 

the extraction phase. Between the two types of synthesized coatings, longer functionalization yielded 

better performance for all neurotransmitters. Additionally, the carry-over relative to the previous 

iteration of this polymer (functionalized for 12 h) was significantly reduced or eliminated. The reason 

for the observed effect is likely the increased yield of sulfonic groups, which dcreases pH of the coating 

surface, thus increasing its extracting capabilities (results of EDX spectroscopy measurements 

supporting this claim have been presented in Figure 2.5). However, this also results in analytes being 

strongly retained on the coating, which translates to an increased carry-over. Given the above 
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considerations, we chose the HLB-SCX-3h extraction phase in view of its superior performance 

together with the ease of deposition on wire (due to small particle size), and possibility of further 

customization according to any possible future needs or modifications to the sampling method.  

Selection of desorption solvent 

 It was anticipated that due to the types of interactions taking place between the ion exchange groups 

and the analytes, addition of formic acid at the relatively high level of 1% would facilitate more efficient 

desorption as the released analytes are trapped in the desorption solvent in their ionized form which 

prevents them from penetrating through the protection layer on the coating surface and being back-

extracted.149 Acidity of the desorption solvent would serve to additionally protect analytes (especially 

catecholamines) from auto-oxidation, therefore increasing their stability during the period of time 

between desorption and analysis.150 Further, a desorption solvent containing a combination of solvents 

of various levels of polarity would improve the coverage of analytes being desorbed. The latter feature 

is highly desirable when extending the study to include untargeted analysis, as evidenced by the in vivo 

application of this work, discussed in sub-chapter 2.4. In consideration of the abovementioned factors 

and given its highest yield for the quantities of neurotransmitters desorbed (Figure 2.7), an acidified 

mixture of water, ACN, and MeOH was selected as desorption solvent. 

Figure 2.7: Comparison of amounts of 

neurotransmitters desorbed into 4 tested solvent 

mixtures. Extractions from 500 ɛL of PBS spiked 

with neurotransmitters at 300 ng/mL for 15 min, 

using the HLB-SCX-3h coating. Probes were 

desorbed into 50 ɛL of solvent. 

 

 

 

 

 



 

 47 

Considerations for the in vivo sampling procedure 

The SPME probe shape. One of the most important considerations for development of a suitable in 

vivo sampling protocol concerns the overall shape and dimensions of the miniaturized probe, capable 

of accommodating enough extracting phase to ensure sufficiently good recoveries, while at the same 

time minimizing damage to sampled tissue by reducing its size. The recessed SPME fiber design has 

been proven advantageous for in vivo sampling of fish tissue by Poole et al. due to its robustness and 

the protection of the extracting phase against damage during insertion into tissue through fish scales.134 

The currently presented work introduces a new type of recessed SPME probe modified to suit the 

purpose of in vivo brain sampling, an application which presents a completely different set of challenges 

than fish sampling. Besides the brain tissue being much softer than fish scales, the brain sampling is 

assisted by a software-controlled precise driving system, which is equipped with a needle that pre-

pierces the brain dura mater to enable probe introduction. Therefore, the developed probe did not 

require a sharp point for insertion, while the recessed aspect of the design was utilized to enable 

deposition of larger volumes of extracting phase on the wire without significantly increasing the overall 

probe diameter. Additionally, the probes used in this study did not include a non-coated tip, as the 

additional length of the non-extracting part of the probe would cause unnecessary damage to the brain 

areas of interest and reduce reproducibility of measurements in the same location. This design 

maintained the guiding/sheathing cannula for in vivo sampling, since the coating must be protected 

from contact with tissue until the very moment the probe reaches the brain area of interest to prevent 

unwanted extraction. Otherwise, identified and quantified compounds could not be associated with any 

specific target area. Moreover, the diameter of the probe should match the internal diameter (ID) of the 

cannula as closely as possible to avoid inflowing of extracellular fluid (ECF) into the gap and 

contaminating the probe. The final probe consisted of a flexible stainless steel wire of adjustable length 

(preferentially 40-50 mm for in-lab experiments, and longer for in vivo sampling) with a 3 mm long 
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coated recessed tip. The wire diameter was 100 ɛm and 150 ɛm at the recession site and non-coated 

segment, respectively. The maximum diameter of the probe (at the coated tip) was 200 ɛm, with a 

coating thickness of approx. 50 ɛm (Figure 2.3). 

Extraction and sampling time. The extraction time profile was evaluated by isolation of target 

neurotransmitters from surrogate brain matrix. For GABA and glutamate, equilibrium was reached after 

20 and 30 min, while the remaining compounds reached equilibrium between 30 and 45 min, with the 

exception of epinephrine (Figure 2.8). In vivo extraction time is mainly dictated by experimental 

limitations. In general, equilibrium extractions are desirable in SPME applications as they enable 

relatively simple calibration, as well as decreased irreproducibility arising from inaccuracies pertaining 

to extraction time. Extraction at equilibrium also affords the maximum possible extraction efficiency 

by a given fiber in particular conditions. This is may be especially beneficial for improvement of limits 

of detection in in vivo sampling, where the intrinsically static conditions impose longer equilibration 

times.  

 
Figure 2.8: Extraction time profiles of target neurotransmitters. Extractions from surrogate brain tissue spiked 

with 480 ng/mL DA, Epi, NE and 5-HT (A) and extracting endogenous pool of Glu and GABA (B). Probes were 

desorbed into 40 ɛL of solvent. 

 

Ultimately, 20 min was chosen as the final extraction time for the in vivo procedure. Despite not 

reaching extraction equilibrium within that time for all targeted compounds, 20 min represents a 



 

 49 

compromise between reasonably and sufficiently long sampling, providing sufficient recoveries and 

good reproducibility of measurements, while maintaining temporal resolution suitable for in vivo 

pharmacokinetic or behavioral studies (although on the higher end of the acceptability range). The 

software-controlled probe introduction/withdrawal to and form brain combined with precise and 

accurate extraction time control eliminates introduction of any irreproducibility stemming from non-

equilibrium extraction conditions. 

Time and strategy of storage. In vivo sampling does not always permit immediate instrumental 

analysis, as the animal facility and analytical laboratory may at times be located at different sites, in 

some cases even different cities or countries. In such instances, it is essential that the utilized protocol 

includes a storage and transport strategy capable of ensuring minimal changes to the sample and 

preserving its representativeness for the studied system at the time of sampling. Some of the compounds 

of interest in this study (e.g., catecholamines) are known to be prone to oxidation or light-induced 

degradation.151,152,153 Therefore, a storage stability test was designed and carried out to assess whether 

the transport and storage strategies elaborated for the developed in vivo application would yield reliable 

results without incurring significant analyte loss. The expected storage strategy entailed placement of 

SPME probes in glass vials on dry ice immediately following extraction and wash steps, for a period 

of 2 hours to simulate transportation conditions. Next, samples were moved to a -80°C freezer for 

several days, and subsequently desorbed and analyzed. The above described conditions were simulated 

in the laboratory with four test groups representing all combinations of the following storage strategies: 

samples preserved on probes or in solution; desorption solvent containing anti-oxidant mixture or 

unmodified. Storage tests were carried out for a total of 22 and 11 days for the in-solution and on-probe 

storage, respectively. The anti-oxidant mixture contained L-cysteine, ascorbic acid, and acetic acid at 

final concentrations in desorption solvent of 100 ng/mL, 100 ng/mL and 1 mM, respectively. This 

experiment aimed at answering the following questions: Does any analyte loss occur during storage? 
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Is retention of analytes better during in-solution or on-fiber storage? Does the addition of an anti-

oxidant mixture prevent the analyte loss? 

We found that the analytes were not significantly affected by storage in the desorption solution, as the 

difference in amounts extracted over the tested time period (expressed as RSD of all measurements) 

ranged between 6 and 14%. Addition of antioxidants did not significantly influence the stability (RSD 

ranging from 5% to 16%), most likely because the high concentration of formic acid in the unmodified 

desorption solvent already introduces antioxidative properties.150 The observed trend for lower amounts 

attained after analysis of samples desorbed into the solvent containing additional antioxidants can be 

attributed to the higher salt content of this solution, resulting in suppressed electrospray ionization of 

target neurotransmitters. Interestingly, the stability of the neurotransmitters stored on the SPME probe 

was worse for every analyte as compared to the in-solution storage. In the case of histamine, the 

extracted amount significantly decreased between the third and eleventh day of storage on the SPME 

probe. Detailed data for each compound has been included in Figure 2.9. Moreover, for several 

compounds (including acetylcholine and catecholamines) on-fiber storage followed by desorption into 

the solvent containing antioxidants resulted in progressively increasing amounts recovered over time. 

The reason and mechanism behind compromised stability of neurotransmitters on the SPME probe 

require further investigation into the interactions taking place between the ion exchange extracting 

phase, polar analytes, and salts present in the solvent during the storage period as well as upon 

desorption.  
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Figure 2.9: Changes in recovered amounts of neurotransmitters throughout the entire period of stability study (up 

to 11 days and 22 days for on-fiber and in-solution storage, respectively). Extractions were performed over 20 

min in static mode from 1 mL of aCSF spiked with analytes at 500 ng/mL and subsequently desorbed into 50 µL 

of desorption solution ï unmodified or containing antioxidants. 

 

The experimental design described above was later deemed flawed in regard to the used model 

sample type ï artificial cerebrospinal fluid was not a matrix of interest for this study, raising questions 

about relevance of obtained results for brain tissue analysis. Due to differences in chemical 

environments of these matrices, it is very likely that significantly different species are coextracted that 

could in turn influence the stability of the analytes during storage. Therefore, an improved stability test 

was carried out employing the surrogate brain matrix as sample and exploring additional strategies of 

storage. Besides the immediate desorption and storage in desorption solution in -80°C freezer 

(considered as baseline), the following strategies were investigated: immediate desorption followed by 
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purging of the desorption solution and the storage vial with nitrogen gas to provide inert atmosphere, 

storage in -80°C freezer; snap-freezing of the fiber by dipping in liquid nitrogen for 10 s immediately 

after extraction followed by on-fiber storage in -80°C freezer; on-fiber storage in room temperature. 

Additionally, an extended list of neurochemicals was subjected to this test. 

 

 

 

 

 
Figure 2.10: Second iteration of the neurotransmitters stability study - changes in recovered amounts of 

neurotransmitters throughout 21 days. Extractions were performed over 20 min in static mode from 0.5 g of 

surrogate brain homogenate matrix spiked with analytes at 250 ng/g (except glutamate, GABA, phenylalanine, 

tryptophan, and taurine, for which the endogenous fraction was extracted) and subsequently desorbed into 50 µL 

of desorption solution. 
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As previously, generally good stability was observed for samples stored in solution. Additional 

purging of the desorption solution and the storage vials with nitrogen to introduce inert atmosphere did 

not improve stability. The majority of tested neurochemicals (expect for dopamine and serotonin) can 

also be stored frozen on-fiber up to 7 days without significant analyte loss, while some remain stable 

in these conditions throughout the entire investigated storage period of 21 days. For all analytes 

belonging to the neuromodulatory group (catecholamines, serotonin, histamine, and acetylcholine) and 

choline the initial period of 3 days in room temperature storage resulted in approx. 50% drop of 

recovered amounts with no further decrease until the end of the stability test. For the remaining 

compounds the initial recovery drop was on the 20% border, while glutamate and taurine remained 

stable on fiber in room temperature even during prolonged storage time up to 3 weeks. 

Given the attained results, it is thus recommended that in vivo sampling applications employ the in-

solution method for storage with desorption into dark vials with solvent containing some form of 

antioxidant (with formic acid being recommended for this application), and instrumental analysis is 

carried out as soon as it is permissible for best results. When practicality calls for on-fiber storage for 

shipment/transportation it is recommended to desorb the fibers immediately after transport and further 

storage in-solution if necessary. If  immediate analysis is not possible it is recommended that samples 

be stored in a freezer; however, increasing changes are expected to progress over time. 

Quantitation of neurotransmitters in brain surrogate matrix  

A performance evaluation of the developed probes and protocol, involving extraction and 

quantitation of target neurotransmitters in brain tissue in vitro in laboratory conditions, was herein 

carried out as a means to assess the efficacy prior in vivo nonhuman primate brain sampling. For this 

purpose, we developed a brain surrogate matrix consisting of brain homogenate and agar gel to be used 

in lieu of live tissue. This matrix serves as a good approximation of the chemical composition and 

physical consistency of brain matter, while also enabling easy spiking with analytes. A homogeneous 
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analyte distribution is important when performing external matrix-matched calibration, a feat which 

proves difficult to achieve when spiking intact brain tissue due to the fact that brain tissue is 

heterogeneous in nature. 

Preliminary tests unveiled that acetylcholine standard undergoes significant enzymatic degradation 

by acetylcholinesterase following its introduction into brain homogenate. This degradation occurs even 

after freezing tissue at -80° for several months.154 Therefore, an enzymatic activity inhibition step was 

introduced into the procedure of calibration points preparation. Addition of 1 mM PMSF to brain 

homogenate followed by incubation at 37°C for 1 h prior to mixing with the analyte-containing agar 

gel successfully eliminated the degradation of acetylcholine, thus enabling extraction of this analyte. 

To further strengthen the reliability of the method in conditions resembling real sampling scenarios, 

several more compounds, for which the method was not optimized, were quantified. The selected 

compounds are endogenously present in brain homogenate, and represent a group of neurochemically 

relevant compounds which either participate in neurotransmission (taurine), are precursors for the 

synthesis of several neurotransmitters (phenylalanine, tryptophan, choline), or are products of their 

metabolism (choline).155 Due to the high endogenous concentration of these compounds (as well as 

glutamate and GABA) in the brain homogenate, quantitation of these compounds was based on the 

signals of their corresponding deuterated isotopologues. This approach is valid even if the compounds 

of interest are present in the blank matrix.156,157,158  

Use of surrogate brain matrix has been proven as a suitable solution for external calibration of in 

vivo measurements with two different IS correction strategies, meeting the acceptance criteria for 

precision and accuracy. The first strategy employed addition of IS in the desorption solution, while the 

second utilized the signals of deuterated isotopologues of analytes corrected with the endogenously 

present compounds (Figure 2.11 and Figure 2.12). Given the excellent linearities and very low RSDs 
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of replicate measurements achieved via correction with endogenously present and stable compounds, 

this strategy is worth exploring for in vivo measurements, provided identification of suitable 

endogenous IS in practice. 

 

 

 
Figure 2.11: Quantitation of targeted neurotransmitters with different strategies of IS correction. Acetylcholine, 

dopamine, epinephrine, norepinephrine, serotonin, and histamine were calibrated with the endogenously present 

choline. The black circles represent the validation points. Error bars represent standard deviations of four replicate 

measurements. 
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Figure 2.12: Quantitation of targeted and additional neurochemicals with different strategies of IS correction. 

Glutamate, GABA, choline, taurine, phenylalanine, and tryptophan (present in brain at endogenously high 

concentrations for which a ñblankò matrix does not exist) were quantified based on their deuterated isotopologues 

used as analytes and the endogenous compounds as IS. In the case of the amino acids phenylalanine and 

tryptophan, an IS added to the desorption solution (dopamine-D4, given its close retention time to these 

compounds) was used for correction. The black circles represent the validation points. Error bars represent 

standard deviations of four replicate measurements. 
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Table 2.3: Parameters of calibration curves used for quantitation of neurotransmitters 

and neurochemically relevant compounds in surrogate brain matrix. 

Compound 

Slope 

[
Ⱦ

] Intercept R2 Weight 

Ach 2.3e-4 -0.0104 0.983 1/x2 
5-HT 9.4e-6 -0.0002 0.992 1/x 
Hist 2.9e-5 0.0019 0.972 1/x 
NE 6.8e-6 -0.0003 0.985 1/x 
Epi 5.4e-6 -0.0002 0.985 1/x2 
DA 1.5e-5 -0.0003 0.993 1/x 

Compound 

Slope 

[
АȾ

] Intercept R2 Weight 

GABA 7.2e-3 -0.0052 0.999 1/x 
Glu 1.5e-3 -0.0048 0.995 1/x 
Cho 1.5e-2 -0.0047 0.999 1/x 
Taur 8.3e-1 0.3258 0.979 1/x2 

PheAla 1.6e-1 0.0875 0.987 1/x 
Trp 1.4e-2 0.0225 0.988 1/x 

 

 

 
Table 2.4: Absolute matrix effect and figures of merit for quantitation of neurotransmitters and 

neurochemically relevant compounds in surrogate brain matrix using the miniaturized SPME probe. 

Compound 
LOQ 

[ng/mL] 

Accuracy: % Error (n=3)  Precision: %RSD (n=3)  Absolute matrix effect [%] 

50 

ng/mL 

300 

ng/mL 

1500 

ng/mL 
 

50 

ng/mL 

300 

ng/mL 

1500 

ng/mL 
 

1(5*) 
ng/mL 

50 
ng/mL  

200 
ng/mL 

Ach 50 20 7 2  7 12 9  87 99 100 

5-HT 25 12 1 10  7 2 6  111 104 101 

Hist 100 - 6 6  - 17 17  123 120 118 

NE 100 - 11 15  - 9 16  96* 97 105 

Epi 50 20 2 7  4 5 14  94 102 101 

DA 25 15 1 11  7 7 9  102 105 101 

Compound 
LOQ 

[ng/mL] 

Accuracy: % Error (n=3)  Precision: %RSD (n=3)  Absolute matrix effect [%] 

10(20*) 

µg/mL 

500 

µg/mL 

2000 

µg/mL 
 

10(20*) 

µg/mL 

500 

µg/mL 

2000 

µg/mL 
 

1(5*) 
ng/mL 

50 
ng/mL  

200 
ng/mL 

GABA 5 1 1 0  4 2 1  95* 97 104 

Glu 10 7 9 12  5 1 1  125 90 90 

Cho 5 2 0 0  5 3 1  107 91 88 

Taur 20 4* 12 1  4* 12 2  101* 100 108 

PheAla 4 5 9 3  8 7 7  107* 93 99 

Trp 5 3 12 7  6 18 1  156* 100 99 
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Limits of quantitation of the method certainly represent an area which leaves room for improvement, 

as several compounds would not be quantified at their physiological levels in brain ECF, as reported in 

the literature (e.g., glutamate, taurine, and GABA in rat hippocampal ECF at 0.43 µg/mL, 2.6 µg/mL, 

and 0.08 µg/mL, respectively159). However, LOQs for the other analytes were shown to be suitable or 

significantly lower than needed for detection and quantitation reported elsewhere: acetylcholine at 2870 

ng/g of whole rat brain,160 choline at 125-156 µg/mL in 4 different locations of human brain,161 

dopamine at 2520 ng/g of whole rat brain,162 epinephrine at 99-297 ng/g and norepinephrine at 161-

1367 ng/g in several different rat brain locations,163 serotonin at 1604 ng/g in rat hypothalamus tissue,164 

and histamine at 292 ng/g in rat hypothalamus tissue.165 When assessing the applicability of a method, 

it is important to take into consideration that different analytical techniques and sample preparation 

methods yield different values of concentrations.166 A diff erentiation must also be made between brain 

areas and compartments within these areas: the concentration of glutamate can fluctuate by several 

orders of magnitude when considering compartments such as brain ECF, synaptic cleft, and synaptic 

vesicles, or measurements in brain homogenate.167  

The absolute matrix effect was evaluated with the criteria of acceptance assumed at Ò20% at the 

lowest level and Ò15% at the remaining concentration levels. The response of the analytes in regard to 

which the matrix was blank, was corrected with their corresponding deuterated IS. The response of 

analytes endogenously present in the matrix was corrected with deuterated isotopologues eluting at the 

most approximate time (except for taurine, which eluted in the dead volume and was thus arbitrarily 

matched with NE-D6). Histamine was affected by interfering matrix components throughout the entire 

concentration range, while GABA and tryptophan were affected at the lowest concentration levels 

(Table 2.4). The complex matrix had no significant influence on the remaining compounds at all tested 

concentration levels. 
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Attained results indicate that the used IS correction strategy sufficiently eliminates matrix effects in 

most cases (with exception of tryptophan and glutamate at the lowest concentration level). However, 

histamine quantitation may require a different IS correction strategy or no correction at all, as the matrix 

effect was absent at the middle and high concentration levels when no correction was applied. 

 

2.3 Multineuromodulator measurements across fronto-striatal network areas of the 

behaving macaque 

2.3.1 Introduction  

Neurotransmitters and neuromodulators constitute a group of compounds that have undoubtedly one 

of the biggest contributions to observable processes occurring in the brain. These endogenous 

neuroactive chemicals directly influence neuronal communication by electrically altering the 

membrane properties of neurons by acting on ionotropic receptors, which are directly coupled to ion 

channels that may open or close upon binding of their respective neurotransmitter.23,168 Another mode 

of action is binding to the metabotropic receptors which initiate the signal transfer into the cell leading 

to the activation of second messengers (cyclic nucleotides, diacylglycerol, calcium or inositol 

triphosphate) as well as to the phosphorylation of proteins.168 This in turn  changes the internal processes 

of neurons by activating or deactivating proteins and genes. Neurotransmitters acting in this way are 

often managed by brain nuclei (dense clusters of neurons with similar neurochemical properties) 

located in subcortical areas. They can influence neuronal communication in a subtler and slower manner 

due to the lack of direct electrical influence,168 however a timescale in the range of several seconds is 

not uncommon.23  Understanding of the role of these chemicals in cognition and behavior relies on the 

ability to dynamically measure their concentrations in local brain regions.  
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Extracellular concentrations of neuromodulators influence firing regimes, input-output 

relationships, and neural interactions in local circuits and long-range brain networks95,169 and are 

dysregulated in virtually all psychiatric disorders.170,171 Accumulating evidence suggests that these 

fundamental roles of neuromodulators for circuit functioning are unlikely realized by single 

neuromodulators operating in isolation. Rather, neuromodulatory systems are heavily inter- 

twined170,172,173  and operate simultaneously on individual cells and circuits.95,174ï176 In each circuit, local 

mechanisms exert control over the release of neuromodulators from terminals of brainstem-originating 

projection neurons. This local control proceeds through activation of presynaptic glutamatergic 

receptors.177ï182 These insights suggest that an understanding of the contribution of neuromodulators to 

circuit functioning requires simultaneous measurement of multiple neuromodulators in conjunction 

with ongoing glutamatergic neurotransmitter concentrations and action. Consistently with this 

conclusion, single neuromodulator theories often fail to account for all observable symptoms in 

psychiatric diseases.183ï185 Despite the accumulating evidence for the interdependence of 

neuromodulator actions, few methods exist for their simultaneous measurement in vivo and across 

multiple brain areas.  

Most of these existing neurochemical sensing methods allowing multineuromodulator sampling 

have a barrier to entry by requiring specialized equipment and trained experts preventing data collection 

by scientists who are otherwise interested in the role of endogenous and exogenous neuroactive 

chemicals in cognition and psychiatric disorders. Here, we set out to address some of these limitations 

with a novel protocol for measuring multiple neuromodulators in vivo in discrete 20-min intervals using 

solid phase microextraction (SPME) probes and protocol optimized in the previous subchapter.36,77 

SPME provides an alternate method for neurochemical data collection, compatible with instrumental 

analysis tools such as LC-MS. This method has been shown to extract in neural tissue dynamic changes 

in dopamine and serotonin levels with comparable precision to MD.186,187 Additionally, due to the 
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similarity of SPME probes to commonly used microelectrodes in electrophysiological recordings, 

relatively minor adjustments can allow for the adaptation of conventional microelectrode driving 

systems for SPME use. This, combined with post-collection analysis through standard chemistry 

facilities, makes SPME an attractive and easy-to-use tool for electrophysiology laboratories. SPME has 

the potential to be a powerful new tool to complement the mentioned methods well suited for 

neurochemical profiling that spans both multiple neuromodulators as well as multiple brain regions 

simultaneously. Such data allow for global observation of slow neuromodulator dynamics that could 

better inform our hypotheses and help relate global neuromodulator levels to electrophysiology and 

behavior. Thus, the ability of SPME to report major neuromodulators as well as glutamate and GABA 

were tested in two behaving rhesus macaques. Probes were repeatedly and simultaneously inserted into 

two cortical regions and the striatum to observe interareal differences between extracellular 

neuromodulator concentrations. We found that extracellular concentrations of glutamate, dopamine, 

acetylcholine, and choline could be reliably distinguished and differed systematically between brain 

regions. 

2.3.2 Experimental 

Animals  

Data were collected from two 8-year-old male rhesus macaques (Macaca mulatta) weighing 8ï12 

kg. All animal care and experimental protocols were approved by the York University Animal Care 

Committee and were in accordance with the Canadian Council on Animal Care guidelines. Details 

regarding the experimental setup, recording procedures, and reconstruction of recording sites have been 

described previously.188 Briefly, animals were implanted with a 20 mm x 28 mm recording chamber 

over the frontal region of the right hemisphere guided by stereotaxic coordinates189 and magnetic 

resonance images (MRI). The animals were seated in a custom-made primate chair and head stabilized 

with their eyes 65 cm away from a 21ô LCD monitor refreshed at 85 Hz. Eye traces were collected by 
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a video-based eye-tracking system (Eyelink 1000 Osgoode, Ontario, Canada, 500-Hz sampling rate). 

The animals were engaged in an overtrained attention task in which they would use saccadic eye 

movements to acquire juice reward (Figure 2.13). The specifics of the task are described elsewhere.190 

Both animals showed stable performance and acquired similar reward volumes on all recording days. 

In both tasks, stimulus presentation and reward delivery was controlled through MonkeyLogic 

(https://www.brown.edu/Research/monkeylogic/). 

 
Figure 2.13: Behavioral task that the monkeys were engaged in. Briefly, the monkey was expected to fixate a 

central fixation point until criterion when two graded stimuli appeared. The graded stimuli acquired color and 

motion of the graded stripes, featured in either order. The two stimuli then either simultaneously dimmed (go-

signal) or dimmed one at a time in either order. The monkey, through trial and error, identified the rewarded 

stimulus via its color feature which was the sole identifying feature informative of reward. The monkey was then 

expected to wait until the dimming of the selected stimulus and respond in the same direction as the motion of 

the graded stripes on the chosen stimulus. If the monkey correctly accomplished this, it would receive 

deterministic reward in the form of liquid juice. Monkey As was engaged in a variation of this task with reduced 

complexity in order to match monkey Ke in performance and reward acquisition over the sampling period. Figure 

reproduced from Hassani et al.190 

 

MRI guided electrophysiological mapping of target brain areas  

The anatomical coordinates of the brain regions of interest were first identified through 3T MR 

images (Figure 2.14). The MR images were then verified with extracellular electrophysiological 

https://www.brown.edu/Research/monkeylogic/


 

 63 

recordings of the target areas, which provided the gray and white matter boundaries for the cortical sites 

and the dorsalmost aspect of the head of the caudate nucleus (CD). Tungsten microelectrodes were 200 

µm thick with an impedance of 1ï2 Mɱ. All electrodes, SPME probes, and their accompanying guiding 

cannulas were driven down into the brain and later out by using software-controlled precision 

microdrives (Neuronitek, Ontario, Canada). Electrodes were connected to a multichannel acquisition 

processor (Neuralynx Digital Lynx System, Bozeman, MT) which was used for data amplification, 

filtering and acquisition of spiking activity. Spiking activity was obtained by applying a 600- to 8,000-

Hz bandpass filter, with further amplification and digitization at a 32-kHz sampling rate. For every 

recording day, electrodes were lowered until the first detection of spiking activity (indicative of gray 

matter) at the depth suggested by the MR images. 

 

Figure 2.14: SPME sampling events in the right hemisphere of two Rhesus Macaques. A) Target brain regions 

are highlighted in red and include two cortical regions: prefrontal cortex (PFC) area 8 and premotor cortex 

(PreMC) area 6 as well as a subcortical region: the head of the caudate (CD). B) MR images with the target brain 

regions marked in green; Top row ï monkey As, bottom row ï monkey Ke. 

 

SPME sampling and postprocessing procedures  

The SPME probes manufacturing, LC-MS/MS analysis, and quantitation of neuromodulators were 

performed according to the procedures delineated in subchapter 2.2. For the in vivo sampling, two 
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additional features were added to the final probe and procedure. The probes were sterilized in steam at 

121°C for 15 min, after the cleaning and conditioning steps. Then, they were assembled with sheathing 

cannulas to prevent unwanted extraction on the way to the target brain areas. The cannulas underwent 

the same cleaning and sterilization procedure as the probes and the lengths of both components of the 

SPME assembly were adjusted to 60ï70 and 70ï80 mm for the probes and cannulas, respectively. 

When choosing the size of the cannulas, it was critical that their ID matched the probe diameter as 

closely as possible in order to avoid ECF entering the gap between the internal walls of the cannula and 

the SPME coating, causing contamination of the probe. Moreover, the cannulas should have thin walls 

to keep the overall probe assembly size as small as possible to attain low invasiveness of the sampling. 

The cannulas assembled with the developed probe had 200 µm ID and 270 µm OD, meeting the above 

requirements. 

All three SPME assemblies were simultaneously driven to 200 µm above the point of first spiking 

detection. SPME assemblies were located ~1 mm away from the electrode penetration location. Then, 

only the SPME probes were inserted 3 mm into the areas of interest. On average, macaque cortical 

thickness is only 2 mm while the head of the CD at the point of sampling was well over 3 mm. A pre-

equilibrium extraction time of 20 min was selected to satisfy the practical requirement of the in vivo 

sampling, as discussed in subsection 2.2.4. After the 20-min extraction event, all SPME probes were 

driven back 3 mm into the guiding cannulas and all SPME assemblies were withdrawn from the brain 

(Figure 2.15). The microdrives were then removed from the chamber to enable unclamping of the 

SPME probes, a brief wash, and then storage in glass vials surrounded by dry ice until being placed in 

a -80°C freezer. The desorption of the probes, LC-MS/MS analysis and quantitation using external 

surrogate matrix-matched calibration protocol were conducted according to the workflow described in 

subchapter 2.2. For in vivo measurements, the IS was included in the desorption solution at 20 ppb and 

each analyte was corrected with its corresponding deuterated isotopologue. 
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Figure 2.15: In vivo SPME sampling protocol in macaque brain. A: dimensions of the SPME probe and the 

accompanying cannula. The SPME coating made up the terminal 3 mm of the entire probe and was placed in a 

cannula with an internal diameter of 200 µm and an external diameter of 270 µm. B: tungsten microelectrodes 

were lowered into the brain guided by 3 T MR images to map the depth at which detectable spiking was observed 

matching expectations from the MR images. C: 1. Initial position with 3 mm buffer from the opening of the 

cannula and the start of the coating; 2. SPME probes and their accompanying cannulas in all brain areas are 

simultaneously lowered to 200 µm above the point of first observable firing in the target brain region; 3. the 

SPME probes are lowered to expose the 3 mm coating; 4. After 20 min of extraction, the SPME probes are 

retracted 3 mm back into the cannula; 5. The probes and their accompanying cannulas are removed from the brain. 

All elements of each assembly (microelectrode, SPME probe and cannula) were driven at 30 µm/s.   

 

One entire sampling event (one extraction in three different brain areas together with assembling the 

SPME probes and cannulas, driving into and out of brain, washing, and preparing for storage) was 

performed within 50 min, except for the first sampling event in each sampling day. The first sampling 

event, with the area identification using electrophysiology recording, was performed within 75 min. 

The removal of the SPME probe from the gray matter and the positioning of a new SPME probe in the 

same location limits the temporal continuity of sampling. We believe that further optimizing of the 

probe switching procedure with, e.g., preloaded SPME probes will allow replacing them within 2ï10 

min. Alternatively, SPME probes could be used in spatially separate but adjacent guiding tubes 
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(separation of ~300 µm), which would allow to switch sampling from one to other probe without 

temporal delays. 

2.3.3 Results and Discussion 

Results 

During all measurements, animals were engaged in a cognitively demanding task with stable 

behavioral performance to minimize state-dependent fluctuations of basal extracellular concentrations 

of neuromodulators. Three brain regions were selected to provide a sample of extracellular 

neuromodulatory concentrations. Two cortical regions, prefrontal cortex (PFC) area 8 and premotor 

cortex (PreMC) area 6, as well as one striatal region- the head of the caudate nucleus (CD) were selected 

(Figure 2.14). In three daily sessions, we sampled three times per session simultaneously from all three 

areas. Monkey As had an additional 3 days of recording with one sample collected on each day. Overall, 

we collected and analyzed 12 probes in monkey As and 9 probes in monkey Ke. We were specifically 

interested in major neuromodulators and neurotransmitters but successfully measured other compounds 

such as amino acids (e.g., glutamine, taurine, phenylalanine, etc.) that we do not discuss here. To allow 

comparison of the SPME extraction results to those typically reported in MD studies, we calculated the 

relative change in measured concentrations across the three successive sampling events per session 

pooled across monkeys to enhance the statistical power of the analysis (Figure 2.16). Relative to the 

end of the first sampling event, the second and third sampling events started after 40 min and 100 min, 

respectively. We expected that the variability of measurements (indexed as standard error of the 

median) is comparable to repeatedly measured MD of an identical, active brain state. We found that 

measured concentrations did not change significantly across sampling events for any compound area 

combination (Wilcoxon rank-sum test; Figure 2.16). We found that four target neurotransmitters and 

neuromodulators were reliably detected in each animal: glutamate, dopamine, acetylcholine, and 

choline. Serotonin was also detected on several probes but always near the LOD and therefore was 
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excluded from analyses here. Glutamate concentrations were several orders of magnitude higher than 

all other observed compounds of interest in all areas and both animals. Relative to glutamate, choline 

concentrations were >15 times lower, dopamine concentrations were >700 lower and acetylcholine 

concentrations were >8,300 times lower (Figure 2.17). 

 
Figure 2.16: Relative changes of amounts of neuromodulators extracted in vivo by SPME throughout the 

sampling session in each sampled brain region. The median concentration of glutamate (A), dopamine (B), 

acetylcholine (C), and choline (D) with standard error of the median plotted for each sampling time and location. 

Data was normalized for each subject separately and for the respective neurochemical and area combinations. 

Sampling events were 20 min in length and the time between the end of one sampling event to the start of the 

next sampling event was 40 min (SD 2 min), making the second sampling event 40 min and the third 100 min 

from the initial measurement. No significant change was observed for any neuromodulator in any brain region 

(Wilcoxon rank-sum test). Note that a single prefrontal choline data point was excluded in this analysis for being 

>4 standard deviations from the median (data point is present in Figure 2.17). 

 

Glutamate concentrations (across areas), measured as median ±  standard error, ranged from 159,147 

(± 19,395) to 233,659 ng/mL (± 33,917) in monkey As, and from 135,523 (± 22,945) to 184,333 ng/mL 

(± 33,516) in monkey Ke. In both monkeys, glutamate concentrations were highest in the head of the 

CD, which was significantly different from glutamate concentrations in the PreMC in monkey As 

(Kruskal-Wallis test with Tukeyôs HSD correction, P= 0.048) but not in monkey Ke [Kruskal-Wallis 
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test with Tukeyôs HSD correction, P=0.847, not significant (ns)]. Glutamate concentrations between 

the CD and PFC, as well as the PFC and PreMC were not significantly different for either animal. 

Comparisons between monkeys showed no significant differences between the glutamate 

concentrations in any of the measured areas (Figure 2.17). In addition to glutamate, dopamine could 

be reliably detected in both monkeys in the CD at concentrations of 232 ng/mL (± 47) in monkey As, 

and 226 ng/mL (± 31) in monkey Ke. These concentrations were similar between monkeys (Wilcoxon 

rank-sum test P=1, ns). Dopamine was not found above detection limits in frontal cortex. 

Acetylcholine measurements in the three brain areas ranged from (across areas) 25 (± 2) to 36 ng/mL 

(± 5) in monkey As and from 29 (± 2) to 36 ng/mL (± 4) in monkey Ke. In monkey As, extracellular 

acetylcholine concentrations between the CD and PreMC were significantly different (Kruskal-Wallis 

test with Tukeyôs HSD correction, P=0.008). Cortical areas were not significantly different from one 

another (Kruskal-Wallis test with Tukeyôs HSD correction, P=0.476, ns) nor was there a significant 

difference between the CD and PFC (Kruskal-Wallis test with Tukeyôs HSD correction, P=0.145, ns). 

In monkey Ke, only one cortical region had concentrations of acetylcholine above quantitation limits, 

which approached significant difference to the concentrations measured in the CD (Wilcoxon rank-sum 

test, P=0.08). Measurements of extracted acetylcholine in the PreMC of monkey Ke were consistently 

below detection limits (Figure 2.17). We also measured choline, which is a main product of the 

enzymatic breakdown of the highly regulated acetylcholine and which is a main indicator of attentional 

modulation of cholinergic activity in frontal cortex.191 Choline concentrations ranged across areas from 

2,914 (± 590) to 5,078 ng/mL (± 675) in monkey As and from 3,408 (± 3,705) to 5,533 ng/mL (± 860) 

in monkey Ke. Choline concentrations between the CD and PreMC were significantly different in 

monkey As (Kruskal-Wallis test with Tukeyôs HSD correction, P=0.030), but not in monkey Ke 

(Kruskal-Wallis test with Tukeyôs HSD correction, P=0.729, ns). All other area comparisons were not 

significant for both monkeys. Comparisons of choline concentrations between monkeys were not 
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significant in any of the measured areas. Overall, serotonin concentrations were not observed as reliably 

as the other reported neurochemicals and therefore were excluded from the main analyses. However, 

in monkey As, serotonin was observed near the LOQ in the prefrontal cortex as well as the CD in a 

subset of probes. Within the nine probes placed in both areas, serotonin was detected in 22% of samples 

(2/9 probes) in the prefrontal cortex and 33% of samples (3/9 probes) in the CD. Serotonin observations 

ranged from 149 to 232 ng/mL with a median of 171 ng/mL (± 18.5 ng/mL; standard error of the 

median) with a LOQ of 100 ng/mL. The proximity of the measurements to the LOQ suggest that the 

other probes likely collected concentrations of serotonin below the detection threshold. No serotonin 

observations were made in monkey Ke. 

 
Figure 2.17: Quantitation of neuromodulators in the macaque brain. Median and standard error of the median of 

n= 12 probes for monkey As and n= 9 probes for monkey Ke with no data excluded. Four neuromodulators were 

reliably measured: glutamate, dopamine, acetylcholine, and choline. All brain regions had high concentrations of 

glutamate and relatively much lower concentrations of acetylcholine and choline extracted (with the exception of 

monkey Ke PreM6 lacking detectable acetylcholine). The only tested region to yield measurable dopamine was 

the caudate. 
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Discussion 

We demonstrated reliable measurements of glutamate, dopamine, acetylcholine, and choline 

simultaneously within cortical and subcortical regions of awake and behaving macaques using solid 

phase microextraction probes. Glutamate concentrations were several orders of magnitude higher than 

dopamine, acetylcholine, and choline across brain regions. Extracellular concentrations of choline, 

dopamine, and acetylcholine were detected at >15, >700, and >8,300 times lower than glutamate, 

respectively. Dopamine was readily detected in the CD but not observed at detectable concentrations 

in the cortical regions measured. Acetylcholine concentrations showed a statistical trend of being 

different between the CD and measured cortical areas and with high consistency between monkeys. 

Choline concentrations, a product of acetylcholine degradation as well as a precursor for its synthesis, 

were negatively correlated with acetylcholine (R= -0.355; P=0.01). Together, these findings provide 

new and rare insights about the neurochemical circuit profiles during an active brain state in three areas 

of the primate fronto-striatal network. The high consistency of measured concentrations within animals, 

between brain areas, and between monkeys suggests that SPME probes could provide a versatile neuro-

technique for understanding how variations of the neurochemical milieu relate to local and long-range 

circuit operations and ultimately cognitive functioning. 

Extracellular concentrations of glutamate, dopamine, acetylcholine, and choline 

Our results revealed particularly high levels of glutamate within all measured brain regions (PFC, 

PreMC, and CD) relative to other neuromodulators. This finding is consistent with its ubiquitous role 

as major excitatory neurotransmitter. This holds true even in the CD, which consists exclusively of 

GABAergic neurons but receives glutamatergic inputs from the cortex.25 Tonic concentrations of 

glutamate within the striatum have been previously reported to be comparable to that of the 

hippocampus, prefrontal cortex, and other cortical areas due to glutamatergic inputs, extrasynaptic 

release and glial release.166,192,193 In contrast, classical neuromodulators such as dopamine and 
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acetylcholine are released in extracellular space through volume transmission where they are highly 

regulated and may bind to receptors on multiple neurons.101,194ï196 This regulation may help explain the 

relatively low observed concentrations of dopamine and acetylcholine and may be a large source of 

extracellular choline through the enzymatic breakdown of acetylcholine.  

Extracellular dopamine was measured well above the detection threshold in the striatum. In 

combination with glutamatergic and cholinergic concentrations, our results show promise in the 

application of SPME to further our understanding of the relationship between glutamatergic inputs to 

the striatum and the neuromodulatory acetylcholine and dopamine signals impinging on striatal circuits. 

Such circuits are strongly involved in hypo- and hyperkinetic diseases.171,184  Although the presence of 

dopamine in the PFC is well documented197ï199 it was not detected in either of the cortical regions and 

failed to exceed the LOQ of the method. The difference between the detection of dopamine in the CD 

versus PFC and PreMC cortex may be due to differences in available dopamine, release concentrations, 

and dynamics.200 A possible explanation for the lack of detectable cortical dopamine could be the 

documented susceptibility of catecholamines to oxidation, however the results of the stability test 

described in the previous subchapter suggest that no significant loss of dopamine should be observed 

within the timeframe and the conditions employed in our protocol.  

Few previous studies have documented acetylcholine concentrations in vivo in nonhuman primates 

due to its rapid breakdown by acetylcholinesterase (AChE) and the challenges of neurochemical testing 

in primates.195,201,202 Acetylcholine plays a major role in organizing local circuits, deployment of 

attention, locomotion, and reward through different receptors present in cortical and subcortical 

regions.173,203,204 It has been difficult to discern which acetylcholine concentration corresponds to 

efficient endogenous circuit operations. Our finding of measurements in all sampling locations except 

for PreMC in monkey Ke is therefore a promising starting point for future studies comparing 

acetylcholine concentrations, in conjunction with other neuromodulators, during different cognitive 
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states. The fast turnaround of acetylcholine due to AChE, however, likely leads to an underestimation 

of acetylcholine concentrations by SPME. Although AChE does not undergo adsorption onto the SPME 

probe, preventing any enzymatic degradation of already adsorbed pool of acetylcholine, the dynamic 

equilibration process and TWA character of the measurement in such instance may lead to a continuous 

transfer of acetylcholine out of the extracting phase, following the concentration gradient of the rapidly 

depleted acetylcholine into the extracellular space as discussed in the Introduction. 

Among other sources, choline is created as a byproduct of acetylcholine degradation by AChE. 

Choline is also a precursor for the synthesis of acetylcholine. Given this relationship, a negative 

correlation between choline concentrations and acetylcholine is expected which we indeed observed in 

our data set. Despite the difference in the measured concentrations of choline and acetylcholine, other 

studies with similar differences have demonstrated the relationship of acetylcholine and choline to 

behavior within the cortex.191 Future studies may focus on quantifying this relationship across a wider 

range of brain states.  

Many factors may contribute to variation in measured concentrations of neuromodulators including 

behavioral state, the specific brain region measured, and individual differences among others. 

Importantly, different methods may yield different estimates of absolute extracellular concentrations. 

For example, comparable measurements of extracellular glutamate via MD or voltammetry as opposed 

to electrophysiological estimates can differ by orders of magnitude and may be attributed to differences 

in probe size or to sensitivity to different sources of glutamate.166  

Reliable measurement of individual differences of state-specific neuromodulatory tone 

Our results suggest that SPME probes provide reliable measurements in consecutive sampling 

events within an experimental session and between sessions on consecutive days. These results were 

obtained while we controlled brain states across measurement events by engaging animals in a cognitive 

task. This experimental control could have contributed to the comparable extracellular levels of 
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neuromodulators from sample to sample within and between days from similar brain locations (Figure 

2.16).95,205ï207 The reproducibility of multiple measurements at the same anatomical location within and 

between days suggests that the SPME penetrations did not significantly disturb tissue.186 This 

conclusion contrasts with reported experience from MD measurements, where the initial placement of 

the probe or guiding cannula causes transient measurement instabilities that can require up to several 

hours of settling time before reliable, steady-state neuromodulator concentrations are 

measurable.166,199,208ï210 These waiting periods must be taken into account when designing MD 

experiments for in vivo tracking of neuromodulators during behavioral tasks in awake and restrained 

animals. Furthermore, the reliability of observations for the reported neurochemicals with SPME is 

high. We present 100% reliability in reporting glutamate and choline concentrations in all brain regions 

and subjects. Acetylcholine concentrations were reported with 100% reliability in one animal and 92% 

(11/12 probes) in the other within the prefrontal cortex, 0% reliability (below detection threshold) in 

one animal and 83% (10/12 probes) in the other within the PreMC and 100% reliability in one animal 

and 92% (11/12 probes) in the other within the CD. Dopamine concentrations were reported with 100% 

reliability in both animals in the CD and were not observed above detection thresholds in the cortex. 

Qualities and characteristic of SPME in the context of in vivo measurements in behaving 

nonhuman primates 

Our results demonstrate several inherent advantages of using SPME to measure neurochemical 

profiles in brain circuits,211 as illustrated in Table 2.5. Practically, the arbitrary length of the supporting 

wire and where the SPME coating is deposited allows for robust placement within the brain. The narrow 

diameter of the SPME probe that is within the range common to electrodes for electrophysiological 

recordings allows for repeated, simultaneous sampling at multiple sites without observable changes to 

detected extracellular neuromodulator levels using 20-min sampling times.  
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Table 2.5: A comparison of selected methods capable of measuring single or multiple neurochemicals in vivo. 

 Technique 
PET imaging Electrochemistry Microdialysis SPME 

Criterion  

Temporal resolution Minutes 
Highest (millisecond 

range) 

<1-30 minutes; dependent 

on analytical method 

sensitivity, target, etc. 

<5-30 minutes; dependent 
on analytical method 

sensitivity, coating 

thickness, target, etc. 

Spatial resolution Voxel 

High; probe size and 

surface area may vary 

(relevant for enzyme-

based methods) 

Diffusion-based; probe 

size may vary (0.5-4 mm) 

Diffusion-based; probe size 
may vary (3-4 mm); sub 

mm via DESI-MS 

Sensitivity 

Indirect measurement via 

competitive radiolabelled 

species 

High 
Depending on post-hoc 

methods (i.e. MS) 

Depending on post-hoc 

methods (i.e. MS) 

Neuroactive targets A few at most A few at most Many Many 

Non-neuroactive 

targets 
No No 

Yes, greater efficacy for 

hydrophilic compounds 

Yes, greater efficacy for 

hydrophobic compounds 

In vivo feasibility 

Difficult in awake, 

behaving animal models; 
movement highly 

restricted 

Good (low reliability in 

NHPs) 

Good, often requires 

chronic implant of cannula 

for repeated measurements 

Very good; robust 
placement of multiple 

simultaneous probes and 

repeatable acute 

measurements 

Cost High 
Low; requires special 

equipment 

Moderate to high (if 

coupled to LC-MS); 
requires special equipment 

and chemistry core 

Moderate to high (if 
coupled to LC-MS); easy to 

port to an acute micro-

electrode setup; requires 

chemistry core 

PET ï positron emission tomography; NHP ï non-human primate 

Spatial resolution. In principle, the spatial resolution of the SPME measurements can reflect 

laminar concentration gradients across areas as small as several hundreds of micrometers. In our 

protocol we coated 3 mm in length with 50 µm of extracting phase thickness and desorbed the entire 

extraction phase segment into an organic solvent mixture for subsequent LC-MS/MS analysis. 

However, with the use of other techniques, such as desorption electrospray ionization (DESI), which 

represents a direct-to-MS approach,212 much smaller areas of the SPME probe may be sequentially 

analyzed at a time allowing for laminar or near-laminar resolution. The characteristics and limitations 

of this strategy are outlined in the subsequent Chapters. Direct coupling of SPME probes to MS 

provides the advantage of rapid analysis and in principle allows the simultaneous measurement of 

separated compartments of a cortical column with a single probe. The absolute spatial resolution of 
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SPME is difficult to estimate as the technique operates through diffusion and dynamic equilibration 

similar to MD. As a consequence, the sampled volume will depend on sampling time, the compoundôs 

diffusion coefficient, as well as the target tissue and its properties affecting the rate of diffusion such 

as tortuosity.101  

Temporal resolution. Several factors determine the appropriate extraction time using SPME. 

Depending on the goals of an experimenter, resolutions of several minutes may be achieved if  the 

detection/quantitation limit is exceeded within the first few minutes of extraction. As sampling 

continues, the extracting phase will eventually reach an equilibrium with the external environment. In 

principle, sampling times beyond reaching the equilibrium will  not result in increase of the amounts 

extracted by SPME.36 However, in the brain there is no single stable equilibrium point and thus, even 

with long sampling times, there will be some variation in amounts extracted beyond the equilibrium. 

As outlined in the Introduction, extraction times operating within the pre-equilibrium regime of the 

extraction time profile, can by all means still be employed for quantitation. In practice, the fastest 

possible extraction time will be determined by the relation between the methodôs LOD and the free 

concentration of the analytes in the sample. This in turn is determined by the combination of factors 

pertaining to the physicochemical characteristics of the extracting phase, the affinity of the analytes 

towards that extracting phase, properties of the sample matrix and in practice also level of pre-

concentration during liquid desorption and sensitivity of the employed instrumentation. All these 

factors also practically dictate the thickness of the extracting phase, as thinner coatings could in 

principle increase temporal resolution but would extract lower amounts of the analyte overall, requiring 

higher sensitivity to detect. With higher sensitivity, less time is required for the thin coating to extract 

sufficient amounts to exceed limits of detection and quantitation. This then means that the compound 

for which the sensitivity is the lowest, limits the temporal resolution because it will be the slowest to 

reach detectable concentration (assuming similar kinetic profile of the target analytes). Measurements 
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in the dynamic range require consistency of extraction times as differences in time will lead to 

variations of extraction yields in a range that can be estimated from the SPME extraction time profiles. 

Given the dynamic nature of brain networks and the lack of a stable equilibrium point, we expect 

consistency in brain states to be one of the biggest factors in reducing replicated variability. Moreover, 

SPME measurements are inherently an average of the temporal dynamics of the target tissue milieu. 

This means that due to the bidirectional exchange of neuromodulators from the extracellular space and 

the extracting phase, longer periods of stable concentration gradients will be more strongly reflected in 

the extracted measurements.  

Utility and ease of use. Employment of SPME probes allows for multiple simultaneous 

measurements that can be reliably repeated within the same measurement sessions at the same locations 

with no evidence of damage induced disruption of the neurochemical environment. The additional 

critical advantage of SPME for the outlined here purpose is its ease of use and accessibility. Due to 

their similar size to recording microelectrodes used for electrophysiology, little adjustment is required 

for conducting SPME measurements using existing acute microelectrode positioning systems. 

Measurements in deeper structures should use an accompanying guide tube (Figure 2.15) as traveling 

through nontarget tissue will result in unwanted chemical collection. Beyond the sampling, a chemistry 

core is required to analyze the samples via LC-MS/MS, allowing for relatively easy quantitation of 

extracellular compounds of interest, as outlined in the previous subchapter.  

Detection methods. SPME is ultimately a sampling method, much like MD, that provides data for 

analytical tools such as chromatography and/or MS. In fact, once the analytes have been desorbed from 

the probe into a solvent, data provided by SPME and MD are treated very much the same. Thus, the 

advancement in detection limits and reliability of post hoc analytical methods utilized by MD also 

benefit SPME, and vice versa. 
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Extension of SPME measurements beyond classical neuromodulators. A unique advantage of 

SPME over alternative methods of in vivo detection of compounds within the brain is its potential 

affinity for hydrophobic compounds. Although MD is capable of collecting metabolomics data 

similarly to SPME,24,213,214 the artificial cerebrospinal fluid that is commonly traversing the 

semipermeable membrane better facilitates the collection of hydrophilic molecules. This means that 

molecules that cross the semipermeable membrane and are therefore collected and quantified via LC-

MS are much more likely to be hydrophilic. SPME, in contrast, provides balanced analyte coverage, 

which means that in principle certain extracting phases have similar affinity for both hydrophilic or 

hydrophobic compounds.73 Data collected here includes other neurochemicals of interest such as amino 

acids (e.g., glutamine, taurine, phenylalanine, etc.) as well as lipids and fatty acids, discussed in the 

subsequent subchapter. In practice, the detection of very polar molecules such as monoamines and 

catecholamines requires coating chemistry that facilitates hydrophilic compound extraction. 

Comparatively, many lipids play important roles in intracellular signaling and have been suggested to 

provide biomarkers for psychiatric disorders,215,216 therefore making SPME a potentially versatile and 

comprehensive tool for brain neurochemistry studies. 

Implications for understanding and treating psychiatric disease states 

Most psychiatric disorders are accompanied by neuromodulatory dysregulation.171 However, this 

fact is seldom studied in a multimodulatory manner with single or few nuclei or neurochemicals being 

observed at a time. This is an increasingly evident problem because models attributing symptoms of a 

disorder to a single neuromodulator often fall short in explaining many symptoms.183,185 For example, 

in Parkinsonôs disease, outside of the well-characterized dopaminergic deficits, there is evidence for 

deficits in noradrenergic, cholinergic, and serotonergic systems as well.173,184 Many cognitive deficits 

observed within Parkinsonôs disease are linked to such nondopaminergic deficits. Such findings 

emphasize the need to simultaneously observe multiple neuromodulatory systems. Thus the 



 

 78 

simultaneous measurement of multiple neuromodulators in multiple brain regions within healthy and 

clinical populations may allow for a better understanding of the underlying causes of symptoms and 

progression of psychiatric disorders.170,171,217 A better understanding of psychiatric disorders through 

multimodulator methods may also lead to more accurate understanding of the action of pharmacological 

agents. Previously, many studies aimed at identifying the locus of action of a pharmacological agent 

have used local injection methods such as iontophoresis or microinjections.218,219 Although highly 

informative about the role of neuromodulators in modulating the activity of individual cells and circuits, 

this approach does not allow physiologically realistic exploration of a systemically administered 

pharmacological agent. Pharmacological agents are often administered in some systemic fashion and, 

even with highly specific receptor affinities, may interact with multiple neuromodulatory systems 

through the actions of heteroreceptors.170ï172 Multimodulator measurements, as described here, may 

allow for a better understanding of pharmacological agents, as well as providing novel insights into the 

development of more effective drugs or combinations of drugs to better treat the clinical population. 
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2.4 Untargeted neurochemical profiling of macaque brain by SPME-LC-HRMS 

2.4.1 Introduction  

In vivo studies employing SPME are usually done by means of untargeted metabolomic profiling or 

an expansion of a clearly defined targeted component into supplementary untargeted profiling. A brief 

look into the literature confirms this.55,84,133,134,220 The outlined strategy arises from the in vivo aspect of 

the sampling and this study is no exception. With the great effort of sampling living organisms, many 

of which are sacrificed following the end of sampling (rodents, in particular), the value of obtained 

samples is proportional to the effort (of both animal and analyst) of acquisition. MS-based untargeted 

analysis is a way of matching the diversity of molecular species extracted by SPME with their 

detectability (this statement is not exclusive to SPME and can be extended to any non-specific sample 

preparation or extraction method characterized by broad coverage and multi-analyte capabilities). 

Sample analysis coupled with post hoc data interpretation can be convenient to óimmortalizeô the 

samples, with the archived data set enabling revision upon change in the study direction, newly emerged 

hypotheses or new available data processing tools. 

These capabilities often come at the cost of feasibility of metabolite quantitation and inambiguous 

identification.221,222 Continuous improvements in the performance of separation and MS 

instrumentation methodologies, as well as strategies and platforms available for untargeted data 

processing work towards mitigating these challenges.221,223 Various acquisition modes exist to 

maximize the coverage of detected metabolites, with the usual choice of trade-off between the analysis 

time, level of data convolution, and metabolome coverage (for example: full scan MS followed by 

MS/MS focused on only selected metabolites as a strategy resulting in lower throughput but also lower 

data complexity than data independent acquisition (DIA)  approach, which produces highly convoluted 

spectra with lower MS/MS quality, but enhanced metabolome coverage and higher throughput).224 The 

increasing advancement and complexity of MS acquisition modes, with the goals of streamlining the 
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analytical process and increasing throughput by answering several analytical questions within one 

acquisition cycle, inevitably lead to a swell in the size of the generated datasets. Therefore, data 

management and reduction of redundancy to extract meaningful information is of high importance and 

has become a branch of bioinformatics on itself.225,226  

It appears appropriate to introduce the term feature here, as for convenience this term will prevail in 

any discussion concerning untargeted data analysis. A feature is an output of the first step of a typical 

metabolomic data processing workflow, involving peak detection and association with the mass 

spectral data. Resulting from these operations and the character of the employed analytical method, 

feature is a two-dimensional data point containing chromatographic and mass spectral response ï 

retention time and mass-to-charge ratio (m/z), respectively.225 Since a single metabolite can form 

several different adducts in electrospray ionization (ESI),227 and a single retention time may contain 

spectral signal from several co-eluting metabolites, a particular peak can be assigned with m/z 

corresponding to the molecular ions, in-source fragments, various adducts, ions with different charges 

or isotopes.225,226 This leads to the number of detected features being an overwhelmingly larger number 

than the number of actual detected metabolites.228 Due to this ambiguity, the term feature was coined 

to refer to the output data at the pre-identification stage of data processing. 

Although the broad analyte coverage of SPME has been previously demonstrated in numerous 

reports,55 this study has been extended into an untargeted metabolite profiling in order to investigate if 

this protocol, specifically fine-tuned for highly hydrophilic molecules, is capable of providing 

additional semi-quantitative information about molecules with drastically differing properties, found in  

nonhuman primate brain. 
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2.4.2 Experimental 

The same SPME extracts collected in vivo in three brain areas of two macaques according to the 

procedure described in subchapter 2.3 were analyzed by LC-MS, employing Vanquish Flex LC system 

coupled to a high resolution instrument Exactive with Orbitrap mass analyzer (Thermo Scientific, San 

Jose, CA, USA). Details regarding the method and acquisition parameters were listed in Table 2.6. 

Xcalibur (version 3.0.63) and Thermo Exactive Tune (version 1.1) software was used for data 

acquisition. The instrument was calibrated using the PierceÊ LTQ Velos ESI Ion Calibration Solutions 

for positive and negative ionization modes (Thermo Scientific, San Jose, CA, USA) and additional real-

time calibration was performed throughout all runs using LockMass function. Instrumental 

performance was monitored using standard quality control sample, as well as pooled QC sample 

prepared by mixing 5 µm of each extract. Raw data files were converted into mzXML format required 

for further data processing using MSconvert toolkit (ProteoWizard 3.0).229 Optimization of peak-

picking related settings was carried out by applying the IPO package230 to pooled QC samples. The 

subsequent operations on data (peak extraction, filling, grouping, and alignment) were performed using 

XCMS package231 integrated in an in-house developed R-script.232,130 The list of detected features then 

underwent filtering in order to discard artefacts originating from blank samples (characterized by 

signal-to-noise ratio < 5) and peaks with significant variance (>30% RSD). Univariate statistical 

analysis was carried out using MetaboAnalyst233 (version 4.0). Tentative annotation of detected 

compounds was performed using reference databases: METLIN,234 and LIPID MAPS.235  
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Table 2.6: LC-MS acquisition parameters and method details used for analysis of metabolomic profile of 

macaque brain sampled in vivo by SPME probes. 

Negative ionization mode parameters in brackets; FA- formic acid; AA- acetic acid 

 

2.4.3 Results and discussion 

Although untargeted metabolomic analysis is predominantly done to differentiate groups expected 

to possess divergent treatment- or state-dependent metabolic profile, here (due to the basal character of 

all measurements) it was applied to the only meaningful variable ï the sampled brain regions. Out of 

the statistically significant features differentiating the neurochemical environment of the three brain 

regions (Figure 2.18), only those which yielded unique tentative identification based on accurate mass 

(with ȹ5 ppm and ȹ10 ppm tolerance for positive and negative ionization mode, respectively) were 

considered for further analysis and discussion. 

Thermo Exactive Mass Spectrometer 

(heated electrospray ionization source) 

Spray voltage [kV] 4.0 (-2.9) 

Sheath gas [a.u.] 35 (30) 

Auxiliary gas [a.u.] 5 

Sweep gas [a.u.] 0 

Capillary temperature [°C]  280 

Heater temperature [°C] 300 

Mass range [m/z] 84-1000 (80-1000) 

Acquisition mode Full Scan 

Max. inject time [ms] 100 

AGC target Balanced: 1e6 

Resolution High: 50,000 @ 2Hz 

Lock Mass m/z 391.28429 (positive); m/z 255.23295 (negative) 

High Performance Liquid Chromatography  

(Thermo Vanquish Flex) 

Column Supelco Discovery HS F5, 3 ɛm, 100 x 2.1 mm with 3 ɛm, 20 x 2.1 mm guard column 

Mobile phase A H2O + 0.1% FA (H2O + 1mM AA) 

Mobile phase B ACN + 0.1% FA (ACN + 1mM AA) 

Flow rate [ɛL/min] 300 

Column temperature [°C] 25 

Samples temperature [°C] 5 

Injection volume [ɛL] 5 

Gradient [%B]  0 min-0%; 3 min-0%; 25 min-90%; 34 min-90%; 35 min-0%; 40 min-0% 
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Figure 2.18: Univariate analysis using non-parametric ANOVA (Kruskal-Wallis test) with a false discovery rate 

adjusted p-value cutoff of 0.05. Red dots represent the statistically significant features which discriminate the 

three compared brain regions. 13 and 25 discriminating features were found in positive and negative ionization 

mode, respectively. 

 

Throughout the untargeted analysis, additional important neurochemicals were detected, which were 

not the focus of initial method development and in vivo protocol. Several metabolites belong to the 

tryptophan-related pathways (Figure 2.19), with 5-hydroxyindoleacetic acid (5-HIAA) being the final 

product of serotonin metabolism, after biosynthesis of serotonin from tryptophan. Kynurenine and N-

formylkynurenine both belong to another, parallel branch of tryptophan biotransformation.236 The 

kynurenine pathway is important for regulating serotonin availability, as in the presence of several pro-

inflammatory cytokines the activation of indoleamine 2,3-dioxygenase converts tryptophan into N-

formylkynurenine, a precursor of kynurenine, which after several subsequent metabolic conversions 

results in the production of nicotinamide adenine dinucleotide (NAD+), which is protective against 

inflammation-induced neurotoxicity.237,238 Tryptophan itself (Figure 2.20), being the precursor for 

biosynthesis of both serotonin and kynurenine, was found to be equally abundant in all sampled brain 

regions, while its metabolites were consistently more abundant in premotor cortex than in the prefrontal 

cortex and the caudate. 

Another pathway with several members represented in the detected pool of metabolites is related to 

dopamine biosynthesis239 from phenylalanine through tyrosine (both phenylalanine and tyrosine were 

found to be more abundant in PreMC, Figure 2.19), as well as its biotransformation to 3,4-
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dihydroxyphenylacetic acid (DOPAC; equally abundant in all sampled brain regions, Figure 2.20) and 

homovanillic acid (HVA; only found in the caudate). The presence of HVA limited to CD somewhat 

corresponds to the fact that dopamine was also only detected in this region as well as the fact that the 

nigrostriatal dopamine pathway, projecting into the caudate and putamen, is estimated to traffic 80% 

of the dopamine pool in brain.240 

Taurine was found with significantly lower abundance in CD than in the cortical regions (Figure 

2.19). This amino acid, besides serving the role of an inhibitory neurotransmitter in brain, fulfills other 

roles, such as stabilization of cell membranes, regulation of calcium ions transport, and 

neuroprotection.241,242 Although taurine release has been postulated to negatively correlate to the 

concentration of dopamine,243 it must be emphasized that one of the intrinsic limitations of the 

untargeted metabolomic profiling approach is its relatively-quantitative character, meaning that the 

abundances cannot be compared between metabolites, as they do not represent absolute concentration 

but merely an instrumental response.  
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Figure 2.19: Neurochemicals with statistically significantly different abundance between any two brain regions. 

Left panel ï extracted ion chromatogram; Middle panel ï boxplots showing mean and range of all collected 

samples as well as difference across brain areas by means of unpaired, two-tailed t-test (* p<0.05; ** p<0.01; *** 

p<0.001 ****  p<0.0001); Right panel - relative change of compoundôs abundance across brain areas normalized 

to the signal intensity in PFC (except for homovanillic acid where data was normalized to the signal intensity in 

CD), each point represents mean and standard error of mean. 

 

 

The detection of multiple metabolites down the line of synthesis/biotransformation pathways of 

several neurochemicals emphasizes the importance of metabolite monitoring in order to obtain 

comprehensive information about the area-specific roles of neuromodulators. The presence and 

concentration of their metabolites may serve as supporting information in the instances where a 

neurochemical possesses several possible functions. The data interpretation should then focus on 

investigation of trends correlated between a neurochemical and its metabolites, rather than trends 

occurring for single neurochemical (this point was further elaborated on in discussion to Chapter 5).  

However, proper interpretation often requires comparison of the absolute brain concentrations and the 

semi-quantitative untargeted approach may aid inclusion of important metabolites into quantitative 

targeted protocols.  
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Figure 2.20: Neurochemicals with no significant abundance differences between any two brain regions. Left 

panel ï extracted ion chromatogram; Middle panel ï boxplots showing mean and range of all collected samples; 

Right panel - relative change of compoundôs abundance across brain areas normalized to the signal intensity in 

PFC, each point represents mean and standard error of mean. 

 

In the context of brain neurochemistry, it is equally important to monitor metabolites which exhibit 

differences between the tested conditions (behavioral, pathophysiological, time-course of a treatment, 
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or as in this example ï in different brain areas), as those which do not.244 However, the latter remains a 

manual task to date, as metabolomic studies are predominantly focused on comparing healthy vs. 

pathophysiologically changed specimens, with the goal of discovering biomarkers of the change.30,245 

Additionally, the immense reliability of the list of non-altered metabolites on unambiguous feature 

identification contributes to the challenge of this approach.  

Amongst the compounds exhibiting no relative change in abundance across all sampled brain 

regions, glutamine and GABA were found, with relatively low variability of measured signal (Figure 

2.20). Both these compounds, together with the glutamate quantified in the targeted portion of this 

study, belong to the common pathway where glutamine serves as a precursor of glutamate and GABA 

de novo synthesis in neurons.246 Glutamine is also a product of glutamate degradation, which takes 

place in astrocytes after considerable amount of glutamate is shuttled there after its release.247  

Several fatty acids and lipids (specifically, phosphatidylethanolamines (PE) belonging to the 

glycerophospholipid subclass) were found with varying abundances across the sampled brain regions 

(Figure 2.20). The extent of this variability, generally larger than for the discussed above 

neurochemicals and their metabolites, points out that the area-specific diversity of lipids in brain reflects 

the plethora of distinct compounds belonging to a single subclass and their multiple functions.248 These 

include formation of the lipid bilayer, being precursors for second messengers, and constituting an 

energetic reserve.245 Unlike neurotransmitters, which are bound to operating within certain 

concentration ranges for proper brain function, and due to their structural function, the expected or 

acceptable concentration variability for lipids is largely unknown. Yet, alterations of specific lipid 

species and their distributions have been investigated as linked to several major neurodegenerative 

brain disorders, such as Alzheimerôs and ALS.249,248 Due to the lack of systematic and fundamental 

studies so far, the availability of brain phospholipids for isolation by in vivo SPME and the possibility 

of their quantitation remains unexplored, while the feasibility to quantify endocannabinoids250 and 
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oxylipins251 has already been demonstrated. This gap in systematic studies contributes to the fact that 

conclusions about the lipids found in brain via SPME are somewhat vague and speculative. With the 

future studies aimed at closing this gap, the prospects of measuring changes in eicosanoids and 

glycerophospholipids alongside neurotransmitters are especially meaningful given the role of the first 

in neuroinflammation252 and neuroprotection253 and the latter being postulated to modulate 

neurotransmittersô receptors in ways directly affecting neurotransmission.254 
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Figure 2.21: Hydrophobic compounds with statistically significantly different abundance between any two brain 

regions. Left panel ï extracted ion chromatogram; Middle panel ï boxplots showing mean and range of all 

collected samples as well as difference across brain areas by means of unpaired, two-tailed t-test (* p<0.05; ** 

p<0.01; *** p<0.001 **** p<0.0001); Right panel - relative change of compoundôs abundance across brain areas 

normalized to the signal intensity in PFC, each point represents mean and standard error of mean. 

 

 






















































































































































































































































































