
THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

 

Quantitative chemical imaging to 

study content release from single 

nanovesicles 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

© Tho Nguyen 2023 

Duc.khanh.tho.nguyen@gu.se 

 

ISBN 978-91-8069-549-7 (PRINT)  

ISBN 978-91-8069-550-3 (PDF) 

Available online at http://hdl.handle.net/2077/79036 

 

 

Department of Chemistry and Molecular Biology 

University of Gothenburg 

SE-405 30 Göteborg, Sweden 

 

Printed in Borås, Sweden 2023 

Printed by Stema Specialtryck AB 

http://hdl.handle.net/2077/79036


Abstract 



 



Sammanfattning på svenska 



 



List of papers  

I. Localization and Absolute Quantification of Dopamine in 

Discrete Intravesicular Compartments Using NanoSIMS 

Imaging. 

Stefania Rabasco, Tho D. K. Nguyen, Chaoyi Gu, Michael E. 

Kurczy, Nhu T. N. Phan, and Andrew G. Ewing. International 

Journal of Molecular Sciences. 2022, 23(1), 160.  

Participated in designing experiments related to TEM and 

NanoSIMS. Participated in performing the sample preparation for 

TEM and NanoSIMS. Participated in data discussion and editing 

the manuscript with the other authors. 

II. Visualization of Partial Exocytotic Content Release and 

Chemical Transport into Nanovesicles in Cells. 

Tho D. K. Nguyen, Lisa Mellander, Alicia Lork, Aurélien 

Thomen, Mai Philipsen, Michael E. Kurczy, Nhu T.N. Phan, and 

Andrew G. Ewing. ACS Nano. 2022. 16 (3), 4831-4842. 

Led the project. Designed and performed experiments related to 

NanoSIMS and single cell amperometry as well as analyzed and 

interpreted the data. Participated in data discussion. Outlined and 

wrote the first draft of the paper. Edited the manuscript with the 

other authors. 



III. Quantitative Nanoscale Secondary Ion Mass Spectrometry 

(NanoSIMS) Imaging of Individual Vesicles to Investigate the 

Relation between Fraction of Chemical Release and Vesicle 

Size. 

Tho D.K. Nguyenψ, Stefania Rabascoψ, Alicia A. Lork, Andre Du 

Toit and Andrew G. Ewing. Angewandte Chemie. 2023, 62(28), 

e202304098. 

Led the project. Participated in designing and performing 

experiments related to TEM, NanoSIMS, transfection and 

confocal imaging. Participated in data analysis and interpretation. 

Participated in data discussion. Outlined and wrote the first draft 

of the paper with SR. Edited the manuscript with the other authors. 

IV. Dynamic Visualization and Quantification of Single Vesicle 

Opening and Content by Coupling Vesicle Impact 

Electrochemical Cytometry with Confocal Microscopy. 

Ying-Ning Zheng, Tho D. K. Nguyen, Johan Dunevall, Nhu T. N. 

Phan, and Andrew G. Ewing. ACS Measurement Science Au. 2021. 

1 (3), 131-138. 

Participated in designing and microfabricating the multi electrode 

array. Participated in designing and performing experiments 

related to VIEC coupled with confocal imaging. Participated in 

data analysis. Participated in data discussion and editing the 

manuscript with the other authors. 

ψ



Papers not included in the thesis   

ψ ψ

ψ ψ ψ ψ



CONTENTS 

 

  

  

  

  

  

  

  

 

  

  

  

  

  

  

 

  

  

  

  

  

  

  

  

  

  

  

 

 



 

 

 

 



Abbreviations 

β

Α



 





Chapter 1. Cellular communication 

 

 



 





 



 





γ

 s

 

 



 



 

α

β



β β β β

α

α

 

β





β



 



 



Chapter 2. Exocytosis 

 









 





α–

α



 







 



 





 





Chapter 3. Methods 

 

 



 







α





 







 









 



δ

δ𝑋 ‰ =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑋

𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑋  × 1000 − 1000

 

 





𝛿 𝐶13
  ‰ =

𝐶−13

𝐶−12⁄

𝐶𝑉𝑃𝐷𝐵
13  × 1000 − 1000

[ 𝐶 𝑑𝑜𝑝𝑎𝑚𝑖𝑛𝑒13 ](𝑀) =
(𝛿 𝐶13

𝑅𝑂𝐼 − 𝛿 𝐶13
𝑐𝑜𝑛𝑡𝑟𝑜𝑙 )

1000
×

𝐶13
𝑉𝑃𝐷𝐵 × 54𝑀

𝑁 𝐶13

δ

δ





 

λ

λ



 





 



 

 







 



 





β



β





 







 



 

𝑂𝑥 + 𝑛𝑒− ↔ 𝑅𝑒𝑑



 

 



𝑁 =
𝑄

𝑛𝐹





 





Chapter 4. Summary of papers 

δ





Chapter 5. Concluding remarks & future outlook 





Acknowledgments 



 

Cảm ơn mẹ rất 

nhiều!  



References 

(1) Armingol, E.; Officer, A.; Harismendy, O.; et al. Deciphering Cell–Cell Interactions 

and Communication from Gene Expression. Nat. Rev. Genet. 2021, 22, 71–88. 

(2) Rudnick, G.; Clark, J. From Synapse to Vesicle: The Reuptake and Storage of Biogenic 

Amine  Neurotransmitters. Biochim. Biophys. Acta 1993, 1144, 249–263. 

(3) Wong, D. L. Epinephrine Biosynthesis: Hormonal and Neural Control During Stress. 

Cell. Mol. Neurobiol. 2006, 26, 889–898. 

(4) Axelrod, J.; Reisine, T. D. Stress Hormones: Their Interaction and Regulation. Science 

1984, 224, 452–459. 

(5) Byrne, C. J.; Khurana, S.; Kumar, A.; et al. Inflammatory Signaling in Hypertension: 

Regulation of Adrenal Catecholamine Biosynthesis. Front. Endocrinol. (Lausanne). 

2018, 9, 1–25. 

(6) Newton, A. C.; Bootman, M. D.; Scott, J. D. Second Messengers. Cold Spring Harb. 

Perspect. Biol. 2016, 8. 

(7) García, A. G.; García-De-Diego, A. M.; Gandía, L.; et al. Calcium Signaling and 

Exocytosis in Adrenal Chromaffin Cells. Physiol. Rev. 2006, 86, 1093–1131. 

(8) Neher, E.; Sakaba, T. Multiple Roles of Calcium Ions in the Regulation of 

Neurotransmitter Release. Neuron 2008, 59, 861–872. 

(9) Kandel, E. R.; Schwartz, J. H.; Jessell, T. M.; et al. Principles of Neural Science; 5th 

ed.; McGraw-hill New York, 2013; Vol. 4. 

(10) Mahata, S. K.; Corti, A. Chromogranin a and Its Fragments in Cardiovascular, 

Immunometabolic, and Cancer Regulation. Ann. N. Y. Acad. Sci. 2019, 1455, 34–58. 

(11) Rienecker, K. D. A.; Poston, R. G.; Saha, R. N. Merits and Limitations of Studying 

Neuronal Depolarization-Dependent Processes Using Elevated External Potassium. 

ASN Neuro 2020, 12, 1–17. 

(12) Purves D, Augustine GJ, Fitzpatrick D,  et al. What Defines a Neurotransmitter? In 

Neuroscience; Sunderland (MA): Sinauer Associates, 2001. 

(13) Esplugues, J. V. NO as a Signalling Molecule in the Nervous System. Br. J. Pharmacol. 

2002, 135, 1079–1095. 

(14) Paul, B. D.; Snyder, S. H. H2S: A Novel Gasotransmitter That Signals by 

Sulfhydration. Trends Biochem. Sci. 2015, 40, 687–700. 

(15) Purves D, Augustine GJ, Fitzpatrick D,  et al. Chapter 6, Neurotransmitters. In 

Neuroscience.; Sunderland (MA): Sinauer Associates, 2001. 

(16) Purves D, Augustine GJ, Fitzpatrick D, et al., E. Two Major Categories of 

Neurotransmitters. In Neuroscience; Sunderland (MA): Sinauer Associates, 2001. 

(17) Hyman, S. E. Neurotransmitters. Curr. Biol. 2005, 15, 154–158. 

(18) Luykx, J. J.; Laban, K. G.; van den Heuvel, M. P.; et al. Region and State Specific 

Glutamate Downregulation in Major Depressive Disorder: A Meta-Analysis of 1H-

MRS Findings. Neurosci. Biobehav. Rev. 2012, 36, 198–205. 

(19) Pehrson, A. L.; Sanchez, C. Altered γ-Aminobutyric Acid Neurotransmission in Major 

Depressive Disorder: A  Critical Review of the Supporting Evidence and the Influence 

of Serotonergic Antidepressants. Drug Des. Devel. Ther. 2015, 9, 603–624. 

(20) Conio, B.; Martino, M.; Magioncalda, P.; et al. Opposite Effects of Dopamine and 

Serotonin on Resting-State Networks: Review and Implications for Psychiatric 

Disorders. Mol. Psychiatry 2020, 25, 82–93. 

(21) Hamon, M.; Blier, P. Monoamine Neurocircuitry in Depression and Strategies for New 

Treatments. Prog. Neuro-Psychopharmacology Biol. Psychiatry 2013, 45, 54–63. 

(22) Lyon, G. J.; Abi-Dargham, A.; Moore, H.; et al. Presynaptic Regulation of Dopamine 

Transmission in Schizophrenia. Schizophr. Bull. 2011, 37, 108–117. 

(23) Nutt, D. J.; Lingford-Hughes, A.; Erritzoe, D.; et al. The Dopamine Theory of 



Addiction: 40 Years of Highs and Lows. Nat. Rev. Neurosci. 2015, 16, 305–312. 

(24) Triarhou, L. C. Dopamine and Parkinson’s Disease. In Madame Curie Bioscience 

Database; Landes Bioscience, 2013. 

(25) Blum, K.; Chen, A. L.-C.; Braverman, E. R.; et al. Attention-Deficit-Hyperactivity 

Disorder and Reward Deficiency Syndrome. Neuropsychiatr. Dis. Treat. 2008, 4, 893–

918. 

(26) Cepeda, C.; Murphy, K. P. S.; Parent, M.; et al. The Role of Dopamine in Huntington’s 

Disease. Prog. Brain Res. 2014, 211, 235–254. 

(27) Kumar, A.; Nisha, C. M.; Silakari, C.; et al. Current and Novel Therapeutic Molecules 

and Targets in Alzheimer’s Disease. J. Formos. Med. Assoc. 2016, 115, 3–10. 

(28) Brichta, L.; Greengard, P.; Flajolet, M. Advances in the Pharmacological Treatment of 

Parkinson’s Disease: Targeting Neurotransmitter Systems. Trends Neurosci. 2013, 36, 

543–554. 

(29) Seidah, N. G.; Chrétien, M. Proprotein and Prohormone Convertases: A Family of 

Subtilases Generating Diverse Bioactive Polypeptides. Brain Res. 1999, 848, 45–62. 

(30) Mains, R. E.; Cullen, E. I.; May, V.; et al. The Role of Secretory Granules in Peptide 

Biosynthesis. Ann. N. Y. Acad. Sci. 1987, 493, 278–291. 

(31) Hökfelt, T.; Barde, S.; Xu, Z.-Q. D.; et al. Neuropeptide and Small Transmitter 

Coexistence: Fundamental Studies and Relevance to Mental Illness. Frontiers in 

Neural Circuits, 2018, 12. 

(32) Strand, F. L. Neuropeptides: Regulators of Physiological Processes; MIT press, 1999. 

(33) Gorman, B. L.; Brunet, M. A.; Pham, S. N.; et al. Measurement of Absolute 

Concentration at the Subcellular Scale. ACS Nano 2020, 14, 6414–6419. 

(34) Takiyyuddin, M. A.; Brown, M. R.; Dinh, T. Q.; et al. Sympatho‐adrenal Secretion in 

Humans: Factors Governing Catecholamine and Storage Vesicle Peptide Co‐release. J. 

Auton. Pharmacol. 1994, 14, 187–200. 

(35) Merten, N.; Beck-Sickinger, A. G. Molecular Ligand-Receptor Interaction of the 

NPY/PP Peptide Family. NPY Fam. Pept. Neurobiol. Cardiovasc. Metab. Disord. from 

Genes to Ther. 2006, 95, 35–62. 

(36) Renshaw, D.; Thomson, L. M.; Carroll, M.; et al. Actions of Neuropeptide Y on the 

Rat Adrenal Cortex. Endocrinology 2000, 141, 169–173. 

(37) Shimoda, K.; Shen, G. H.; Pfeiffer, R. F.; et al. Antiserum against Neuropeptide Y 

Enhances the Nicotine-Mediated Release of Catecholamines from Cultured Rat 

Adrenal Chromaffin Cells. Neurochem. Int. 1993, 23, 71–77. 

(38) Higuchi, H.; Costa, E.; Yang, H. Y. Neuropeptide Y Inhibits the Nicotine-Mediated 

Release of Catecholamines from Bovine Adrenal Chromaffin Cells. J. Pharmacol. Exp. 

Ther. 1988, 244, 468–474. 

(39) Carlsson, A. A Paradigm Shift in Brain Research. Science (80-. ). 2001, 294, 1021–

1024. 

(40) Bromberg-Martin, E. S.; Matsumoto, M.; Hikosaka, O. Dopamine in Motivational 

Control: Rewarding, Aversive, and Alerting. Neuron 2010, 68, 815–834. 

(41) Gepshtein, S.; Li, X.; Snider, J.; et al. Dopamine Function and the Efficiency of Human 

Movement. J. Cogn. Neurosci. 2014, 26, 645–657. 

(42) Cavallotti, C.; Mancone, M.; Bruzzone, P.; et al. Dopamine Receptor Subtypes in the 

Native Human Heart. Heart Vessels 2010, 25, 432–437. 

(43) Ozono, R.; O’Connell, D. P.; Wang, Z. Q.; et al. Localization of the Dopamine D1 

Receptor Protein in the Human Heart and Kidney. Hypertension 1997, 30, 725–729. 

(44) Martel, J. C.; Gatti McArthur, S. Dopamine Receptor Subtypes, Physiology and 

Pharmacology: New Ligands and Concepts in Schizophrenia. Front. Pharmacol. 2020, 

11. 

(45) Mishra, A.; Singh, S.; Shukla, S. Physiological and Functional Basis of Dopamine 

Receptors and Their Role in Neurogenesis: Possible Implication for Parkinson’s 



Disease. J. Exp. Neurosci. 2018, 12. 

(46) Feher, J. Cells, Synapses, and Neurotransmitters. In Quantitative Human Physiology 

(Second Edition); Academic Press: Boston, 2012; pp. 375–388. 

(47) Archer, M.; Dogra, N.; Dovey, Z.; et al. Role of α- and β-Adrenergic Signaling in 

Phenotypic Targeting: Significance in Benign and Malignant Urologic Disease. Cell 

Commun. Signal. 2021, 19, 78. 

(48) Taegtmeyer, H.; Ganim, J.; Leuppi-Taegtmeyer, A. B. Hermann (“Hugh”) Blaschko 

(1900–1993): Father of Catecholamine Metabolism. Cardiology 2023, 148, 93–97. 

(49) Sandler, M.; Ruthven, C. R. J. The Biosynthesis and Metabolism of the 

Catecholamines. Prog. Med. Chem. 1969, 6, 200–265. 

(50) Anderson, D. J.; Michelsohn, A. Role of Glucocorticoids in the Chromaffin‐neuron 

Developmental Decision. Int. J. Dev. Neurosci. 1989, 7, 475–483. 

(51) Berends, A. M. A.; Eisenhofer, G.; Fishbein, L.; et al. Intricacies of the Molecular 

Machinery of Catecholamine Biosynthesis and Secretion by Chromaffin Cells of the 

Normal Adrenal Medulla and in Pheochromocytoma and Paraganglioma. Cancers 

(Basel). 2019, 11, 1121. 

(52) Loizou, L. A. Effect of Inhibition of Catecholamine Synthesis on Central  

Catecholamine-Containing Neurones in the Developing Albino Rat. Br. J. Pharmacol. 

1971, 41, 41–48. 

(53) Christenson, J. G.; Dairman, W.; Udenfriend, S. Preparation and Properties of a 

Homogeneous Aromatic L-Amino Acid Decarboxylase  from Hog Kidney. Arch. 

Biochem. Biophys. 1970, 141, 356–367. 

(54) Vendelboe, T. V; Harris, P.; Zhao, Y.; et al. The Crystal Structure of Human Dopamine 

β-Hydroxylase at 2.9 Å Resolution. Sci. Adv. 2016, 2, e1500980. 

(55) Terland, O.; Flatmark, T. Ascorbate as a Natural Constituent of Chromaffin Granules 

from the Bovine Adrenal Medulla. FEBS Lett. 1975, 59, 52–56. 

(56) Zuckerman-Levin, N.; Tiosano, D.; Eisenhofer, G.; et al. The Importance of 

Adrenocortical Glucocorticoids for Adrenomedullary and Physiological Response to 

Stress: A Study in Isolated Glucocorticoid Deficiency. J. Clin. Endocrinol. Metab. 

2001, 86, 5920–5924. 

(57) Kalaria, R. N.; Mitchell, M. J.; Harik, S. I. Monoamine Oxidases of the Human Brain 

and Liver. Brain 1988, 111, 1441–1451. 

(58) Cesura, A. M. Monoamine Oxidases. xPharm Compr. Pharmacol. Ref. 2007, 1–5. 

(59) Chen, J.; Lipska, B. K.; Halim, N.; et al. Functional Analysis of Genetic Variation in 

Catechol-O-Methyltransferase (COMT):  Effects on MRNA, Protein, and Enzyme 

Activity in Postmortem Human Brain. Am. J. Hum. Genet. 2004, 75, 807–821. 

(60) Tenhunen, J.; Salminen, M.; Jalanko, A.; et al. Structure of the Rat Catechol-O-

Methyltransferase Gene: Separate Promoters Are  Used to Produce MRNAs for Soluble 

and Membrane-Bound Forms of the Enzyme. DNA Cell Biol. 1993, 12, 253–263. 

(61) Kopin, I. J. Catecholamine Metabolism: Basic Aspects and Clinical Significance. 

Pharmacol. Rev. 1985, 37, 333–364. 

(62) Qu, L.; Akbergenova, Y.; Hu, Y.; et al. Synapse-to-Synapse Variation in Mean 

Synaptic Vesicle Size and Its Relationship  with Synaptic Morphology and Function. 

J. Comp. Neurol. 2009, 514, 343–352. 

(63) Jahn, R.; Südhof, T. C. Synaptic Vesicle Traffic: Rush Hour in the Nerve Terminal. J. 

Neurochem. 1993, 61, 12–21. 

(64) Schikorski, T.; Stevens, C. F. Quantitative Ultrastructural Analysis of Hippocampal 

Excitatory Synapses. J. Neurosci.  Off. J. Soc.  Neurosci. 1997, 17, 5858–5867. 

(65) Dean, P. M. Ultrastructural Morphometry of the Pancreatic β-Cell. Diabetologia 1973, 

9, 115–119. 

(66) Jia, X. X.; Gorczyca, M.; Budnik, V. Ultrastructure of Neuromuscular Junctions in 

Drosophila: Comparison of Wild Type  and Mutants with Increased Excitability. J. 



Neurobiol. 1993, 24, 1025–1044. 

(67) Plattner, H.; Artalejo, A. R.; Neher, E. Ultrastructural Organization of Bovine 

Chromaffin Cell Cortex-Analysis by  Cryofixation and Morphometry of Aspects 

Pertinent to Exocytosis. J. Cell Biol. 1997, 139, 1709–1717. 

(68) Kim, T.; Tao-Cheng, J.-H.; Eiden, L. E.; et al. Chromogranin A, an “On/Off” Switch 

Controlling Dense-Core Secretory Granule Biogenesis. Cell 2001, 106, 499–509. 

(69) Maneu, V.; Borges, R.; Gandía, L.; et al. Forty Years of the Adrenal Chromaffin Cell 

through ISCCB Meetings around the World. Pflugers Arch. Eur. J. Physiol. 2023, 475, 

667–690. 

(70) Patzak, A.; Winkler, H. Exocytotic Exposure and Recycling of Membrane Antigens of 

Chromaffin Granules:  Ultrastructural Evaluation after Immunolabeling. J. Cell Biol. 

1986, 102, 510–515. 

(71) Dembla, E.; Becherer, U. Biogenesis of Large Dense Core Vesicles in Mouse 

Chromaffin Cells. Traffic 2021, 22, 78–93. 

(72) Estevez-Herrera, J.; Pardo, M. R.; Dominguez, N.; et al. The Role of Chromogranins 

in the Secretory Pathway. Biomol. Concepts 2013, 4, 605–609. 

(73) Rudolf, R.; Salm, T.; Rustom, A.; et al. Dynamics of Immature Secretory Granules: 

Role of Cytoskeletal Elements during Transport, Cortical Restriction, and F-Actin-

Dependent Tethering. Mol. Biol. Cell 2001, 12, 1353–1365. 

(74) Takamori, S.; Holt, M.; Stenius, K.; et al. Molecular Anatomy of a Trafficking 

Organelle. Cell 2006, 127, 831–846. 

(75) Viveros, O. H.; Wilson, S. P. The Adrenal Chromaffin Cell as a Model to Study the 

Co-Secretion of Enkephalins and Catecholamines. J. Auton. Nerv. Syst. 1983, 7, 41–

58. 

(76) Dominguez, N.; Estevez-Herrera, J.; Borges, R.; et al. The Interaction between 

Chromogranin A and Catecholamines Governs Exocytosis. FASEB J. 2014, 28, 4657–

4667. 

(77) He, X.; Ewing, A. G. Simultaneous Counting of Molecules in the Halo and Dense-Core 

of Nanovesicles by  Regulating Dynamics of Vesicle Opening. Angew. Chem. Int. Ed. 

Engl. 2022, 61, e202116217. 

(78) Rabasco, S.; Nguyen, T. D. K.; Gu, C.; et al. Localization and Absolute Quantification 

of Dopamine in Discrete Intravesicular Compartments Using NanoSIMS Imaging. Int. 

J. Mol. Sci. 2022, 23, 160. 

(79) Dunevall, J.; Fathali, H.; Najafinobar, N.; et al. Characterizing the Catecholamine 

Content of Single Mammalian Vesicles by Collision–Adsorption Events at an 

Electrode. J. Am. Chem. Soc. 2015, 137, 4344–4346. 

(80) Winkler, H.; Westhead, E. The Molecular Organization of Adrenal Chromaffin 

Granules. Neuroscience 1980, 5, 1803–1823. 

(81) Santodomingo, J.; Vay, L.; Camacho, M.; et al. Calcium Dynamics in Bovine Adrenal 

Medulla Chromaffin Cell Secretory Granules. Eur. J. Neurosci. 2008, 28, 1265–1274. 

(82) Videen, J. S.; Mezger, M. S.; Chang, Y. M.; et al. Calcium and Catecholamine 

Interactions with Adrenal Chromogranins. Comparison of Driving Forces in Binding 

and Aggregation. J. Biol. Chem. 1992, 267, 3066–3073. 

(83) Yoo, S. H.; Albanesi, J. P.; Jameson, D. M. Fluorescence Studies of Nucleotide 

Interactions with Bovine Adrenal Chromogranin  A. Biochim. Biophys. Acta 1990, 

1040, 66–70. 

(84) Kopell, W. N.; Westhead, E. W. Osmotic Pressures of Solutions of ATP and 

Catecholamines Relating to Storage in  Chromaffin Granules. J. Biol. Chem. 1982, 257, 

5707–5710. 

(85) Helle, K. B.; Reed, R. K.; Pihl, K. E.; et al. Osmotic Properties of the Chromogranins 

and Relation to Osmotic Pressure in Catecholamine Storage Granules. Acta Physiol. 

Scand. 1985, 123, 21–33. 



(86) Camacho, M.; Machado, J. D.; Alvarez, J.; et al. Intravesicular Calcium Release 

Mediates the Motion and Exocytosis of Secretory Organelles: A Study with Adrenal 

Chromaffin Cells. J. Biol. Chem. 2008, 283, 22383–22389. 

(87) Mundorf, M. L.; Troyer, K. P.; Hochstetler, S. E.; et al. Vesicular Ca2+ Participates in 

the Catalysis of Exocytosis. J. Biol. Chem. 2000, 275, 9136–9142. 

(88) Forgac, M. Vacuolar ATPases: Rotary Proton Pumps in Physiology and 

Pathophysiology. Nat. Rev. Mol. Cell Biol. 2007, 8, 917–929. 

(89) Taupenot, L.; Harper, K. L.; O’Connor, D. T. Role of H+-ATPase-Mediated 

Acidification in Sorting and Release of the Regulated Secretory Protein Chromogranin 

A: Evidence for a Vesiculogenic Function. J. Biol. Chem. 2005, 280, 3885–3897. 

(90) Wimalasena, K. Vesicular Monoamine Transporters: Structure-Function, 

Pharmacology, and Medicinal  Chemistry. Med. Res. Rev. 2011, 31, 483–519. 

(91) Moriyama, Y.; Hiasa, M.; Sakamoto, S.; et al. Vesicular Nucleotide Transporter 

(VNUT): Appearance of an Actress on the Stage of  Purinergic Signaling. Purinergic 

Signal. 2017, 13, 387–404. 

(92) Brady, S. T. Molecular Motors in the Nervous System. Neuron 1991, 7, 521–533. 

(93) Sweeney, H. L.; Holzbaur, E. L. F. Motor Proteins. Cold Spring Harb. Perspect. Biol. 

2018, 10. 

(94) Bi, G. Q.; Morris, R. L.; Liao, G.; et al. Kinesin- and Myosin-Driven Steps of Vesicle 

Recruitment for Ca2+-Regulated  Exocytosis. J. Cell Biol. 1997, 138, 999–1008. 

(95) Doreian, B. W.; Fulop, T. G.; Smith, C. B. Myosin II Activation and Actin 

Reorganization Regulate the Mode of Quantal  Exocytosis in Mouse Adrenal 

Chromaffin Cells. J. Neurosci.  Off. J. Soc.  Neurosci. 2008, 28, 4470–4478. 

(96) Trouillon, R.; Ewing, A. G. Actin Controls the Vesicular Fraction of Dopamine 

Released During Extended Kiss and Run Exocytosis. ACS Chem. Biol. 2014, 9, 812–

820. 

(97) Lang, T.; Wacker, I.; Wunderlich, I.; et al. Role of Actin Cortex in the 

Subplasmalemmal Transport of Secretory Granules in  PC-12 Cells. Biophys. J. 2000, 

78, 2863–2877. 

(98) Felmy, F. Modulation of Cargo Release from Dense Core Granules by Size and Actin 

Network. Traffic 2007, 8, 983–997. 

(99) Jahn, R.; Fasshauer, D. Molecular Machines Governing Exocytosis of Synaptic 

Vesicles. Nature 2012, 490, 201–207. 

(100) Südhof, T. C. Neurotransmitter Release: The Last Millisecond in the Life of a Synaptic 

Vesicle. Neuron 2013, 80, 675–690. 

(101) Verhage, M.; Sørensen, J. B. Vesicle Docking in Regulated Exocytosis. Traffic 2008, 

9, 1414–1424. 

(102) Klenchin, V. A.; Martin, T. F. Priming in Exocytosis: Attaining Fusion-Competence 

after Vesicle Docking. Biochimie 2000, 82, 399–407. 

(103) Südhof, T. C.; Rothman, J. E. Membrane Fusion: Grappling with SNARE and SM 

Proteins. Science 2009, 323, 474–477. 

(104) Sutton, R. B.; Fasshauer, D.; Jahn, R.; et al. Crystal Structure of a SNARE Complex 

Involved in Synaptic Exocytosis at 2.4 A  Resolution. Nature 1998, 395, 347–353. 

(105) Burkhardt, P.; Hattendorf, D. A.; Weis, W. I.; et al. Munc18a Controls SNARE 

Assembly through Its Interaction with the Syntaxin  N-Peptide. EMBO J. 2008, 27, 

923–933. 

(106) Maximov, A.; Tang, J.; Yang, X.; et al. Complexin Controls the Force Transfer from 

SNARE Complexes to Membranes in  Fusion. Science 2009, 323, 516–521. 

(107) Reim, K.; Mansour, M.; Varoqueaux, F.; et al. Complexins Regulate a Late Step in 

Ca2+-Dependent Neurotransmitter Release. Cell 2001, 104, 71–81. 

(108) Martens, S.; Kozlov, M. M.; McMahon, H. T. How Synaptotagmin Promotes 

Membrane Fusion. Science (80-. ). 2007, 316, 1205–1208. 



(109) Lynch, K. L.; Gerona, R. R. L.; Kielar, D. M.; et al. Synaptotagmin-1 Utilizes 

Membrane Bending and SNARE Binding to Drive Fusion Pore  Expansion. Mol. Biol. 

Cell 2008, 19, 5093–5103. 

(110) Anantharam, A.; Axelrod, D.; Holz, R. W. Real-Time Imaging of Plasma Membrane 

Deformations Reveals Pre-Fusion Membrane Curvature Changes and a Role for 

Dynamin in the Regulation of Fusion Pore Expansion. J. Neurochem. 2012, 122, 661. 

(111) Wu, Q.; Zhang, Q.; Liu, B.; et al. Dynamin 1 Restrains Vesicular Release to a 

Subquantal Mode In Mammalian Adrenal Chromaffin Cells. J. Neurosci. 2019, 39, 199 

LP – 211. 

(112) Amatore, C.; Arbault, S.; Bouret, Y.; et al. Regulation of Exocytosis in Chromaffin 

Cells by Trans-Insertion of Lysophosphatidylcholine and Arachidonic Acid into the 

Outer Leaflet of the Cell Membrane. ChemBioChem 2006, 7, 1998. 

(113) Aref, M.; Ranjbari, E.; Romiani, A.; et al. Intracellular Injection of Phospholipids 

Directly Alters Exocytosis and the Fraction of Chemical Release in Chromaffin Cells 

as Measured by Nano-Electrochemistry. Chem. Sci. 2020, 11, 11869–11876. 

(114) Lanekoff, I.; Sjövall, P.; Ewing, A. G. Relative Quantification of Phospholipid 

Accumulation in the PC12 Cell Plasma Membrane Following Phospholipid Incubation 

Using TOF-SIMS Imaging. Anal. Chem. 2011, 83, 5337–5343. 

(115) Darios, F.; Connell, E.; Davletov, B. Phospholipases and Fatty Acid Signalling in 

Exocytosis. J. Physiol. 2007, 585, 699–704. 

(116) May, A. P.; Whiteheart, S. W.; Weis, W. I. Unraveling the Mechanism of the Vesicle 

Transport ATPase NSF, the N-Ethylmaleimide-Sensitive Factor. J. Biol. Chem. 2001, 

276, 21991–21994. 

(117) Fatt, P.; Katz, B. Spontaneous Subthreshold Activity at Motor Nerve Endings. J. 

Physiol. 1952, 117, 109. 

(118) Del Castillo, J Katz, B. Quantal Components of the End-Plate Potential. J. Physiol. 

1954, 124, 560–573. 

(119) Ceccarelli, B.; Hurlbut, W. P.; Mauro, A. Turnover of Transmitter and Synaptic 

Vesicles at the Frog Neuromuscular Junction. J. Cell Biol. 1973, 57, 499–524. 

(120) Fesce, R.; Grohovaz, F.; Valtorta, F.; et al. Neurotransmitter Release: Fusion or “Kiss-

and-Run”? Trends Cell Biol. 1994, 4, 1. 

(121) Harata, N. C.; Aravanis, A. M.; Tsien, R. W. Kiss-and-Run and Full-Collapse Fusion 

as Modes of Exo-Endocytosis in Neurosecretion. J. Neurochem. 2006, 97, 1546. 

(122) He, L.; Wu, L. G. The Debate on the Kiss-and-Run Fusion at Synapses. Trends 

Neurosci. 2007, 30, 447–455. 

(123) Stevens, C. F.; Williams, J. H. “Kiss and Run” Exocytosis at Hippocampal Synapses. 

Proc. Natl. Acad. Sci. 2000, 97, 12828–12833. 

(124) Ren, L.; Mellander, L. J.; Keighron, J.; et al. The Evidence for Open and Closed 

Exocytosis as the Primary Release Mechanism. Q. Rev. Biophys. 2016, 49, e12. 

(125) Obermüller, S.; Lindqvist, A.; Karanauskaite, J.; et al. Selective Nucleotide-Release 

from Dense-Core Granules in Insulin-Secreting Cells. J. Cell Sci. 2005, 118, 4271–

4282. 

(126) Oleinick, A.; Hu, R.; Ren, B.; et al. Theoretical Model of Neurotransmitter Release 

during In Vivo Vesicular Exocytosis Based on a Grainy Biphasic Nano-Structuration 

of Chromogranins within Dense Core Matrixes. J. Electrochem. Soc. 2015, 163, 3014–

3024. 

(127) Larsson, A.; Majdi, S.; Oleinick, A.; et al. Intracellular Electrochemical 

Nanomeasurements Reveal That Exocytosis of Molecules at Living Neurons Is 

Subquantal and Complex. Angew. Chemie Int. Ed. 2020, 59, 6711–6714. 

(128) Phan, N. T. N.; Li, X.; Ewing, A. G. Measuring Synaptic Vesicles Using Cellular 

Electrochemistry and Nanoscale Molecular Imaging. Nat. Rev. Chem. 2017, 1, 48. 

(129) Wang, Y.; Ewing, A. G. Electrochemical Quantification of Neurotransmitters in Single 



Live Cell Vesicles Shows Exocytosis Is Predominantly Partial. ChemBioChem 2020, 

22, 807–813. 

(130) Li, X.; Majdi, S.; Dunevall, J.; et al. Quantitative Measurement of Transmitters in 

Individual Vesicles in the Cytoplasm of Single Cells with Nanotip Electrodes. Angew. 

Chem. Int. Ed. Engl. 2015, 54, 11978–11982. 

(131) Li, X.; Dunevall, J.; Ewing, A. G. Quantitative Chemical Measurements of Vesicular 

Transmitters with Electrochemical Cytometry. Acc. Chem. Res. 2016, 49, 2347–2354. 

(132) Wightman, R. M.; Jankowski, J. A.; Kennedy, R. T.; et al. Temporally Resolved 

Catecholamine Spikes Correspond to Single Vesicle Release from Individual 

Chromaffin Cells. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 10754. 

(133) Chen, T. K.; Luo, G.; Ewing, A. G. Amperometric Monitoring of Stimulated 

Catecholamine Release from Rat Pheochromocytoma (PC12) Cells at the Zeptomole 

Level. Anal. Chem. 1994, 66, 3031–3035. 

(134) Gu, C.; Larsson, A.; Ewing, A. G. Plasticity in Exocytosis Revealed through the Effects 

of Repetitive Stimuli Affect the Content of Nanometer Vesicles and the Fraction of 

Transmitter Released. Proc. Natl. Acad. Sci. 2019, 116, 21409–21415. 

(135) Majdi, S.; Larsson, A.; Najafinobar, N.; et al. Extracellular ATP Regulates the 

Vesicular Pore Opening in Chromaffin Cells and Increases the Fraction Released 

During Individual Exocytosis Events. ACS Chem. Neurosci. 2019, 10, 2459–2466. 

(136) Wang, Y.; Gu, C.; Patel, B. A.; et al. Nano‐analysis Reveals High Fraction of Serotonin 

Release during Exocytosis from a Gut Epithelium Model Cell. Angew. Chemie 2021, 

60, 23552–23556. 

(137) Hatamie, A.; Ren, L.; Dou, H.; et al. Nanoscale Amperometry Reveals That Only a 

Fraction of Vesicular Serotonin Content Is Released During Exocytosis from Beta 

Cells. Angew. Chem. Int. Ed. Engl. 2021, 60, 7593–7596. 

(138) Nguyen, T. D. K.; Rabasco, S.; Lork, A. A.; et al. Quantitative Nanoscale Secondary 

Ion Mass Spectrometry (NanoSIMS) Imaging of Individual Vesicles to Investigate the 

Relation between Fraction of Chemical Release and Vesicle Size. Angew. Chemie Int. 

Ed. 2023, 62, e202304098. 

(139) Cans, A. S.; Hook, F.; Shupliakov, O.; et al. Measurement of the Dynamics of 

Exocytosis and Vesicle Retrieval at Cell Populations Using a Quartz Crystal 

Microbalance. Anal. Chem. 2001, 73, 5805. 

(140) Truckenbrodt, S.; Viplav, A.; Jähne, S.; et al. Newly Produced Synaptic Vesicle 

Proteins Are Preferentially Used in Synaptic Transmission. EMBO J. 2018, 37, e98044. 

(141) Amatore, C.; Oleinick, A. I.; Svir, I. Reconstruction of Aperture Functions during Full 

Fusion in Vesicular Exocytosis of Neurotransmitters. ChempPhysChem 2010, 11, 159. 

(142) Shin, W.; Arpino, G.; Thiyagarajan, S.; et al. Vesicle Shrinking and Enlargement Play 

Opposing Roles in the Release of Exocytotic Contents. Cell Rep. 2020, 30, 421–431. 

(143) Nguyen, T. D. K.; Mellander, L.; Lork, A.; et al. Visualization of Partial Exocytotic 

Content Release and Chemical Transport into Nanovesicles in Cells. ACS Nano 2022, 

16, 4831–4842. 

(144) Wierda, K. D. B.; Toonen, R. F. G.; de Wit, H.; et al. Interdependence of PKC-

Dependent and PKC-Independent Pathways for Presynaptic  Plasticity. Neuron 2007, 

54, 275–290. 

(145) Voets, T.; Toonen, R. F.; Brian, E. C.; et al. Munc18-1 Promotes Large Dense-Core 

Vesicle Docking. Neuron 2001, 31, 581–591. 

(146) Ñeco, P.; Giner, D.; Viniegra, S.; et al. New Roles of Myosin II during Vesicle 

Transport and Fusion in Chromaffin Cells. J. Biol. Chem. 2004, 279, 27450–27457. 

(147) Elhamdani, A.; Palfrey, H. C.; Artalejo, C. R. Quantal Size Is Dependent on Stimulation 

Frequency and Calcium Entry in Calf Chromaffin Cells. Neuron 2001, 31, 819. 

(148) Fulop, T.; Smith, C. Matching Native Electrical Stimulation by Graded Chemical 

Stimulation in Isolated  Mouse Adrenal Chromaffin Cells. J. Neurosci. Methods 2007, 



166, 195–202. 

(149) Ogata, T.; Ogata, A. Henle’s Reaction of the Chromaffin Cells in the Adrenals, and the 

Microscopic Test for Adrenalin. J. Exp. Med. 1917, 25, 807–817. 

(150) Coupland, R. E. The Natural History of the Chromaffin Cell Twenty-Five Years on the 

Beginning. Arch. Histol. Cytol. 1989, 52, 331–341. 

(151) von Rüden, L.; García, A. G.; López, M. G. The Mechanism of Ba2+‐induced 

Exocytosis from Single Chromaffin Cells. FEBS Lett. 1993, 336, 48–52. 

(152) Heldman, E.; Levine, M.; Raveh, L.; et al. Barium Ions Enter Chromaffin Cells via 

Voltage-Dependent Calcium Channels and  Induce Secretion by a Mechanism 

Independent of Calcium. J. Biol. Chem. 1989, 264, 7914–7920. 

(153) Tomsig, J. L.; Suszkiw, J. B. Metal Selectivity of Exocytosis in Alpha-Toxin-

Permeabilized Bovine Chromaffin  Cells. J. Neurochem. 1996, 66, 644–650. 

(154) Blaschko, H.; Welch, A. D. Localization of Adrenaline in Cytoplasmic Particles of the 

Bovine Adrenal Medulla. Naunyn. Schmiedebergs. Arch. Exp. Pathol. Pharmakol. 

1953, 219, 17–22. 

(155) Hillarp, N.-Å.; Lagerstedt, S.; Nilson, B. The Isolation of n Granular Fraction from the 

Suprarenal Medulla, Containing the Symyathomimetic Catechol Amines1. Acta 

Physiol. Scand. 1953, 29, 251–263. 

(156) Winkler, H.; Apps, D. K.; Fischer-Colbrie, R. The Molecular Function of Adrenal 

Chromaffin Granules: Established Facts and  Unresolved Topics. Neuroscience 1986, 

18, 261–290. 

(157) Albillos, A.; Dernick, G.; Horstmann, H.; et al. The Exocytotic Event in Chromaffin 

Cells Revealed by Patch Amperometry. Nature 1997, 389, 509. 

(158) Lovrić, J.; Malmberg, P.; Johansson, B. R.; et al. Multimodal Imaging of Chemically 

Fixed Cells in Preparation for NanoSIMS. Anal. Chem. 2016, 88, 8841–8848. 

(159) Westerink, R. H. S.; Ewing, A. G. The PC12 Cell as Model for Neurosecretion. Acta 

Physiol. 2008, 192, 273. 

(160) Greene, L. A.; Tischler, A. S. Establishment of a Noradrenergic Clonal Line of Rat 

Adrenal Pheochromocytoma Cells Which Respond to Nerve Growth Factor. Proc. 

Natl. Acad. Sci. U. S. A. 1976, 73, 2424–2428. 

(161) Mingorance-Le Meur, A.; Mohebiany, A. N.; O’Connor, T. P. Varicones and Growth 

Cones: Two Neurite Terminals in PC12 Cells. PLoS One 2009, 4, e4334. 

(162) Coupland, R. E. Electron Microscopic Observations on the Structure of the Rat Adrenal 

Medulla. J. Anat. 1965, 99, 231–254. 

(163) Colliver, T. L.; Pyott, S. J.; Achalabun, M.; et al. VMAT-Mediated Changes in Quantal 

Size and Vesicular Volume. J. Neurosci. 2000, 20, 5276. 

(164) Zerby, S. E.; Ewing, A. G. The Latency of Exocytosis Varies with the Mechanism of 

Stimulated Release in PC12  Cells. J. Neurochem. 1996, 66, 651–657. 

(165) Vaysse, P.-M.; Heeren, R. M. A.; Porta, T.; et al. Mass Spectrometry Imaging for 

Clinical Research – Latest Developments, Applications, and Current Limitations. 

Analyst 2017, 142, 2690–2712. 

(166) Wang, T.; Cheng, X.; Xu, H.; et al. Perspective on Advances in Laser-Based High-

Resolution Mass Spectrometry Imaging. Anal. Chem. 2020, 92, 543–553. 

(167) Castain, R.; Slodzian, G. Optique Corpusculaire—Premiers Essais de Microanalyse Par 

Emission Ionique Secondaire. Comptes Rendus Hebd. Des Seances L Acad. Des Sci. 

1962, 255, 1893–1895. 

(168) Liebl, H. Ion Microprobe Mass Analyzer. J. Appl. Phys. 2004, 38, 5277–5283. 

(169) Liebl, H. J.; Herzog, R. F. K. Sputtering Ion Source for Solids. J. Appl. Phys. 1963, 34, 

2893–2896. 

(170) Benninghoven, A.; Sichtermann, W. K. Detection, Identification, and Structural 

Investigation of Biologically Important Compounds by Secondary Ion Mass 

Spectrometry. Anal. Chem. 1978, 50, 1180–1184. 



(171) Slodzian, G.; Hennequin, J. F. Sur Lemission Ionique Secondaire Des Metaux En 

Presence Doxygene. Comptes rendus Hebd. des seances l Acad. des Sci. Ser. B 1966, 

263, 1246. 

(172) Benninghoven, A. Die Positive Sekundärionenemission von Sauerstoffbedeckten 

Metallen. Zeitschrift für Naturforsch. A 1967, 22, 841–843. 

(173) Storms, H. A.; Brown, K. F.; Stein, J. D. Evaluation of a Cesium Positive Ion Source 

for Secondary Ion Mass Spectrometry. Anal. Chem. 1977, 49, 2023–2030. 

(174) Winograd, N. The Magic of Cluster SIMS. Anal. Chem. 2005, 77, 142–149. 

(175) CAMECA. NanoSIMS 50L - SIMS Microprobe for Isotopic and Trace Element 

Analysis at High Spatial Resolution https://www.cameca.com/products/sims/nanosims 

(accessed Oct 22, 2023). 

(176) Meibom, A.; Plane, F.; Cheng, T.; et al. Correlated Cryo-SEM and CryoNanoSIMS 

Imaging of Biological Tissue. BMC Biol. 2023, 21, 126. 

(177) Ionoptika. IOG 25GA. 25 kV Focused Ion Beam https://ionoptika.com/products/ion-

beams/liquid-metal-ion-beams/iog-25ga/ (accessed Oct 22, 2023). 

(178) Nuñez, J.; Renslow, R.; Cliff, J. B.; et al. NanoSIMS for Biological Applications: 

Current Practices and Analyses. Biointerphases 2017, 13, 03B301. 

(179) Siuzdak, G. Subcellular Quantitative Imaging of Metabolites at the Organelle Level. 

Nat. Metab. 2023, 5, 1446–1448. 

(180) Caprioli, R. M.; Farmer, T. B.; Gile, J. Molecular Imaging of Biological Samples: 

Localization of Peptides and Proteins  Using MALDI-TOF MS. Anal. Chem. 1997, 69, 

4751–4760. 

(181) Spengler, B.; Hubert, M.; Kaufmann, R. MALDI Ion Imaging and Biological Ion 

Imaging with a New Scanning UV-Laser Microprobe. In Proceedings of the 42nd 

Annual Conference on Mass Spectrometry and Allied Topics; Chicago Illinois, 1994; 

Vol. 1041, p. 1041. 

(182) Tanaka, K.; Waki, H.; Ido, Y.; et al. Protein and Polymer Analyses up to m/z 100 000 

by Laser Ionization Time‐of‐flight Mass Spectrometry. Rapid Commun. mass 

Spectrom. 1988, 2, 151–153. 

(183) Cornett, D. S.; Frappier, S. L.; Caprioli, R. M. MALDI-FTICR Imaging Mass 

Spectrometry of Drugs and Metabolites in Tissue. Anal. Chem. 2008, 80, 5648–5653. 

(184) Moreno-Gordaliza, E.; Esteban-Fernández, D.; Lázaro, A.; et al. MALDI-LTQ-

Orbitrap Mass Spectrometry Imaging for Lipidomic Analysis in Kidney  under 

Cisplatin Chemotherapy. Talanta 2017, 164, 16–26. 

(185) Wang, X.; Han, J.; Chou, A.; et al. Hydroxyflavones as a New Family of Matrices for 

MALDI Tissue Imaging. Anal. Chem. 2013, 85, 7566–7573. 

(186) Wang, X.; Han, J.; Pan, J.; et al. Comprehensive Imaging of Porcine Adrenal Gland 

Lipids by MALDI-FTMS Using Quercetin as a Matrix. Anal. Chem. 2014, 86, 638–

646. 

(187) Esteve, C.; Tolner, E. A.; Shyti, R.; et al. Mass Spectrometry Imaging of Amino 

Neurotransmitters: A Comparison of Derivatization Methods and Application in Mouse 

Brain Tissue. Metabolomics 2016, 12, 30. 

(188) Holst, S.; Heijs, B.; De Haan, N.; et al. Linkage-Specific in Situ Sialic Acid 

Derivatization for N-Glycan Mass Spectrometry Imaging of Formalin-Fixed Paraffin-

Embedded Tissues. Anal. Chem. 2016, 88, 5904–5913. 

(189) Takáts, Z.; Wiseman, J. M.; Gologan, B.; et al. Mass Spectrometry Sampling under 

Ambient Conditions with Desorption Electrospray  Ionization. Science 2004, 306, 471–

473. 

(190) Kertesz, V.; Van Berkel, G. J. Improved Imaging Resolution in Desorption 

Electrospray Ionization Mass Spectrometry. Rapid Commun. Mass Spectrom. 2008, 22, 

2639–2644. 

(191) Laskin, J.; Heath, B. S.; Roach, P. J.; et al. Tissue Imaging Using Nanospray Desorption 



Electrospray Ionization Mass  Spectrometry. Anal. Chem. 2012, 84, 141–148. 

(192) Passarelli, M. K.; Ewing, A. G. Single-Cell Imaging Mass Spectrometry. Curr. Opin. 

Chem. Biol. 2013, 17, 854–859. 

(193) Hanrieder, J.; Phan, N. T. N.; Kurczy, M. E.; et al. Imaging Mass Spectrometry in 

Neuroscience. ACS Chem. Neurosci. 2013, 4, 666–679. 

(194) Hanrieder, J.; Ljungdahl, A.; Fälth, M.; et al. L-DOPA-Induced Dyskinesia Is 

Associated with Regional Increase of Striatal  Dynorphin Peptides as Elucidated by 

Imaging Mass Spectrometry. Mol. Cell. Proteomics 2011, 10, M111.009308. 

(195) Solé-Domènech, S.; Sjövall, P.; Vukojević, V.; et al. Localization of Cholesterol, 

Amyloid and Glia in Alzheimer’s Disease Transgenic  Mouse Brain Tissue Using 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and 

Immunofluorescence Imaging. Acta Neuropathol. 2013, 125, 145–157. 

(196) Carreira, R. J.; Shyti, R.; Balluff, B.; et al. Large-Scale Mass Spectrometry Imaging 

Investigation of Consequences of Cortical  Spreading Depression in a Transgenic 

Mouse Model of Migraine. J. Am. Soc. Mass Spectrom. 2015, 26, 853–861. 

(197) Stoeckli, M.; Staab, D.; Staufenbiel, M.; et al. Molecular Imaging of Amyloid Beta 

Peptides in Mouse Brain Sections Using Mass  Spectrometry. Anal. Biochem. 2002, 

311, 33–39. 

(198) Shariatgorji, M.; Nilsson, A.; Fridjonsdottir, E.; et al. Comprehensive Mapping of 

Neurotransmitter Networks by MALDI–MS Imaging. Nat. Methods 2019, 16, 1021–

1028. 

(199) Passarelli, M. K.; Pirkl, A.; Moellers, R.; et al. The 3D OrbiSIMS - Label-Free 

Metabolic Imaging with Subcellular Lateral Resolution and High Mass-Resolving 

Power. Nat. Methods 2017, 14, 1175–1183. 

(200) Shariatgorji, M.; Nilsson, A.; Goodwin, R. J. A.; et al. Direct Targeted Quantitative 

Molecular Imaging of Neurotransmitters in Brain Tissue Sections. Neuron 2014, 84, 

697–707. 

(201) Kaya, I.; Brülls, S. M.; Dunevall, J.; et al. On-Tissue Chemical Derivatization of 

Catecholamines Using 4- (N-Methyl) Pyridinium Boronic Acid for ToF-SIMS and 

LDI-ToF Mass Spectrometry Imaging. Anal. Chem. 2018, 90, 13580–13590. 

(202) Sugiura, Y.; Zaima, N.; Setou, M.; et al. Visualization of Acetylcholine Distribution in 

Central Nervous System Tissue  Sections by Tandem Imaging Mass Spectrometry. 

Anal. Bioanal. Chem. 2012, 403, 1851–1861. 

(203) Vallianatou, T.; Shariatgorji, M.; Nilsson, A.; et al. Molecular Imaging Identifies Age-

Related Attenuation of Acetylcholine in  Retrosplenial Cortex in Response to 

Acetylcholinesterase Inhibition. Neuropsychopharmacol.  Off. Publ. Am. Coll.  

Neuropsychopharmacol. 2019, 44, 2091–2098. 

(204) Lovrić, J.; Dunevall, J.; Larsson, A.; et al. Nano Secondary Ion Mass Spectrometry 

Imaging of Dopamine Distribution Across Nanometer Vesicles. ACS Nano 2017, 11, 

3446–3455. 

(205) Thomen, A.; Najafinobar, N.; Penen, F.; et al. Sub-Cellular Mass Spectrometry 

Imaging and Absolute Quantitative Analysis across Organelles. ACS Nano 2020, 14, 

4316–4325. 

(206) Wu, C.; Ifa, D. R.; Manicke, N. E.; et al. Molecular Imaging of Adrenal Gland by 

Desorption Electrospray Ionization Mass Spectrometry. Analyst 2010, 135, 28–32. 

(207) Maciel, L. I. L.; Pereira, I.; Ramalho, R. R. F.; et al. A New Approach for the Analysis 

of Amino Acid Neurotransmitters in Mouse Brain Tissues Using DESI Imaging. Int. J. 

Mass Spectrom. 2022, 471, 116730. 

(208) Pace, C. L.; Horman, B.; Patisaul, H.; et al. Analysis of Neurotransmitters in Rat 

Placenta Exposed to Flame Retardants Using IR-MALDESI Mass Spectrometry 

Imaging. Anal. Bioanal. Chem. 2020, 412, 3745–3752. 

(209) Bagley, M. C.; Ekelöf, M.; Rock, K.; et al. IR-MALDESI Mass Spectrometry Imaging 



of Underivatized Neurotransmitters in Brain Tissue of Rats Exposed to 

Tetrabromobisphenol A. Anal. Bioanal. Chem. 2018, 410, 7979–7986. 

(210) Manier, M. L.; Spraggins, J. M.; Reyzer, M. L.; et al. A Derivatization and Validation 

Strategy for Determining the Spatial Localization  of Endogenous Amine Metabolites 

in Tissues Using MALDI Imaging Mass Spectrometry. J. Mass Spectrom. 2014, 49, 

665–673. 

(211) Chen, C.; Laviolette, S. R.; Whitehead, S. N.; et al. Imaging of Neurotransmitters and 

Small Molecules in Brain Tissues Using Laser Desorption/Ionization Mass 

Spectrometry Assisted with Zinc Oxide Nanoparticles. J. Am. Soc. Mass Spectrom. 

2021, 32, 1065–1079. 

(212) Ito, T.; Hiramoto, M. Use of MTRAQ Derivatization Reagents on Tissues for Imaging 

Neurotransmitters by MALDI Imaging Mass Spectrometry: The Triple Spray Method. 

Anal. Bioanal. Chem. 2019, 411, 6847–6856. 

(213) Sugiyama, E.; Guerrini, M. M.; Honda, K.; et al. Detection of a High-Turnover 

Serotonin Circuit in the Mouse Brain Using Mass  Spectrometry Imaging. iScience 

2019, 20, 359–372. 

(214) Zhang, D.-S.; Piazza, V.; Perrin, B. J.; et al. Multi-Isotope Imaging Mass Spectrometry 

Reveals Slow Protein Turnover in Hair-Cell Stereocilia. Nature 2012, 481, 520–524. 

(215) Frisz, J. F.; Lou, K.; Klitzing, H. A.; et al. Direct Chemical Evidence for Sphingolipid 

Domains in the Plasma Membranes of Fibroblasts. Proc. Natl. Acad. Sci. 2013, 110, 

613–622. 

(216) Steinhauser, M. L.; Bailey, A. P.; Senyo, S. E.; et al. Multi-Isotope Imaging Mass 

Spectrometry Quantifies Stem Cell Division and Metabolism. Nature 2012, 481, 516–

519. 

(217) Rabasco, S.; Lork, A. A.; Berlin, E.; et al. Characterization of Stress Granule Protein 

Turnover in Neuronal Progenitor Cells Using Correlative STED and NanoSIMS 

Imaging. International Journal of Molecular Sciences, 2023, 24. 

(218) Kabatas, S.; Agüi-Gonzalez, P.; Saal, K.-A.; et al. Boron-Containing Probes for Non-

Optical High-Resolution Imaging of Biological Samples. Angew. Chemie Int. Ed. 2019, 

58, 3438–3443. 

(219) Kabatas, S.; Agüi-Gonzalez, P.; Hinrichs, R.; et al. Fluorinated Nanobodies for 

Targeted Molecular Imaging of Biological Samples Using Nanoscale Secondary Ion 

Mass Spectrometry. J. Anal. At. Spectrom. 2019, 34, 1083–1087. 

(220) Lee, R. F. S.; Riedel, T.; Escrig, S.; et al. Differences in Cisplatin Distribution in 

Sensitive and Resistant Ovarian Cancer Cells: A TEM/NanoSIMS Study. Metallomics 

2017, 9, 1413–1420. 

(221) Jiang, H.; Passarelli, M. K.; Munro, P. M. G.; et al. High-Resolution Sub-Cellular 

Imaging by Correlative NanoSIMS and Electron Microscopy of Amiodarone 

Internalisation by Lung Macrophages as Evidence for Drug-Induced Phospholipidosis. 

Chem. Commun. 2017, 53, 1506–1509. 

(222) Becquart, C.; Stulz, R.; Thomen, A.; et al. Intracellular Absolute Quantification of 

Oligonucleotide Therapeutics by NanoSIMS. Anal. Chem. 2022, 94, 10549–10556. 

(223) He, C.; Migawa, M. T.; Chen, K.; et al. High-Resolution Visualization and 

Quantification of Nucleic Acid–Based Therapeutics in Cells and Tissues Using 

Nanoscale Secondary Ion Mass Spectrometry (NanoSIMS). Nucleic Acids Res. 2021, 

49, 1–14. 

(224) Nuñez, J.; Renslow, R.; Cliff, J. B.; et al. NanoSIMS for Biological Applications: 

Current Practices and Analyses. Biointerphases 2017, 13, 03B301. 

(225) CAMECA. NanoSIMS 50L Application Booklet - Instrumentation 

https://www.cameca.com/learning-zone/application-notes/sims (accessed Oct 24, 

2023). 

(226) Murray, K. K. Resolution and Resolving Power in Mass Spectrometry. J. Am. Soc. 



Mass Spectrom. 2022, 33, 2342–2347. 

(227) Laeter, J. R. de; Böhlke, J. K.; Bièvre, P. De; et al. Atomic Weights of the Elements. 

Review 2000 (IUPAC Technical Report). Pure Appl. Chem. 2003, 75, 683–800. 

(228) Nuñez, J.; Renslow, R.; Cliff, J. B.; et al. NanoSIMS for Biological Applications: 

Current Practices and Analyses. Biointerphases 2018, 13, 03B301. 

(229) CAMECA. Dynamic Secondary Ion Mass Spectrometry 

https://www.cameca.com/company/news/2019/august/dynamic-sims-ekb-tutorial 

(accessed Oct 22, 2023). 

(230) De Broglie, L. The Wave Nature of the Electron. Nobel Lect. 1929, 12, 244–256. 

(231) Ruska, E. The Development of the Electron Microscope and of Electron Microscopy. 

Rev. Mod. Phys. 1987, 59, 627. 

(232) The Nobel Prize in Physics 1986 

https://www.nobelprize.org/prizes/physics/1986/summary/ (accessed Oct 29, 2023). 

(233) Dubochet, J.; McDowall, A. W. Vitrification of Pure Water for Electron Microscopy. 

J. Microsc. 1981, 124, 3–4. 

(234) Dubochet, J. Cryo-EM—the First Thirty Years. J. Microsc. 2012, 245, 221–224. 

(235) Fan, X.; Wang, J.; Zhang, X.; et al. Single Particle Cryo-EM Reconstruction of 52 KDa 

Streptavidin at 3.2 Angstrom Resolution. Nat. Commun. 2019, 10, 2386. 

(236) Bogner, A.; Jouneau, P.-H.; Thollet, G.; et al. A History of Scanning Electron 

Microscopy Developments: Towards “Wet-STEM” Imaging. Micron 2007, 38, 390–

401. 

(237) Eswara, S.; Pshenova, A.; Yedra, L.; et al. Correlative Microscopy Combining 

Transmission Electron Microscopy and Secondary Ion Mass Spectrometry: A General 

Review on the State-of-the-Art, Recent Developments, and Prospects. Appl. Phys. Rev. 

2019, 6. 

(238) Hoffman, E. A.; Frey, B. L.; Smith, L. M.; et al. Formaldehyde Crosslinking: A Tool 

for the Study of Chromatin Complexes *. J. Biol. Chem. 2015, 290, 26404–26411. 

(239) Roozemond, R. C. The Effect of Fixation with Formaldehyde and Glutaraldehyde on 

the Composition of Phospholipids Extractable from Rat Hypothalamus. J. Histochem. 

Cytochem. 1969, 17, 482–486. 

(240) Morris, J. K. A Formaldehyde Glutaraldehyde Fixative of High Osmolality for Use in 

Electron Microscopy. J. cell Biol 1965, 27, 1A-149A. 

(241) Sanderson, M. J.; Smith, I.; Parker, I.; et al. Fluorescence Microscopy. Cold Spring 

Harb. Protoc. 2014, 1042–1065. 

(242) Sanderson, M. J.; Smith, I.; Parker, I.; et al. Fluorescence Microscopy. Cold Spring 

Harb. Protoc. 2014, 2014, pdb.top071795. 

(243) Göttfert, F.; Wurm, C. A.; Mueller, V.; et al. Coaligned Dual-Channel STED 

Nanoscopy and Molecular Diffusion Analysis at 20 Nm Resolution. Biophysical 

journal, 2013, 105, L01-3. 

(244) Vicidomini, G.; Bianchini, P.; Diaspro, A. STED Super-Resolved Microscopy. Nat. 

Methods 2018, 15, 173–182. 

(245) Hell, S. W.; Wichmann, J. Breaking the Diffraction Resolution Limit by Stimulated 

Emission: Stimulated-Emission-Depletion Fluorescence Microscopy. Opt. Lett. 1994, 

19, 780–782. 

(246) Schermelleh, L.; Ferrand, A.; Huser, T.; et al. Super-Resolution Microscopy 

Demystified. Nat. Cell Biol. 2019, 21, 72–84. 

(247) Calovi, S.; Soria, F. N.; Tønnesen, J. Super-Resolution STED Microscopy in Live Brain 

Tissue. Neurobiol. Dis. 2021, 156, 105420. 

(248) Chalfie, M.; Tu, Y.; Euskirchen, G.; et al. Green Fluorescent Protein as a Marker for 

Gene Expression. Science 1994, 263, 802–805. 

(249) Prasher, D. C.; Eckenrode, V. K.; Ward, W. W.; et al. Primary Structure of the 

Aequorea Victoria Green-Fluorescent Protein. Gene 1992, 111, 229–233. 



(250) Proteintech. GFP (green fluorescent protein): Properties, origin, specifications, tips 

https://www.ptglab.com/news/blog/gfp-green-fluorescent-protein-properties-origin-

specifications-tips/ (accessed Nov 2, 2023). 

(251) Los, G. V; Encell, L. P.; McDougall, M. G.; et al. HaloTag: A Novel Protein Labeling 

Technology for Cell Imaging and Protein Analysis. ACS Chem. Biol. 2008, 3, 373–382. 

(252) Proteintech. Halotag https://www.ptglab.com/news/blog/halotag/ (accessed Nov 2, 

2023). 

(253) Miesenböck, G.; De Angelis, D. A.; Rothman, J. E. Visualizing Secretion and Synaptic 

Transmission with PH-Sensitive Green Fluorescent Proteins. Nature 1998, 394, 192–

195. 

(254) Zhu, D.; Zhou, W.; Liang, T.; et al. Synaptotagmin I and IX Function Redundantly in 

Controlling Fusion Pore of Large Dense Core Vesicles. Biochem. Biophys. Res. 

Commun. 2007, 361, 922. 

(255) Hettie, K. S.; Liu, X.; Gillis, K. D.; et al. Fluorescent Sensor for the Visualization of 

Norepinephrine in Fixed. ACS Chem. Neurosci. 2013, 4, 914–923. 

(256) Gubernator, N. G.; Zhang, H.; Staal, R. G. W. W.; et al. Fluorescent False 

Neurotransmitters Visualize Dopamine Release from Individual Presynaptic 

Terminals. Science. 2009, 324, 1441–1444. 

(257) Lee, M.; Gubernator, N. G.; Sulzer, D.; et al. Development of PH-Responsive 

Fluorescent False Neurotransmitters. J. Am. Chem. Soc. 2010, 132, 8828–8830. 

(258) Dunn, M.; Henke, A.; Clark, S.; et al. Designing a Norepinephrine Optical Tracer for 

Imaging Individual Noradrenergic Synapses and Their Activity in Vivo. Nat. Commun. 

2018, 9, 1–13. 

(259) Shin, W.; Wei, L.; Arpino, G.; et al. Preformed Ω-Profile Closure and Kiss-and-Run 

Mediate Endocytosis and Diverse Endocytic Modes in Neuroendocrine Chromaffin 

Cells. Neuron 2021, 109, 3119-3134.e5. 

(260) Amaral, E.; Guatimosim, S.; Guatimosim, C. Using the Fluorescent Styryl Dye FM1-

43 to Visualize Synaptic Vesicles Exocytosis  and Endocytosis in Motor Nerve 

Terminals. Methods Mol. Biol. 2011, 689, 137–148. 

(261) Revelo, N. H.; Kamin, D.; Truckenbrodt, S.; et al. A New Probe for Super-Resolution 

Imaging of Membranes Elucidates Trafficking Pathways. J. Cell Biol. 2014, 205, 591–

606. 

(262) Najafinobar, N.; Lovrić, J.; Majdi, S.; et al. Excited Fluorophores Enhance the Opening 

of Vesicles at Electrode Surfaces in Vesicle Electrochemical Cytometry. Angew. 

Chemie Int. Ed. 2016, 55, 15081–15085. 

(263) Zheng, Y.-N.; Nguyen, T. D. K.; Dunevall, J.; et al. Dynamic Visualization and 

Quantification of Single Vesicle Opening and Content by Coupling Vesicle Impact 

Electrochemical Cytometry with Confocal Microscopy. ACS Meas. Sci. Au 2021, 1, 

131–138. 

(264) Meulemans, A.; Poulain, B.; Baux, G.; et al. Changes in Serotonin Concentration in a 

Living Neurone: A Study by on-Line Intracellular Voltammetry. Brain Res. 1987, 414, 

158–162. 

(265) Leszczyszyn, D. J.; Jankowski, J. A.; Viveros, O. H.; et al. Nicotinic Receptor-

Mediated Catecholamine Secretion from Individual Chromaffin  Cells. Chemical 

Evidence for Exocytosis. J. Biol. Chem. 1990, 265, 14736–14737. 

(266) Roberts, J. G.; Mitchell, E. C.; Dunaway, L. E.; et al. Carbon-Fiber Nanoelectrodes for 

Real-Time Discrimination of Vesicle Cargo in the  Native Cellular Environment. ACS 

Nano 2020, 14, 2917–2926. 

(267) Zhou, Z.; Misler, S. Amperometric Detection of Stimulus-Induced Quantal Release of 

Catecholamines from  Cultured Superior Cervical Ganglion Neurons. Proc. Natl. Acad. 

Sci. U. S. A. 1995, 92, 6938–6942. 

(268) Pothos, E. N.; Davila, V.; Sulzer, D. Presynaptic Recording of Quanta from Midbrain 



Dopamine Neurons and Modulation of the Quantal Size. J. Neurosci. 1998, 18, 4106. 

(269) Zhang, Q.; Liu, B.; Wu, Q.; et al. Differential Co-Release of Two Neurotransmitters 

from a Vesicle Fusion Pore in  Mammalian Adrenal Chromaffin Cells. Neuron 2019, 

102, 173-183.e4. 

(270) Bruns, D.; Jahn, R. Real-Time Measurement of Transmitter Release from Single 

Synaptic Vesicles. Nature 1995, 377, 62–65. 

(271) Majdi, S.; Berglund, E. C.; Dunevall, J.; et al. Electrochemical Measurements of 

Optogenetically Stimulated Quantal Amine Release  from Single Nerve Cell 

Varicosities in Drosophila Larvae. Angew. Chem. Int. Ed. Engl. 2015, 54, 13609–

13612. 

(272) Lovrić, J.; Najafinobar, N.; Dunevall, J.; et al. On the Mechanism of Electrochemical 

Vesicle Cytometry: Chromaffin Cell Vesicles and Liposomes. Faraday Discuss. 2016, 

193, 65–79. 

(273) Li, X.; Ewing, A.; Dunevall, J.; et al. Mechanistic Aspects of Vesicle Opening during 

Analysis with Vesicle Impact Electrochemical Cytometry. j 2017, 89. 

(274) Willig, K. I.; Rizzoli, S. O.; Westphal, V.; et al. STED Microscopy Reveals That 

Synaptotagmin Remains Clustered after Synaptic Vesicle Exocytosis. Nature 2006, 

440, 935–939. 

(275) Midorikawa, M. Real-Time Imaging of Synaptic Vesicle Exocytosis by Total Internal 

Reflection Fluorescence (TIRF) Microscopy. Neurosci. Res. 2018, 136, 1–5. 


	Abstract
	Sammanfattning på svenska
	List of papers
	Papers not included in the thesis
	Abbreviations
	Chapter 1. Cellular communication
	1.1 Cellular communication
	1.1.1 Intercellular communication
	1.1.2 Intracellular communication

	1.2 Neurotransmitters
	1.3 Catecholamines
	1.3.1 Catecholamines biosynthetic pathway
	1.3.2 Catecholamine metabolic pathway


	Chapter 2. Exocytosis
	Chapter 2.
	2.1 Vesicles
	2.2 Exocytosis
	2.3 Different modes of exocytotic release
	2.4 Cellular models
	2.4.1 Chromaffin cells
	2.4.2 PC12 cells


	Chapter 3. Methods
	Chapter 1.
	Chapter 2.
	Chapter 3.
	3.1 Mass spectrometry imaging
	3.1.1 Overview of mass spectrometry imaging
	3.1.2 MSI of small-molecule neurotransmitters
	3.1.3 NanoSIMS imaging
	3.1.4 Quantitative NanoSIMS imaging of 13C dopamine

	3.2 Microscopy
	3.2.1 Electron microscopy
	3.2.2 Correlative TEM - NanoSIMS
	Biological sample preparation for correlative TEM - NanoSIMS
	3.2.3 Fluorescence microscopy
	Fluorescent probes

	3.3 Electrochemical analysis
	3.3.1 Single cell amperometry
	3.3.2 Vesicle Impact Electrochemical Cytometry and Intracellular Vesicle Impact Electrochemical Cytometry


	Chapter 4. Summary of papers
	Chapter 4.

	Chapter 5. Concluding remarks & future outlook
	Acknowledgments
	References

