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Thesis directed by Professor Amy E. Palmer 

 

     Ionic zinc (Zn2+) is an essential cofactor in many proteins, but labile (non-protein 

bound) Zn2+ also functions as a signaling ion in many cell types. In specific neurons 

of the brain and nervous system, Zn2+ is highly enriched and operates as a 

neurotransmitter that modulates neuronal signaling. Zn2+ has crucial physiological 

roles in memory consolidation and sensory processing, yet abnormal levels of Zn2+ 

have been observed to be pathological in neurological disorders ranging from 

Alzheimer’s Disease to depression. Both extracellular and intracellular Zn2+ are 

necessary for neuronal signaling, but little is known about the dynamics of 

intracellular Zn2+ during neuronal stimulation and how intracellular Zn2+ influences 

signaling in physiological or pathological processes. We employed fluorescence 

imaging with genetically encoded and small molecule Zn2+ sensors to quantify 

intracellular Zn2+ dynamics during different stimulations in primary dissociated 

hippocampal neurons. We found that Zn2+ rose transiently during both chemical and 

electrical stimulation, although there were differences in peak Zn2+ concentrations 

depending on the stimulus used. Furthermore, we perturbed intracellular Zn2+ 

signaling to explore Zn2+-dependent changes in gene expression through global 

mRNA sequencing of hippocampal neurons. Our RNA-Seq results indicated that mild 

stimulation with potassium chloride induced Zn2+-dependent expression of genes 

related to synaptic growth and signaling, while more intensive stimulation with 
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glutamate promoted Zn2+-dependent expression of genes involved in endoplasmic 

reticulum stress. Our results therefore show distinct differences in the role of Zn2+ 

signaling during potassium chloride and glutamate stimulation of neurons, which 

may reflect differences between physiological and pathological Zn2+ signaling. In 

future studies we aim to elucidate the underlying signaling mechanisms behind these 

differences.  
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1 Introduction 

Chapter 1 

Introduction 

 

1.1 Publication status and author contributions 

     This work is unpublished. L.S. and A.E.P. wrote the manuscript. 

1.2 Zn2+ in biology and human health 

     Living organisms, despite their incredible diversity, require a standard set of 

chemical components to function. Among the essential elements of life are seven 

transition metals, of which iron (Fe) and zinc (Zn) are most abundant among 

eukaryotes1. Ionic zinc (Zn2+) is an electronically stable and redox-inert species in 

biological systems that can act as a strong Lewis acid2, and these properties have 

enabled cells to utilize Zn2+ as a cofactor in a wide variety of different proteins3,4. 

Enzymes that bind Zn2+ as a catalytic cofactor, such as carbonic anhydrase, are the 

primary Zn2+-containing proteins in prokaryotic organisms3,5. In addition to many 

Zn2+-containing enzymes, eukaryotic organisms also use Zn2+ as a structural 

component in thousands of proteins, most notably the large class of transcription 

factors known as zinc fingers6–9. Current estimates indicate that the protein products 

of up to 3,000 genes in the human genome may bind Zn2+ through a number of 

different architectures10–13. The diversity of function among these proteins is evidence 

that Zn2+ is directly or indirectly involved in a majority of cellular processes. 
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     The necessity for cells and organisms to maintain proper levels of Zn2+ is evident 

in the many links that have been drawn between Zn2+ disequilibrium and disease 

states. Zn2+ deficiency is a widespread concern, with around 20% of the global 

population at risk of suboptimal nutritional Zn2+ intake14. Severe Zn2+ deficiency can 

lead to physical and mental development retardation, dermatitis, sensory deficits, 

problems with blood sugar balance, abnormal sperm development, and susceptibility 

to infection15,16. Nutritional Zn2+ deficiency is often caused or exacerbated by 

mutations in specific Zn2+ transporters that are important for intestinal epithelial 

cell Zn2+ uptake17–19, epidermal health20, pancreatic development21, growth hormone 

secretion22–24, and cell differentiation in different organs25–27. Zn2+ transporters, Zn2+ 

buffering proteins, or abnormally high or low levels of Zn2+ have also been linked to 

many other non-developmental diseases, including a wide array of neurological 

disorders28–38, hypertension39, deafness40, chronic obstructive pulmonary disease41, 

several types of cancer25,42,43, and diabetes44–51. While in some of these diseases 

mechanistic links have been discovered between Zn2+ disequilibrium and pathology52–

58, in many cases these links remain unknown.  

     Proper Zn2+ homeostasis, in addition to mitigating human genetic diseases, is 

relevant for immune response to pathogens. As Zn2+ is an essential element that can 

be toxic at high levels, modulation of Zn2+ by host immune cells to either starve or 

poison pathogens can be an effective strategy for pathogen clearance59–65. 

Additionally, Zn2+ is implicated as a modulator of immune cell signaling, both 

physiologically and pathologically66–70, although how it functions in these signaling 

pathways is still unclear. 
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1.3 Zn2+ buffering and signaling 

     In order to successfully supply Zn2+ to all of its binding partners while limiting 

Zn2+ toxicity71, cells have evolved rigorous Zn2+ buffering systems. Zn2+-sensing 

transcription factors, such as Zur in Escherichia coli72, Zap1 in Saccharomyces 

cerevisiae73, and MTF1 in higher eukaryotes73,74, mediate transcription of select Zn2+ 

transporters and Zn2+ buffering proteins upon elevation of intracellular Zn2+ 

concentrations. In vertebrates, members of the Zn Transporter (ZnT) and Zrt- and 

Irt-Like Protein (ZIP) families canonically manage Zn2+ transport across cellular 

membranes75–77. The 10 ZnTs, which transfer Zn2+ out of the cytosol, and the 14 ZIPs, 

which transport Zn2+ into the cytosol, are differentially expressed across cell types 

and localize to different cellular regions in order to transfer Zn2+ among subcellular 

compartments78. The Zn2+ present in cells is mostly bound by proteins, although some 

exists in a more labile form, as a hydrated ion or transiently bound to small molecules 

such as negatively charged amino acids, glutathione, and other anions79,80. Cytosolic 

labile Zn2+ has been quantified to be between about 80 pM and 800 pM in a number 

of cell types81–83. Additionally, small proteins called metallothioneins (MTs) are 

highly expressed in cells and reversibly bind Zn2+ and other metal ions78,84,85. 

Metallothioneins act as important cytosolic Zn2+ buffering proteins and chaperones 

that can deliver Zn2+ to essential binding partners86,87. Zn2+ transporters, 

metallothioneins, and the Zn2+-binding proteome all function to maintain the tight 

balance of intracellular labile Zn2+ necessary for proper biological function.  

     While the Zn2+ buffer maintains a steady concentration of labile Zn2+ in most 

healthy eukaryotic cells at any given time, a number of cell types have been shown to 

experience dynamic changes in Zn2+ in order to perform physiological functions88,89. 

Neurons are by far the most studied of these cell types, and background knowledge 
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of Zn2+ involvement in neuronal signaling, which is the focus of this thesis, will be 

covered in detail in later sections. Other important biological processes that have 

been shown to rely on transient changes in intracellular labile Zn2+ include insulin 

secretion90,91, differentiation of colonocytes and B-cells92,93, polarization and 

activation of macrophages and T-cells94–96, contractility of cardiomyocytes97–99, egg 

division100,101, and fertilization102,103. In some of these cases, Zn2+-binding signaling 

molecules have been identified, such as the Zn2+-specific G protein-coupled receptor 

GPR3993,104,105, protein tyrosine phosphatases106–110, or stress-related proteins such 

as caspases or Hsp33111,112. In other systems, Zn2+ has been shown to influence the 

mitogen-activated protein kinase (MAPK)113–116, Akt42, and nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB)117 signaling pathways, but specific 

binding factors have not been established. Generally, there is still very little 

mechanistic data on how Zn2+ modulates signaling pathways in different cell types to 

regulate physiological responses. 

1.4 Tools for measuring Zn2+ in cells 

     Measuring steady-state levels and dynamic changes in cellular Zn2+ is essential 

for understanding its physiological and pathological roles in cells. While for much of 

the twentieth century radiographic detection of Zn65 and histological stains such as 

the Timm’s stain were commonly used methods to investigate zinc distribution in 

organisms and tissues118,119, in the past two decades fluorescence microscopy has been 

the primary method for tracking cellular Zn2+. Two major classes of fluorescent Zn2+ 

sensors exist: small molecule fluorescent sensors and genetically encoded fluorescent 

sensors. Small molecule fluorescent sensors consist of a fluorophore linked to a Zn2+-

binding chemical moiety. While there are a few small molecule Zn2+ sensors that are 
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in the red region of the spectrum120–122, or are ratiometric via dual-emission123–125 or 

Förster resonance energy transfer (FRET) mechanisms126,127, most of the sensors that 

have been widely used and best characterized are single-wavelength intensiometric 

green sensors128–132. Good small molecule sensors have the advantages of brightness, 

large dynamic range, and easy application to different model systems (such as cells 

or tissues slices)129,133. One major caveat in the use of small molecule sensors, 

however, is that they have the potential to perturb the Zn2+ buffer, depending on 

affinity, binding kinetics, and concentration134–137. Additionally, many small molecule 

sensors are membrane-permeable and tend to localize non-specifically in cells or 

aggregate in subcellular compartments, which can limit their applicability81,129,137–

139. Despite these disadvantages, however, a small molecule fluorescent dye is often 

the most robust sensor that can be applied to a system. 

     The other main type of sensor for measuring Zn2+ in cells is a genetically encoded 

sensor, consisting of one or two fluorescent proteins and a protein-derived Zn2+-

binding domain140. Sensor platforms exist using one green fluorescent protein for 

intensiometric measurements141–143 or two fluorescent proteins for FRET or 

bioluminescence resonance energy transfer (BRET) measurements144–151. These 

sensors, especially the FRET sensors, are attractive tools because their expression is 

tunable, they can be targeted to a specific subcellular compartment, they are capable 

of ratiometric quantification, and they are relatively non-perturbing to the Zn2+ 

buffer81. Genetically encoded sensors do have the major limitations that they are 

difficult to use in cells that resist transfection, and they are dimmer and more readily 

perturbed by environmental pH and redox conditions than small molecule 

fluorophores, which impedes their use in the secretory pathway and extracellular 
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space152. If experimentally possible, however, genetically encoded sensors are our 

sensors of choice for robust intracellular measurement of Zn2+. 

1.5 Zn2+ in the brain and neuronal synapses 

     Refined labile Zn2+ staining techniques in the latter part of the twentieth century 

led to the discovery that many neurons contain Zn2+ in axon termini, and within these 

termini Zn2+ specifically appears to be concentrated into synaptic vesicles119,153,154. 

Further study identified Zn2+-containing neurons (sometimes termed “zincergic”) as 

subsets of neurons in the hippocampus119,155,156, frontal and somatosensory 

cortexes156–158, visual cortex159,160, olfactory bulb156,161, amygdala156,162, 

cerebellum161,163, dorsal cochlear nucleus164,165, spinal cord166–169, retina170,171, and 

peripheral nerves172. In animals, synaptic Zn2+ is scarce before birth but accumulates 

over time, reaching a steady state at around 1 month in mice and gradually declining 

in aging animals173–177. Neurons containing synaptic Zn2+ also express ZnT3 

(Slc30a3), a Zn2+-specific transporter that shuttles Zn2+ into synaptic vesicles178–183, 

and in almost all cases show increased mRNA and protein expression of the primarily 

brain-localized metallothionein isoform MT-III (Mt3)161,184–186 and the plasma 

membrane Zn2+ exporter ZnT1 (Slc30a1)187–191. These zincergic neurons therefore 

have the molecular machinery to regulate the dynamic changes in Zn2+ necessary to 

employ it as a signaling ion. 

     Normal neurotransmitter-mediated neuronal signaling consists of an action 

potential (a Na+/K+-driven membrane depolarization/repolarization event) traveling 

down an axon to a presynaptic terminal, where depolarization opens voltage-gated 

Ca2+ channels, and the resulting Ca2+ influx mediates synaptic vesicle fusion with the 

plasma membrane to release neurotransmitters into the synapse192. 
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Neurotransmitters then bind to specific receptors on postsynaptic neurons to either 

induce or prevent postsynaptic depolarization193. The excitatory neurotransmitter 

glutamate binds to postsynaptic glutamate receptors, including the ion channel N-

methyl-D-aspartate (NMDA)-type and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA)-type receptors and non-ion channel G protein-

coupled receptors, to induce depolarization and signaling in postsynaptic neurons194. 

     While Zn2+ is considered a neurotransmitter, its mechanism of action in synapses 

is to modulate receptors for other neurotransmitters rather than directly induce 

postsynaptic potentials (Figure 1). Although a few studies have raised the possibility 

of synaptic vesicle Zn2+ being present in inhibitory neurons containing the 

neurotransmitters gamma-aminobutyric acid (GABA) or glycine169,195,196, most zinc-

containing neurons have been identified as glutamatergic (stimulatory) neurons, with 

Zn2+ and glutamate packaged together in synaptic vesicles (Figure 1.1A)197–199. Upon 

neuronal stimulation, vesicles release Zn2+ and glutamate into the synapse (Figure 

1.1B)200–210, where a peak concentration of Zn2+ under normal physiological 

stimulation conditions is currently estimated to reach 5-110 nM, with strong 

stimulation inducing rises up to about 1 µM and pathological stimulation potentially 

causing higher concentrations208,210–212. Many studies of the effects of 

synaptic/extracellular Zn2+ use concentrations far in excess of these based on an early 

estimate of synaptic Zn2+ reaching 300 µM213, but these studies are unlikely to 

describe any Zn2+-related effects that would be observed in vivo. 

     Synaptic Zn2+ has been shown to interact with a wide array of synaptic proteins, 

although the physiological nature of some of these interactions is unclear. Extensive 

evidence illustrates that Zn2+ inhibits the NMDA-type glutamate receptor (NMDAR) 

via a high affinity (IC50 10-30 nM) allosteric site on its GluN2A subunit214–225 (Figure 
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1.1B). While Zn2+ released during single excitation events does not appear to affect 

synaptic transmission (possibly due to insufficient synaptic Zn2+ concentrations or 

slow kinetics)211,223,226, stimulation bursts of zincergic neurons significantly reduce 

postsynaptic NMDAR potentiation223,227. Similarly to the NMDAR, allosteric high- 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Zn2+ in neuronal synapses. (A) In resting neurons, Zn2+ is packed into synaptic 

vesicles with glutamate. As an action potential reaches the synapse (B), extracellular Ca2+ is 

internalized into the presynaptic terminal and facilitates fusion of synaptic vesicles. 

Glutamate and Zn2+ are released into the synapse and bind to postsynaptic receptors. On 

glutamatergic neurons, Zn2+ specifically inhibits NMDA-type glutamate receptors. (C) After 

excitation, Zn2+ transiently increases intracellularly due to potential translocation from the 

synapse or release from intracellular stores. 
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affinity Zn2+-binding sites have been identified on inhibitory neurotransmitter 

receptors, namely the glycine receptor (EC50 15 nM)228–232 and the α/β subunits of the 

GABAA receptor (IC50 90 nM)233–236. Zn2+ binding to the glycine receptor enhances its 

activity by increasing its affinity for glycine, but Zn2+ inhibits the activity of the 

GABAA receptor, thus providing more evidence of the complexity of Zn2+ signaling in 

neuronal circuits. In addition to these well-studied receptor binding sites, evidence 

also exists that Zn2+ may modulate the activity of AMPA-type glutamate receptors 

(AMPARs)218,237–242, kainate-type glutamate receptors243,244, GABAB receptors245, β2-

andrenergic receptors246, nicotinic acetylcholine receptors247, serotonin receptors248, 

neurotransmitter transporters249–252, potassium transporters/channels253–257, calcium 

transporters/channels258–262, or other synaptic proteins263,264. Most of these studies 

found interactions that occur at higher levels of exogenous Zn2+ (> 1 μM), and thus 

are likely irrelevant for physiological synaptic processes, but they may be pertinent 

in pathological conditions. 

1.6 Intracellular Zn2+ signaling in neurons 

     In addition to specifically interacting with postsynaptic receptors, labile Zn2+ has 

been shown to increase in postsynaptic cells upon stimulation (Figure 1.1C)131,204,265–

267. One possible mechanism for this intracellular increase is translocation from the 

synapse, as Zn2+ can permeate different Ca2+ channels, including AMPARs265,268–273, 

NMDARs272,274, and voltage-gated Ca2+ channels (VGCCs)272,275. Of these, AMPARs 

have been shown to be most permeable to Zn2+, and thus would likely be the primary 

mediators of Zn2+ translocation from the synapse272,276. Zn2+-specific plasma 

membrane importers, including ZIP1, ZIP3, and ZIP4, are also likely present at 

synapses277–280, although this localization has not been explicitly tested. Another 
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mechanism by which intracellular labile Zn2+ might increase is by stimulation-

specific perturbations of Zn2+ buffering molecules that release a portion of the 

intracellularly bound Zn2+ into the labile Zn2+ pool. Two likely modulators of the Zn2+ 

buffer are reactive oxygen species (ROS)89 and pH281. While ROS have been studied 

extensively in pathological conditions such as excitoxicity (see section 1.7) and in a 

somewhat more limited fashion in physiological development of neuronal polarity and 

plasticity282, little is known about how physiological stimulation of neurons might 

dynamically change cellular ROS levels, and whether any such perturbations could 

affect the Zn2+ buffer. Alternatively, neurons are well known to acidify upon 

excitation283–288, and in cultured neurons this acidification has been implicated in 

Zn2+ release from intracellular ligands281,289,290. Neurons in these studies, however, 

showed substantially more of a pH drop than the mild acidification seen in more in 

situ/in vivo systems284,287,288, so the extent of pH-dependent Zn2+ mobilization in 

tissue under physiological conditions is unclear. It is therefore still ambiguous 

whether observed stimulation-dependent intracellular increases in labile Zn2+ may 

be mediated by a subset of these mechanisms (translocation from the synapse, ROS 

perturbation, or acidification), or by all three. 

     The difficulty in triangulating the source of neuronal intracellular Zn2+ dynamics 

is partially due to lack of rigorous quantification of these transients in the literature. 

Most studies of intracellular Zn2+ transients have utilized perturbing or low-affinity 

probes to detect changes204,265,290, which has limited even approximate quantification. 

To address this gap in knowledge, we used fluorescence imaging to quantify Zn2+ 

changes in neurons under different mild to moderate stimulation conditions (see 

sections 2.3.1, 2.3.4, and 3.3.1). While approximate, these measurements will inform 

our understanding of the causes and downstream effects of intracellular Zn2+ signals. 
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1.7 Zn2+ in physiological neuron function 

     The regions of the brain that are most highly enriched in zincergic neurons are 

those related to memory encoding (hippocampus, amygdala, frontal cortex), and 

sensory processing (visual cortex, dorsal cochlear cortex, somatosensory cortex, 

olfactory bulb, retina). Accordingly, many in vivo studies have established synaptic 

vesicular Zn2+ and neuronal Zn2+ signaling as essential in a variety of memory- and 

sensory-related behaviors. Global Zn2+ deficiency, in addition to causing problems in 

brain development291, causes impairment in spatial memory in animals292,293. These 

findings parallel a plethora of studies in which global or regional-specific Zn2+ 

chelation diminishes spatial memory, object recognition memory, exploratory 

behavior, fear consolidation, and odor response294–299. ZnT3 knockout (ZnT3 KO) 

mice, which lack the synaptic vesicle Zn2+ transporter and correspondingly have no 

synaptic vesicular Zn2+ 300, provide further evidence that these behavioral deficits 

arise specifically from synaptic Zn2+ signaling. While these mice have no major 

developmental difficulties301, partially due to compensatory mechanisms302, they 

have been seen to perform worse than wild-type mice on tasks related to spatial 

memory, associative memory, fear conditioning, motor learning, stress response, and 

discrimination of textures and audio stimuli, often in a sex- or age-dependent 

manner303–309. Additionally, alteration of external stimuli through whisker 

manipulation, visual deprivation, and environment enrichment can dramatically 

alter the patterns of zincergic neurons in associated brain regions of rodents and 

monkeys310–319. Synaptic Zn2+ is therefore well-established as a physiologically 

relevant and dynamically changing signaling ion in vivo. 

     On a cellular level, the effects of Zn2+ signaling on neuronal potentiation 

(perpetuating an action potential across a chemical synapse) range from modulating 
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postsynaptic excitation232,320–323 to tuning presynaptic neurotransmitter release324–328 

to affecting Ca2+ trafficking and intracellular signaling pathways266,293,326,329–338 to 

stabilizing cytoskeletal and structural components of the postsynaptic density339–345. 

As Zn2+ is clearly involved in memory development, many studies have focused on the 

role of Zn2+ in synaptic plasticity and long-term potentiation (LTP), a process by 

which repeated stimulation of specific neurons dynamically alters synapse physiology 

to facilitate further stimulation346. LTP is thought to be essential for memory 

formation, and involves many different signaling components. Presynaptic LTP, 

common in the zincergic mossy fiber synapses of the hippocampus, primarily 

escalates neurotransmitter release to increase synaptic signaling347. Endogenous 

synaptic Zn2+ facilitates this presynaptic LTP, possibly through increasing Ca2+ 

influx or through influencing postsynaptic retrograde signaling through the receptor 

tyrosine kinase TrkB202,302,337,348–350. Postsynaptic LTP, on the other hand, is 

mediated by altering neurotransmitter receptor density on the synapse and 

transcriptionally upregulating synaptic proteins and signaling components351. This 

form of LTP is most well-studied in the hippocampal Schaffer collateral synapses, 

and while both endogenous and exogenous Zn2+ have been shown to promote 

postsynaptic LTP294,352–359, its mechanism of action is unclear. Furthermore, it is not 

fully established how synaptic Zn2+ and intracellular Zn2+ signaling both contribute 

to Zn2+-dependent LTP induction. Some studies investigating LTP and postsynaptic 

signaling have focused on the importance of synaptic Zn2+ interacting with NMDARs, 

AMPARs, or Zn2+-specific G protein-coupled receptor GPR39242,308,335,336,355,357, while 

others indicate that intracellular Zn2+ signals may be responsible for modulation of 

Shank-mediated postsynaptic AMPAR density359, BDNF/Src/TrkB signaling337,338,360, 

downstream nitric oxide synthase (NOS)/p38 signaling356, or downstream 
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MAPK/CREB signaling293,332–334. Zn2+ may therefore have many roles in LTP and 

synaptic plasticity, or specific roles in specific brain areas, but how these functions 

connect is still uncertain. 

     Much of the work concerning the physiological role of Zn2+ in neurons, especially 

in relation to how Zn2+ may affect intracellular signaling, has taken a targeted 

approach to investigating Zn2+-dependent cellular changes by concentrating on 

specific signaling proteins or pathways. This focused approach is also characteristic 

of the larger field investigating Zn2+ signaling in other cell types. As a complementary 

approach, we analyzed global Zn2+-dependent gene expression changes upon neuronal 

stimulation with potassium chloride (section 2.3.5). In combination with Zn2+ 

imaging, we were able to characterize specific Zn2+-dependent gene upregulation and 

potential signaling pathways upon a modest change in intracellular Zn2+. 

1.8 Zn2+ in neurological disorders and excitotoxicity 

     The importance of Zn2+ to human health and to the medical field has grown 

substantially in the past two decades, partially due to advances in our understanding 

of its physiological function, but mostly due to an expanding body of work linking 

cellular and synaptic Zn2+ to many neurodegenerative diseases and disorders. In 

Alzheimer’s disease (AD), elevated Zn2+ levels, ZnT3, or Zn2+ homeostasis proteins 

are evident in brains of AD mouse models and human patients361–367, often linked to 

degenerating neurons that have higher Aβ plaque load368,369. Mice with perturbed 

brain Zn2+ buffers also show different incidence of AD pathologies370–372. On a 

biochemical level, Zn2+ stabilizes Aβ aggregates, possibly through interfering with 

proper dimerization or through interactions with the unstructured tail of the 

protein58,373–378, and synaptic Zn2+ and Aβ may have a synergistic effect on perturbing 
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synaptic transmission340,379,380. Although not as widely reported, similar pathologies 

and coincidence of Zn2+ in protein aggregates have also been seen in Parkinson’s 

disease36,381–384 and amyotrophic lateral sclerosis (ALS)385–387, indicating that 

elevated Zn2+ may also influence the progression of these diseases. In contrast, global 

Zn2+ deficiency and mutations in vesicular Zn2+-related proteins have been implicated 

in schizophrenia388, autism389,390, and depression391–393, and Zn2+ is being explored as 

a clinical antidepressant394–399. A more thorough understanding of physiological and 

pathological Zn2+ function would benefit potential therapeutic development for all of 

these disorders400. 

     In addition to (and sometimes overlapping with) neurological disorders, another 

major source of neuronal injury is excitotoxicity, which can arise from 

stroke/ischemia, traumatic brain injury, epileptic seizures, or other insults401. 

Excitotoxicity is generally considered to be excessive release of glutamate from 

glutamatergic synapses, which then causes spreading neuronal over-activation and 

intracellular stress/death signaling402. As many glutamatergic synapses also contain 

Zn2+, it has long been recognized that Zn2+ likely plays a role in excitotoxic cascades. 

Ischemia, seizures, and traumatic brain injury (TBI) all can lead to a rapid depletion 

of intracellular Zn2+ and rise in extracellular Zn2+, sometimes followed by a rise in 

cytosolic Zn2+ of surrounding neurons403–408. A large body of work has described the 

effects of Zn2+ perturbations on the pathology of excitotoxicity/ischemic insults in 

animals or tissues, with strongly paradoxical results. One set of experiments 

describes Zn2+ as neuroprotective, as assessed by greater cell death upon Zn2+ 

chelation or Zn2+ deficiency409–415, less cell death/greater cell recovery upon Zn2+ 

supplementation416–422, or greater susceptibility of ZnT3 KO mice to 

injury/seizures423–426. Another collection of studies postulates Zn2+ as a toxic agent, 
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due to cell death upon addition of exogenous Zn2+ during injury416,427–431, 

neuroprotective effect of Zn2+ chelation432–449, or neuroprotection of ZnT3 KO or other 

Zn2+-buffering protein-related mouse models280,450–453. These studies vary widely in 

the methods they use to induce ischemia, injury, or seizures, and they also diverge in 

the brain region of the insult. In general, most of the experiments in which Zn2+ is 

shown to be neuroprotective are in the hippocampal region, with Zn2+-related 

inhibition of NMDARs postulated as the primary mode of protection409,416. This 

pattern is not uniformly true, however, indicating that much is still unclear about 

how Zn2+ participates in excitotoxic cascades. 

     A main downstream component of excitotoxic cell death is oxidative stress, which 

has canonically been thought to be primarily mediated by intracellular Ca2+ 402. Zn2+, 

however, has also been shown to be an important factor in a feed-forward loop of 

reactive oxygen species/reactive nitrogen species (ROS/RNS) generation57,454–460. 

Intracellular rise in ROS/RNS will effectively mobilize Zn2+ from intracellular 

proteins, particularly metallothioneins, due to the abundance of redox-sensitive 

cysteines at Zn2+ binding sites461–469. Pathological increases in cytosolic Zn2+ can then 

induce Zn2+ movement into mitochondria, where it inhibits NADPH oxidase, leading 

to further ROS generation57,470–477. Whether extracellular Zn2+ translocation into 

neurons occurs to exacerbate this process during excitoxicity is ambiguous, but 

excessive glutamate stimulation/Ca2+ influx is sufficient to instigate the Zn2+/ROS 

cycle469. Some signaling proteins, including Akt478, HSP70479, and poly(ADP ribose) 

polymerase (PARP)480, have been implicated in mediating Zn2+-dependent oxidative 

stress responses in neurons, but it is unclear how Zn2+ plays a role in this signaling. 

Furthermore, in addition to its function in exacerbating ROS proliferation, Zn2+ has 

been implicated in neuroprotective and anti-apoptotic signaling during oxidative 
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stress117,481,482, but whether there is a threshold of Zn2+ that differentiates these roles 

is unknown. 

     In order to more fully understand Zn2+-dependent intracellular signaling 

mechanisms during glutamate stimulation of neurons, we analyzed global gene 

expression and hundreds of protein phosphorylation states (see sections 3.3.4 and 

3.3.5). Even in our mild stimulation conditions, we found evidence of Zn2+-dependent 

endoplasmic reticulum-localized stress and potentially anti-apoptotic signaling, 

although there was little indication of oxidative stress. We are currently further 

investigating and validating these results, but we hope to provide important insight 

into how Zn2+ may modulate cell stress during glutamate toxicity. 
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2 Characterization of neuronal intracellular and synaptic Zn2+ and Zn2+-

dependent gene expression 

Chapter 22 

Characterization of neuronal intracellular and synaptic Zn2+ and Zn2+-
dependent gene expression 

 

2.1 Publication status and author contributions 

     Sanford, L., Carpenter, M. C. & Palmer, A. E. Intracellular Zn2+ transients 

modulate global gene expression in dissociated rat hippocampal neurons. Scientific 

Reports 9, 9411 (2019). 

     L.S. and A.E.P. designed the study and wrote the manuscript. L.S. collected and 

analyzed all imaging and sequencing data. M.C. collected and analyzed in vitro FRET 

sensor data. All authors reviewed the manuscript. 

2.2 Introduction 

     Zinc (Zn2+) is an essential trace element that is increasingly suggested to play a 

signaling role in a variety of different cell types. Transient Zn2+ increases have been 

linked to many aspects of neuronal regulation and physiology242,302,483,484, pro-

inflammatory signaling in monocytes70, oocyte maturation485, and modulation of Ca2+ 

release in cardiomyocytes97. In some cases, researchers have identified specific Zn2+-

sensing proteins, such as neurotransmitter receptors or phosphatases110,486–488, or 

Zn2+-dependent regulation of signaling pathways, including Zn2+ modulation of the 

mitogen-activated protein kinase (MAPK) pathway115,332. However, there is still no 

unified mechanistic insight into how Zn2+ fluctuations induce changes in cellular 

physiology. Using dissociated hippocampal neurons as a model system, we present 
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here the first global sequencing-based examination of potential downstream targets 

of Zn2+ signals. 

     Zn2+ is concentrated into glutamate-containing synaptic vesicles in subsets of 

neurons throughout the brain and is heavily enriched in the hippocampus178. 

Electrophysiology studies in brain slices have demonstrated that Zn2+ is released 

upon neuronal activation and modulates postsynaptic glutamate receptors208,302,484. 

Transient increases in Zn2+ have been observed inside neurons after stimulation, 

possibly as a result of translocation of Zn2+ from the synapse or release of Zn2+ from 

intracellular stores212,266,289. Both synaptic and intracellular Zn2+ signals contribute 

to regulation of short- and long-term plasticity in different areas of the 

brain208,242,354,489, and genetic or pharmacological manipulation of hippocampal Zn2+ 

leads to learning and memory deficits in rodents294,305,490. However, the cellular 

mechanisms underlying Zn2+-dependent neuronal remodeling are largely unclear. 

     In order to gain further insight into downstream effects of neuronal Zn2+ signaling, 

we performed RNA-Seq on dissociated hippocampal neuron cultures. While synaptic 

Zn2+ has been primarily characterized in brain slices or in vivo in rodent brains208,300, 

cultured neurons allow for uniform stimulation of a more homogenous population of 

cells than brain tissue. Furthermore, single-cell fluorescence imaging permits more 

robust quantification of intracellular Zn2+ dynamics than can be accomplished in 

tissue, giving us the ability to define a stimulation-induced Zn2+ signal and 

investigate its downstream consequences. The extent of synaptic Zn2+ mobilization in 

neuron cultures would inform any analysis of Zn2+-dependent global changes. 

Unfortunately, while dissociated hippocampal neurons have been shown to both 

release Zn2+ and exhibit cytosolic Zn2+ dynamics upon intensive glutamate 

stimulation210,289, no rigorous characterization of synaptic Zn2+ or synaptic Zn2+ 
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machinery has been performed in these cultures. 

     In this work, we aimed to quantify cytosolic Zn2+ in dissociated hippocampal 

neurons under resting and mild stimulation conditions, characterize the synaptic 

Zn2+ pools in these neurons, and determine the transcriptional effects of cytosolic Zn2+ 

signals. We found that dissociated neurons accumulate the synaptic transporter ZnT3 

(Slc30a3), responsible for loading Zn2+ into synaptic vesicles, although we were 

unable to confirm the presence of synaptic Zn2+ due to limitations of existing tools. 

However, we did find that stimulation of neurons with a short KCl treatment 

generated modest Zn2+ signals that increased 3-fold in the presence of low levels of 

exogenous Zn2+. Further, we observed robust Zn2+-dependent differential expression 

of 931 genes, many of which are related to neuronal physiology and synaptic 

modulation. To our knowledge, this is the first large-scale experiment to identify 

transcriptional changes of Zn2+ signals in a mammalian system, and these results can 

provide possible mechanistic insight into Zn2+-dependent neuronal plasticity. 

2.3 Results 

2.3.1 Quantification of resting neuronal Zn2+ 

     In order to rigorously define the overall Zn2+ status of dissociated hippocampal 

neuron cultures, we first characterized resting neuronal cytosolic and synaptic Zn2+. 

We used a genetically encoded Zn2+ Förster Resonance Energy Transfer (FRET) 

sensor to quantify cytosolic labile Zn2+ under resting conditions in neuronal cultures 

(Figures 2.1A, 2.2). We observed a resting fractional saturation for our sensor of 

0.21 ± 0.02, which corresponds to an approximate Zn2+ concentration of 60 pM ± 40 

pM (Figure 2.1B). It should be noted that this estimate is based on an in vitro FRET 

sensor Kd of 5.3 nM (Figures 2.1B, 2.3), which may be altered in cells. Nevertheless, 
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this Zn2+ concentration is comparable to that observed in other cell types81,152 and also 

is in accordance with previous measurements in neurons81. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Genetically encoded Zn2+ FRET sensor measurements in resting neurons. (A) 

Sample traces from a typical FRET sensor calibration. Each trace is derived from a region of 

interest in two separate cells within one field of view. Resting FRET ratios were observed, 

followed by treatment with 10 µM TPA and subsequently 10 µM ZnCl2/2.5 µM pyrithione to 

determine minimum and maximum FRET ratios, respectively. (B) Quantification of Zn2+ 

based on the in vitro binding parameters of the sensor. Errors correspond to standard error 

of the mean. n = 14 cells from 6 separate biological replicates derived from 2 separate cell 

preparations. 
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Figure 2.2: Representative images of cells expressing Zn2+ sensor ZapCV2. CFP and FRET 

channels are shown with corresponding pixel intensity scales, along with ratio images of 

relevant neuronal areas within the field of view. Resting images were taken before exogenous 

Zn2+ perturbation, 10 μM TPA treatment shows unbound sensor (higher CFP intensity, lower 

FRET intensity, lower ratio), and 10 μM ZnCl2/2.5 μM pyrithione treatment shows fully 

bound sensor (lower CFP intensity, higher FRET intensity, higher ratio). Cells and times 

correspond to the traces in Figure 2.1A. Scale bars = 20 μm. 

2.3.2 Characterization of ZnT3 in dissociated neurons 

     There are two main logical possibilities for how cytosolic Zn2+ signals can be 

generated. One is that intracellular, protein-bound stores of Zn2+ are mobilized upon  
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Figure 2.3: In vitro binding curve for genetically encoded Zn2+ sensor ZapCV2. Sensor protein 

was expressed and purified from E. coli, and sensor fluorescence (Excitation: 420 nm, donor 

emission: 475 nm, acceptor emission: 529 nm) was measured in different buffered Zn2+ 

concentrations. The binding curve shown yielded the parameters Kd = 5.3 nM ± 1.1 nM and 

Hill coefficient n = 0.29 ± 0.02. Error bars indicate the standard deviation of measurements, 

and parameter error values correspond to standard error. 

stimulation. The second is that Zn2+ is released from synaptic vesicles into the 

synapse upon stimulation and subsequently translocates across the plasma 

membrane into the cytosol of postsynaptic or presynaptic neurons. The latter 

possibility depends upon the presence of ZnT3 and concentration of Zn2+ into synaptic 

vesicles. To determine whether dissociated neuron cultures have the machinery for 

synaptic vesicle Zn2+ sequestration, we investigated whether the synaptic vesicle Zn2+ 

transporter ZnT3 (Slc30a3) was expressed in cultures (Figures 2.4 – 2.8). Slc30a3 

mRNA and synaptic Zn2+ are barely detectable in embryonic brain slices, with both 

increasing substantially after birth173,300. Accordingly, Slc30a3 mRNA was not 

evident in our cells upon isolation (Day in vitro 0, DIV 0) as measured by RT-qPCR, 

but was present at all other timepoints (Figure 2.4). ZnT3 protein was observed by 
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Figure 2.4: RNA expression of Zn2+ transporter ZnT3 in cultured neurons. RT-qPCR for the 

ZnT3 gene Slc30a3 in neuron cultures at day in vitro (DIV) 0, 1, 7, 10, 14, 17, and 21. ΔCt 

values were generated by normalizing threshold cycle values (Ct) to either GAPDH or beta-

2-microglobulin (B2m) as internal controls. Fold changes were calculated with respect to the 

DIV14 timepoint. 3-4 technical replicates were run on 1 biological replicate for DIV 0, 1, 17, 

and 21, and 3-4 technical replicates were run on each of 2 biological replicates from 2 separate 

neuron preparations for DIV 7, 10, and 14. Error bars represent standard deviations, 

propagated from technical replicate standard deviations. Data reveal that ZnT3 mRNA is not 

expressed at DIV 0 but is expressed at all other timepoints tested. 

 

immunofluorescence, with robust expression after DIV 1 (Figures 2.5A, 2.6). By DIV 

10, ZnT3 staining showed a synaptic pattern, colocalizing with presynaptic marker 

Synapsin1/2 and lying adjacent to postsynaptic protein Homer1 (Figures 2.5B, 2.7). 

Co-incubating samples with the ZnT3 antibody and a ZnT3-derived peptide abolished 

staining (Figure 2.8). This evidence indicates that ZnT3 is expressed and correctly 

localized in dissociated neuron culture. 
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2.3.3 Investigation of synaptic vesicle Zn2+ in dissociated neurons 

     Following our observation that synaptic ZnT3 is present in hippocampal neuron 

cultures after DIV 10, we carried out a variety of experiments to investigate whether 

there was direct evidence for the presence or release of synaptic Zn2+ in these 

neurons (Figures 2.9 – 2.11). In our first attempts, we applied a Timm stain, a 

histological stain that is commonly used to detect Zn2+ in brain tissue (Figure 

2.9A)491–493. We observed significant contrast, as evidenced by the dark staining due 

to sulfide/silver deposition, in neurons loaded with exogenous Zn2+ (Figure 2.9A, 

Zn2+/pyrithione treatment). However, we saw no clear signal corresponding to 

endogenous Zn2+ in the cell body or in processes (Figure 2.9A, untreated). 

     Detecting Zn2+ in synaptic vesicles with fluorescent dyes is not straightforward. 

While some literature has described the intracellular Zn2+-specific dye FluoZin-3 AM 

as having vesicular localization494,495, we have previously shown that FluoZin-3 AM 

stains various cellular compartments including the cytosol, nucleus, Golgi apparatus, 

and lysosome81,496, and indeed in hippocampal neurons we see primarily a cytosolic 

and nuclear localization, with some aggregation in other subcellular compartments 

(see Figure 2.12A for FluoZin-3 AM localization). Another reported vesicle-specific 

Zn2+ fluorescent dye, SpiroZin2, largely colocalizes with lysosomes122,496, and in our 

 

Figure 2.5 (p. 24): Expression and localization of Zn2+ transporter ZnT3 in cultured neurons 

by immunofluorescence. (A) ZnT3 (synaptic vesicle Zn2+ transporter, pseudocolored green or 

displayed in grayscale below) and Homer1 (post-synaptic density protein, pseudocolored red) 

are stained at different timepoints in culture. ZnT3 increases in expression over time in 

culture, and shows synaptic localization starting at DIV 10. Channel intensities of all images 

are scaled identically. (B) 2D correlation coefficients calculated on raw immunofluorescence 

images. Smaller correlation coefficients are more likely to represent less colocalization. ZnT3 

maintains a high correlation coefficient compared to Synapsin1/2 across the time course, 

whereas Synapsin1/2 compared to Homer1 and ZnT3 compared to Homer1 decrease over 

time. Each DIV/protein comparison is one biological replicate, with each dot representing a 

separate field of view within the sample. Scale bars = 10 μm. 
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neuron cultures seems restricted to compartments in the cell body or rapidly 

trafficking along processes. Thus, FluoZin-3 AM and SpiroZin2 were deemed 

unsuitable for synaptic vesicle  detection in our system. We also attempted to use 

ZIMIR, a Zn2+-specific membrane dye, to quantify Zn2+ release upon stimulation 

(Figure 2.10), but were unable to show any stimulation-specific change in 

fluorescence. 

     Synaptic vesicle localization and dynamics have been previously visualized with 

stimulation-dependent uptake of membrane-bound FM dyes497,498. We adapted this 

technique to load synaptic vesicles with a membrane-impermeant version of FluoZin-

3 (Figure 2.9B). Briefly, we electrically stimulated cells in media containing both 

membrane dye FM 4–64 and a high concentration of FluoZin-3. As vesicles fuse with 

the plasma membrane, fluorescent dyes can diffuse from the membrane or media into 

the vesicular lumen. We observed vesicular puncta that colocalized with FM 4–64 

when this procedure was carried out with FluoZin-3 complexed with exogenous Zn2+ 

(Figure 2.9B, FluoZin-3/Zn2+ loaded), suggesting the soluble FluoZin-3/Zn2+ complex 

 

Figure 2.6 (p. 26): Quantification of immunofluorescence signal. (A) Boxplots of integrated 

intensity measurements of images for each separate primary/secondary antibody 

combination. Synapsin1/2 and Homer1 graphs include data from two biological replicates at 

each timepoint, whereas each ZnT3 graph includes data from one biological replicate at each 

timepoint, measured with the same primary antibody and different secondary antibodies 

(named by wavelength). Each dot represents the integrated intensity value of one full field of 

view within a sample. ZnT3 and Synapsin1/2 show increased signal over time, peaking at 

day in vitro (DIV) 14. Homer1, in contrast, shows level/decreasing signal after DIV1. (B) 

Intensity measurement trends do not change if data is filtered. Adaptive thresholding was 

applied to images in MATLAB to filter background areas before integrated intensity 

calculation. ZnT3 (594 nm secondary antibody) and Homer1 are shown as representative 

examples of filtered data. Compared to the corresponding graphs in (A), the spread of the 

data decreases, but overall trends remain the same. Replicates are the same as in part (A). 

(C) Ratio measurements comparing signal within the same field of view. Ratios indicate that 

signal intensities for Synapsin1/2 and ZnT3 increase over time relative to Homer1, especially 

after DIV10, and that Synapsin1/2 intensity increases more substantially than ZnT3. 
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Figure 2.7: Pre-synaptic localization of ZnT3. Immunofluorescence co-staining of day in vitro 

(DIV) 10 neuron cultures for ZnT3 (green) and pre-synaptic vesicle protein Synapsin1/2 (red) 

shows substantial colocalization (top), whereas co-staining for ZnT3 (green) and post-

synaptic protein Homer1 (red) displays little colocalization (bottom). Scale bars = 10 µm. 

 

 

 

 

 

Figure 2.8: Specificity of ZnT3 

immunofluorescence in DIV 10 

neuron cultures. For the culture 

displayed on the right, ZnT3 

primary antibody was pre-

incubated with a peptide derived 

from ZnT3, which abolishes most 

immunofluorescence signal. 

Individual channel intensities of 

both images are scaled 

identically. Scale bars = 10 µm. 
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Figure 2.9: Attempts to visualize Zn2+ in synaptic vesicles. (A) Timm’s stain of neurons at 

DIV 10. Cultures were stained +/− treatment with 20 µM ZnCl2/2.5 µM pyrithione for 

8 minutes prior to staining. Timm’s stain was visible in cell bodies and processes of treated 

neurons (right), but not visible under endogenous Zn2+ conditions (left). (B) Dye loading of 

stimulated neurons. Cultures were electrically stimulated in the presence of extracellular 

fluorescent dyes FluoZin-3 (10–50 µM, green) and FM 4–64 (5 µM, red), then washed to allow 

visualization of internalized dye. In some samples, 10 µM ZnCl2 was added to media before 

and during stimulation. FluoZin-3 puncta present upon co-incubation with Zn2+ indicate 

successful dye loading; however, no puncta are visible under endogenous Zn2+ conditions. 

Scale bars = 10 µm. 
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Figure 2.10: Fluorescence signal of the extracellular Zn2+-specific membrane dye ZIMIR. 

Cultures were incubated for 20 minutes with 5 µM ZIMIR prior to imaging. (A) Exogenous 

Zn2+ perturbations of ZIMIR-incubated neurons. The dye is responsive to treatment with 10 

µM TPA and 10 µM ZnCl2, indicating that the observed fluorescence can change depending 

on the presence of extracellular Zn2+. (B) ZIMIR fluorescence upon neuronal stimulation. 

Cells were electrically stimulated (left panel, stimulation time indicated by blue box) or 

imaged without application of stimulation (right panel). Electrically stimulated cells were 

incubated in normal media or media containing an additional 10 µM ZnCl2 for 0.5-48 hours 

(“Cultured + Zn2+” condition). Signal is variable, but generally increases over time regardless 

of condition. The lack of response of ZIMIR to stimulation could be due to a lack of releasable 

vesicular Zn2+ in these cultures, or it could be due to limitations in the dye itself. For example, 

the Kd for ZIMIR is 450 nM499, which would be too high to allow the dye to respond effectively 

to Zn2+ release in the low nanomolar range212. 
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can be taken up into vesicles upon neuron stimulation. However, in the absence of 

pre-loading with exogenous Zn2+, the FluoZin-3 signal was extremely dim and no clear 

vesicular puncta were visible (Figure 2.9B, FluoZin-3 loaded). As this is an intensity- 

based dye, lack of signal could be due to several factors, including limited amount of 

dye uptake, slow dynamics of Zn2+ reloading after release into the extracellular space, 

or an increase in the Kd of FluoZin-3 for Zn2+ in the vesicular environment. We 

attempted to shift the equilibrium by adding extracellular Zn2+ after loading, but this 

had little effect on the vesicular FluoZin-3 signal (Figure 2.11). It is also possible that 

the amount of FluoZin-3 successfully loaded in vesicles was insufficient to compete 

away endogenous Zn2+ ions from the glutamate present in the vesicles, as glutamate 

likely coordinates Zn2+ to some extent135,500. 

     Cumulatively, these experiments suggest that while dissociated hippocampal 

neurons do correctly express and localize ZnT3, we were unable to confirm the 

presence of synaptic Zn2+. These results could indicate a lack of synaptic Zn2+, or they 

could reflect limitations of the applied tools in allowing us to detect it. 

2.3.4 Measurements of Zn2+ dynamics upon KCl stimulation 

     In order to visualize Zn2+ dynamics in excited neurons, we imaged neurons with 

cell-permeant Zn2+-specific dye FluoZin-3 AM during stimulation with KCl 

(Figure 2.12). FluoZin-3 AM has been shown to be unresponsive to physiological 

perturbations of Ca2+ concentrations499, so changes in fluorescence during neuron 

stimulation specifically represent Zn2+ dynamics. We observed that with a 10 second 

KCl treatment alone, neurons exhibited a small but significant rise in cytosolic Zn2+, 

which often recovered to baseline values after the treatment was removed, although 

some cells had a more sustained response (Figure 2.12C,D, KCl stimulation). We  
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Figure 2.11: Zn2+ treatment of FluoZin-3 loaded neurons. Neurons loaded with FluoZin-3 by 

electrical stimulation were imaged (left), then treated with 50 µM ZnCl2 and imaged again 

(right). Overall signal increases, but synaptic puncta do not appear. Scale bars = 10 µm. 

detected a similar Zn2+ rise using the ZapCV2 sensor (Figure 2.13). With FluoZin-3 

AM, we observed that this Zn2+ signal increased if neurons were treated with KCl in  

the presence of 10 μM extracellular Zn2+, and the cells showed a similar variation in 

length of response (Figure 2.12B,C, KCl/Zn2+ stimulation). Mild KCl treatment thus 

induces an endogenous rise in cytosolic Zn2+ that can be potentiated by extracellular 

Zn2+ addition (Figure 2.12D). Using the in vitro Kd of FluoZin-3 (9.1 nM)501, the 

measured rise corresponds to an increase in Zn2+ concentration from roughly 110 pM 

to 150 pM in the absence of exogenous Zn2+, and from 110 pM to 220 pM in the 

presence of 10 µM exogenous Zn2+. The estimated concentrations indicate that 

neurons experience a modest increase in labile Zn2+ upon stimulation. 

2.3.5 Analysis of Zn2+-dependent gene expression upon KCl stimulation 

     We broadly characterized the immediate transcriptional effects of the KCl-

dependent Zn2+ increase by performing RNA-Seq on cells harvested 90 minutes after 
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treatment with KCl in the presence and absence of extracellular Zn2+ or the 

membrane-permeable Zn2+-specific chelator TPA (Figure 2.14). We used the same 

10 second KCl stimulation as our imaging experiments in order to minimize cell 

stress and identify transcriptional effects arising from subtle Zn2+ increases that may 

more closely mimic physiological signals than extended treatment with high 

concentrations of Zn2+. It is well established that KCl treatment induces membrane 

depolarization and Ca2+ influx in excitable cells such as neurons. However, the KCl 

treatment remained constant across our conditions, and comparisons across 

conditions were thus representative specifically of Zn2+ perturbations. Differential  

expression analysis indicated that mild exogenous Zn2+ treatment during stimulation 

significantly alters expression of 931 genes, which can be seen as the blue dots in a 

volcano plot of the statistical significance vs. fold change of differentially expressed 

genes (Figure 2.14A,B). In contrast, KCl stimulation in the presence of TPA had no 

detectable effect on gene expression compared to KCl treatment alone, likely 

indicating that TPA had little effect on Zn2+ dynamics during the short time (10 sec) 

of stimulation. Less overall differential expression was observed between the 

KCl/Zn2+ and KCl/TPA conditions than between the KCl/Zn2+ and KCl conditions. 

This observation could result from a high degree of variability among the biological 

replicates for KCl/TPA and intermediate values based on principal component 

analysis (PCA), which resulted in fewer genes identified as differentially expressed 

(Figure 2.15) We note that while the number of genes whose expression is altered by 

Zn2+ perturbations is exciting, the degree of change is small, likely because of the mild 

Zn2+ perturbations and heterogeneity in both the Zn2+ signal (Figure 2.12) and 

transcriptional response (PCA in Figure 2.15). We attempted to validate the 

expression changes by RT-qPCR for three hits (Slc30a3, Slc39a10, and Sik1) 
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and found that we could reproduce the trend in expression for two of the three genes 

but the effects were not statistically significant due to small sample size (Figure 2.16). 

     We examined enrichment of gene ontology (GO) terms between KCl/Zn2+ and KCl 

stimulation conditions using both Gene Set Enrichment Analysis (GSEA) and the 

Functional Analysis tool in the DAVIDtools Suite (Figure 2.14C,D). GSEA measures 

whether genes in a gene set (related to a certain GO term, in this case) are distributed 

at random in a dataset ranked by fold change between two conditions, or whether the 

set genes are over-represented in either the upregulated or downregulated subsets of 

the dataset. In contrast, the DAVIDtools Functional Analysis tool can determine 

whether a certain GO term is related to more genes that are significantly upregulated 

than it is to genes in the genome at large. Both of these methods indicated that a 

larger Zn2+ signal upregulates expression of genes important for synaptic structure 

 

Figure 2.12 (p. 34): Intracellular Zn2+ signal in stimulated neurons. (A) Image of neurons 

treated with FluoZin-3 AM after stimulation with KCl in the presence of 10 µM ZnCl2. Scale 

bar = 10 µm. (B) Sample traces from a typical stimulation experiment. Each trace is derived 

from a region of interest within a different cell. 50 mM KCl stimulation was applied for 

10 seconds (blue box) along with 10 µM ZnCl2, followed by a washout period and further 

imaging. Samples were calibrated by addition of 10 µM Zn2+ chelator TPA and then 10 µM 

ZnCl2/2.5 µM pyrithione in order to determine minimal and maximal signal for calculation of 

fractional saturation. Inset shows greater resolution for the time period around stimulation. 

Fluorescence intensity is background-corrected. (C) Sample traces from typical experiments 

described in (B), displayed as the calculated fractional saturation. Representative traces are 

shown for samples treated with KCl in the absence (left) or presence (right) of 10 μM 

extracellular ZnCl2. For clarity, only the first 400 seconds are shown. (D) Box plot of FluoZin-

3 fractional saturation levels at rest and at peak level after KCl stimulation with or without 

10 µM extracellular ZnCl2. n = 32 cells in 3 separate biological replicates for KCl stimulation 

alone and n = 18 cells in 3 separate biological replicates for the KCl/Zn2+ condition. Dots 

correspond to outliers, defined as points lying over (3rd quartile + 1.5 × (interquartile range)). 

***p < 0.001 or **p < 0.01 as assessed with a two-sided Wilcox Signed Rank test for paired 

data within conditions (KCl: test statistic V = 0, p = 4.6e-10; KCl/Zn2+: test statistic V = 0, 

p = 7.6e-09) and a two-sided Mann-Whitney U unpaired test between the KCl and KCl/Zn2+ 

resting and peak conditions (test statistic W = 131, p = 0.0012). No significant difference 

between resting conditions was observed (test statistic W = 276, p = 0.818). 
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and transmission (including Grin2a, Nptn, Fgf13, Slc8a2, Nrxn3, Cnr1, and Grm7), 

signal transduction (including Pak7, Ptk2b, Epha4, Epha7, and Camk1d), 

extracellular matrix reorganization (including Serpine2, Tnr, and Tnc), and 

cytoskeletal regulation (including Nes, Dmd, and Arhgap35), which corroborates 

observations that Zn2+ plays a role in neuronal plasticity. 

     We noted that the most upregulated gene observed upon stimulation with 

KCl/Zn2+ was ZnT3 (Slc30a3, Figure 2.14A), indicating that a larger Zn2+ signal 

induces neurons to shift Zn2+ homeostasis to expand their synaptic vesicle Zn2+ pool. 

Slc39a10 (ZIP10), a plasma membrane-localized cytosolic Zn2+ importer, was also 

significantly upregulated, potentially allowing for more Zn2+ uptake from the 

extracellular space. In order to determine if other Zn2+-binding genes were altered, 

we performed GSEA with gene sets related to Zn2+ or Zn2+-binding, as derived from 

the Gene Ontology Consortium, the Protein Data Bank (PDB), or UniProt. None of 

these Zn2+-related gene lists were enriched between any of our conditions, suggesting 

that the expression of most genes encoding for Zn2+-binding proteins is not widely 

 

Figure 2.13 (p. 36): Zn2+ FRET sensor experiments in KCl-stimulated neurons. (A) Two 

example experiments of FRET sensor recordings in neurons upon KCl treatment. Ratios 

correspond to the ratio of background-corrected FRET channel intensity to background-

corrected CFP channel intensity in the cell body of one neuron per experiment. 50 mM KCl 

treatment induces a rise in FRET ratio in both experiments, and sensor in both cells 

subsequently responds to TPA-induced chelation of Zn2+ and addition of Zn2+/pyrithione. (B) 

Example intensity traces from unstimulated (resting) and KCl-stimulated neurons. With no 

stimulation (left), exogenous Zn2+ perturbations induce reciprocal responses from FRET and 

CFP channels and little response in YFP fluorescence excited at 514 nm, which should be 

irresponsive to FRET changes. Upon KCl stimulation (right), fluorescence signals from all 

channels drop for the duration of the stimulation, then recover to normal levels. We have no 

data to indicate the cause of this behavior, although we suspect it may be due to fluorescent 

protein quenching by neuronal acidification upon KCl treatment. The FRET ratio data (A) 

supports FluoZin-3 AM experiments showing a rise in cytosolic Zn2+ upon depolarization with 

KCl. However, we were concerned about the unexpected decrease in the CFP, YFP and FRET 

channels upon KCl treatment (B), so we chose to use FluoZin-3 AM for quantification. 
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altered after a mild, transient Zn2+ signal. 

     We observed several other interesting transcriptional targets of Zn2+ signaling, 

including an upregulation in several members of the MAPK pathway (Mapk1, Mapk4, 

Fgfr3, Frs2, Rapgef2, c-Jun) and Fgf13, a non-secretory growth factor that has several 

roles in axonal outgrowth and excitatory neurotransmission. In addition, Zn2+ 

induced transcription of many subunits of glutamate and gamma-aminobutyric acid 

(GABA) receptors (Gria1, Gria2, Gria3, Grin2a, Grik4, Grm7, Gabra1, Gabra3, 

Gabra5, Gabrb3, Gabrd, Gabre), providing further support that the observed Zn2+ 

signal may contribute to synaptic growth of both excitatory and inhibitory neurons. 

     The combination of imaging and sequencing data of dissociated hippocampal 

neurons following short KCl stimulation with or without extracellular Zn2+ indicates 

that a relatively small Zn2+ signal (~2-fold increase on the order of hundreds of pM) 

has significant and widespread effects on gene expression. Moreover, Zn2+-dependent 

responses are involved in many processes that are essential to neuronal plasticity. 

 

Figure 2.14 (p. 38): RNA-Seq of dissociated hippocampal neurons stimulated with and 

without Zn2+ or Zn2+-specific chelator TPA. (A) Volcano plot of gene expression for all genes 

between KCl/Zn2+ and KCl stimulation conditions, providing measures of how much gene 

expression changed and the confidence in calling that gene differentially expressed. Positive 

fold changes indicate that genes were upregulated in the KCl/Zn2+ condition. The top 13 

upregulated and 2 downregulated genes have been labeled (all genes with FDR < 10−6). 

FDR = false discovery rate, a commonly used metric to assess significance among many 

hypothesis tests. Blue dots highlight all genes deemed significantly differentially expressed, 

with fold change magnitude > 0.1 and FDR < 0.05. (B) Number of genes differentially 

expressed in pairwise comparisons of conditions. (C) Gene Set Enrichment Analysis (GSEA) 

results examining whether sets of genes associated with certain human gene ontology terms 

are enriched among genes upregulated in the KCl/Zn2+ condition as compared to the KCl 

condition. These gene sets are a relevant subset of 50 gene sets found to be enriched with an 

FDR < 0.1. (D) Analysis of enrichment of GO terms and KEGG pathways between KCl/Zn2+ 

and KCl conditions as assessed using the DAVIDtools online functional annotation tool. 

Enrichment is assessed as terms/pathways being proportionally more associated with the 

differentially expressed genes than with the transcriptome as a whole. Listed terms and 

pathways were found to be enriched with FDR < 0.05. FDR = false discovery rate, GO = gene 

ontology, KEGG = Kyoto Encyclopedia of Genes and Genomes. 
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Figure 2.15: Comparison of all replicates and treatment conditions in RNA-Seq data. (A) 

Principle component analysis of all biological replicates in each condition. PC1 and PC2 

together account for 87.6% of the variability among samples. Numbers correspond to replicate 

designations within conditions. Samples treated with KCl or KCl/TPA generally fall on a line 

distinct from the clustered KCl/Zn2+-treated samples. One KCl/TPA replicate shows slightly 

more similarity to the KCl/Zn2+-treated samples, which may be a mark of heterogeneity in 

Zn2+ status. This slightly higher variability among KCl/TPA replicates also explains the fewer 

number of genes called significant by DESeq2 when examining the KCl/Zn2+ vs. KCl/TPA 

comparison relative to the KCl/Zn2+ vs. KCl comparison, even when expression trends were 

similar. (B) Venn diagram of significantly differentially expressed genes between treatment 

comparisons. Differentially expressed genes were largely similar between treatment 

comparisons even though fewer were found to be significantly differentially expressed 

between KCl/Zn2+ and KCl/TPA treatments. 

 

2.4 Discussion 

     In this work, we sought to characterize dissociated hippocampal cultures with 

respect to cytosolic and synaptic Zn2+, quantify Zn2+ dynamics upon stimulation, and 

carry out an unbiased screen of the global changes in gene expression that result from 

Zn2+ dynamics to identify possible molecular players that underlie Zn2+-dependent 

changes in neuronal functions and processes. In characterizing dissociated 

hippocampal neuron cultures with respect to synaptic Zn2+, we showed that neurons 
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Figure 2.16: RT-qPCR of select hits from RNA-Seq experiment. ZnT3 and Zip10 were 

observed to increase upon KCl/Zn2+ treatment relative to KCl treatment in RNAseq, while 

Sik1 was observed to decrease. ΔCt values were generated by normalizing to GAPDH (A) or 

B2m (B) as an internal control, then fold changes were calculated with respect to KCl 

treatment. Each measurement comprises 3-4 technical replicates of each of 3 biological 

replicates derived from one neuron preparation. Error bars represent standard deviation of 

the data. Although ZnT3 and Zip10 are shown to be consistent with the direction and 

magnitude of changes shown in the RNA-Seq data, no samples are statistically significantly 

different, as the magnitude of changes are small and within error. We observed no change in 

Sik1 by RT-qPCR. Statistical significance was assessed by unpaired two-sided t-tests for 

unequal variances yielding the following statistics: GAPDH normalization, ZnT3 (t = 1.63, p 

= 0.21), Zip10 (t = 0.29, p = 0.80), Sik1 (t = -0.05, p = 0.96); B2m normalization, ZnT3 (t = 

2.86, p = 0.08), Zip10 (t = -0.12, p = 0.91), Sik1 (t = 0.20, p = 0.85). 
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express and correctly localize the synaptic Zn2+ transporter ZnT3. However, despite 

using a variety of imaging tools, we were unable to determine whether the presence 

of this transporter actually promotes accumulation of Zn2+ in synaptic vesicles in 

dissociated neurons. These studies highlight the limitations of existing tools for 

defining synaptic Zn2+ in individual cells; the histological Timm stain did not provide 

sufficient contrast in isolated cells, small molecule membrane-permeable fluorescent 

dyes FluoZin-3 AM and SpiroZin-2 did not localize explicitly to synaptic vesicles, and 

extracellular probes FluoZin-3 and ZIMIR lacked sensitivity and did not yield 

reproducible results. These tool limitations do not provide definitive evidence that 

synaptic Zn2+ is absent from dissociated cultures. In contrast, using a different 

detection system, a recent study observed release of Zn2+ from stimulated cortical 

neurons and calculated the local synaptic Zn2+ concentration as approximately 

100 nM210, which is in accordance with previous estimates204,208,212. Although we could 

not definitively confirm the presence of synaptic Zn2+, we were able to rigorously 

define the resting cytosolic labile Zn2+ concentration to be approximately 60 pM (using 

ZapCV2) to 110 pM (using FluoZin3 AM), and we observed a small transient rise in 

Zn2+ to roughly 150 pM upon depolarization with KCl. This transient rise in cytosolic 

Zn2+ was potentiated to approximately 220 pM when neurons were depolarized in the 

presence of 10 µM Zn2+. 

     As the importance of Zn2+ in neurons has become more widely recognized, an 

increasing number of studies have focused on downstream effects of Zn2+ signaling, 

including the enhancement of long term potentiation (LTP)354. Several studies, 

however, have induced signaling changes with intensive exogenous Zn2+ conditions, 

such as 50–300 µM Zn2+ for time periods as long as 1 hour337,341,502. These conditions 

are likely to produce intracellular Zn2+ concentrations much higher than observed 
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physiologically in vivo, and have been shown to cause substantial cell stress and cell 

death274,470,503. 

     We performed global mRNA sequencing on neurons under conditions that 

produced cytosolic Zn2+ signals that were in the sub-nanomolar range. Importantly, 

our results did not show an upregulation of stress-response genes, suggesting that 

this mild Zn2+ increase does not induce neuronal stress. We did observe that a subtle 

Zn2+ signal induced a significant upregulation of genes related to neurite growth and 

synaptic function, including many neurotransmitter receptor subunits and the Zn2+ 

transporter ZnT3. Interestingly, while Zn2+ has been well documented to alter the 

immediate responses of glutamate and GABA receptors208,302,504,505 and has been 

implicated in modulating LTP in a number of electrophysiology 

experiments208,242,302,354,489, to our knowledge no studies have documented a 

transcriptional component of Zn2+-dependent synaptic regulation. It is unclear to 

what extent the induced intracellular Zn2+ signal reflects in vivo neuronal Zn2+ 

signals; however, our results suggest that sub-nanomolar increases in cytosolic Zn2+ 

have the potential to alter the expression of genes that have been implicated in late-

phase LTP. 

     Another intriguing gene that was upregulated by Zn2+ in our neuron cultures 

encodes the protein FGF13, a growth factor that is highly expressed in developing 

cortical and hippocampal neurons. FGF13 has two main known functions. The first 

is that FGF13 polymerizes and stabilizes microtubules at axon growth cones506–508, 

and in this capacity FGF13 upregulation contributes to the observed Zn2+-dependent 

neurite growth induction. The second is that FGF13 limits the membrane 

presentation of voltage-gated sodium channels in dendritic spines, and knockout of 

the Fgf13 gene leads to greater excitatory potentials and epilepsy509,510. ZnT3 
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knockout mice, which lack synaptic Zn2+, are also prone to acute seizures423,426, and 

while there are many potential links between Zn2+ and epilepsy511, FGF13 may 

provide an example of how Zn2+-dependent transcription could modulate neuron 

excitability. 

     Our results indicate that a transient Zn2+ signal has transcriptional effects in 

neurons. One signaling pathway likely to be involved is the MAPK pathway, which 

has previously been shown to be activated by Zn2+ 115,332,337. We found that key 

components of the pathway (Mapk1, Mapk4) were upregulated upon increased 

cytosolic Zn2+, along with other associated factors (Epha4, Ephb1, Fgfr3, Rapgef2) 

that have been shown to play important roles in neurite growth, branching, and 

guidance512–515. Additionally, the downstream transcription factor c-Jun (Jun) was 

significantly upregulated, although we saw no significant difference in expression of 

any of its binding partners (Fos, FosB, Fosl1, Fosl2, Junb, Jund)516. c-Jun has been 

implicated in signaling for axon regeneration and neuron apoptosis, but we did not 

observe any significant difference in expression among any of the genes normally 

coexpressed with Jun in either phenotype (Mapk8, Mapk9, Mapk10, Gap43, Atf2, 

Atf3, Smad1)517–520. Thus, although it seems likely that Zn2+ activates the MAPK 

pathway, which may then affect Zn2+-dependent transcription through c-Jun, the 

mechanisms underlying these steps still require further study. 

     In summary, our global RNA-Seq results suggest that sub-nanomolar Zn2+ signals 

are sufficient to significantly alter gene expression in a relevant model system. 

Moreover, in neurons these gene expression changes correlate to physiological 

changes that are consistent with previous observations of the effect of Zn2+ on 

neuronal signaling. 
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2.5 Materials and methods 

2.5.1 Neuron isolation/culture 

     Dishes/slides were coated overnight with 1 mg/mL Poly-D-lysine hydrobromide in 

15 mM sodium borate. Glass slides for imaging were washed thoroughly and coated 

in 50 µM iMatrix-511 (Clontech) until neuron plating. 

     All animal work was approved by the Institutional Animal Care and Use 

Committee of CU Boulder, protocols #1407.01 and #2547 and performed in 

accordance with the relevant guidelines and regulations. E18 rat hippocampi were 

either isolated from animals or ordered from BrainBits, LLC. For animal isolation, 

timed pregnant Sprague Dawley rats were obtained from Charles River Laboratories. 

Pregnant rats were sacrificed with carbon dioxide and fetal brains were micro-

dissected to isolate hippocampi. Pooled hippocampi were washed with digestion 

medium (1X HBSS, 10 mM HEPES, 5 µg/mL gentamicin, pH 7.2) and digested 30 min 

in digestion medium containing 20 U/mL papain (Worthington). Samples were then 

washed with plating medium (MEM, 5% FBS, 0.6% wt/vol glucose) and dissociated 

by sequentially passing 5–10 times through full-diameter, then half-diameter flame-

polished Pasteur pipets. Cells were plated on treated slides at a density of 20,000 

cells/cm2 for imaging. Cells intended for RNA isolation were plated on treated dishes 

at a density of 60,000 cells/cm2. Cells were fed 3–4 hours after plating with glial-

conditioned neuron culture medium (Neurobasal Medium, 2% B27 supplement, 0.3x 

GlutaMAX supplement, all obtained from Thermo Fisher), and ½ media was replaced 

on day in vitro (DIV) 3, DIV 6, and DIV 13. Cultures were treated with 4 µM cytosine 

arabinoside from DIV 3 to DIV 6 to restrict mitotic cell proliferation. Cultures were 

grown in a cell culture incubator at 37 °C and 5% CO2. 
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     Glial cells were isolated from neonatal cortical tissue collected from neonatal rats 

sacrificed by decapitation with sharp scissors. Cells were dissociated as with 

hippocampal samples, then plated on standard cell culture dishes. Cells were fed 

initially and every 3–4 days with glial medium (DMEM, 5% FBS, 0.5% pen/strep) 

until confluent. To generate glial-conditioned medium, neuron culture medium was 

added to confluent glial cultures for one day, then filtered through a 0.20 µm filter 

prior to addition to neurons. 

2.5.2 Materials 

     Genetically encoded Zn2+ Förster Resonance Energy Transfer (FRET) sensor NES-

ZapCV2 was used for all resting cytosolic Zn2+ measurements (see 

RRID:Addgene_112060521). Sensor was either transfected 2 days prior to imaging 

with Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s protocol, 

or nucleofected prior to neuron plating with a Lonza Nucleofector 2b instrument 

using the Rat Neuron Nucleofector Kit (Lonza) protocol. Nucleofected sensor 

remained fluorescent in cultures through DIV 12–13. 

     The following fluorescent small molecule dyes were obtained from Thermo Fisher: 

FluoZin-3, FluoZin-3 AM, and FM 4–64. Stock solutions of FluoZin-3 and FluoZin-3 

AM were prepared at 1 mM in DMSO. Stock solutions of FM 4–64 were prepared at 

5 mg/mL in water. The small molecule dye ZIMIR was obtained from VitalQuan, and 

stock solutions were prepared at 1 mM in DMSO. 

     The Zn2+-specific chelator tris(2-pyridylmethyl)amine (TPA), ZnCl2, chelex, and 

the ionophore 2-mercaptopyridine N-oxide (pyrithione) were purchased from Sigma-

Aldrich. TPA stock solutions were prepared at 20 mM in DMSO. ZnCl2 stock solutions 

were prepared at 1 mg/mL in water treated overnight with chelex. Pyrithione stock 
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solutions were prepared at 5 mM in DMSO. 

     For synaptic vesicle dye loading experiments, glutamate receptor antagonists 6-

Cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D-(−)-2-Amino-5-

phosphonopentanoic acid (D-AP5) were purchased from Abcam. CNQX stock 

solutions were prepared at 5 mM in DMSO, while D-AP5 stock solutions were 

prepared at 50 mM in water. For dye quenching, advasep-7 (Biotium) was dissolved 

in water at a stock concentration of 100 mM. 

     Primary antibodies and peptide controls were purchased from Synaptic Systems: 

anti-ZnT3 (RRID:AB_2189665), anti-Homer1 (RRID:AB_887730), anti-Synapsin 

(RRID:AB_1106784), ZnT3 peptide (#197-0P). Secondary antibodies were obtained 

from Thermo Fisher: anti-mouse AF488 (RRID:AB_2534088), anti-guinea pig AF488 

(RRID:AB_2534117), anti-rabbit AF568 (RRID:AB_2534017), anti-mouse AF594 

(RRID:AB_2534091). 

     Resting neuron imaging media (RNIM) was formulated as follows: 145 mM NaCl, 

3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, pH 7.4. High-

potassium neuron imaging media (KNIM) was made as a 2X K+ solution (51 mM 

NaCl, 97 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, pH 

7.4), which when added 1:1 to RNIM gave concentrations of 98 mM NaCl and 50 mM 

KCl. All media was prepared in chelex-treated water. 

2.5.3 Equipment 

     Samples for all imaging experiments were imaged on a Nikon Ti-E spinning disc 

confocal microscope equipped with Nikon Elements software, Ti-E perfect focus 

system, Yokogawa CSU-X1 spinning disc head, Andor 888 Ultra EMCCD camera and 

Oko Labs enclosed environmental chamber set at 37 °C. 
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     Samples for each type of imaging experiment except immunofluorescence 

experiments were also imaged on a Nikon Ti-E widefield microscope equipped with 

Nikon Elements software, Ti-E perfect focus system, Andor iXon3 EMCCD camera, 

Sutter Instruments LD-LS/30 xenon arc lamp, and Sutter Instruments Lambda 10-3 

filter changer. 

     For electrical stimulation, an IonOptix Myopacer cell stimulator was equipped 

with a custom set of platinum wire electrodes. Stimulations were performed with 30 V 

bipolar waveform 10 ms pulses at 5 Hz for a duration of 1 minute, unless specified 

otherwise. 

     RNA extraction for next-generation sequencing was performed using a Promega 

Maxwell RSC Instrument. 

     Quantitative PCR was performed using a BIO-RAD CFX384 Real Time PCR 

Detection System instrument. 

2.5.4 In vitro Kd determination 

     Protein purification, in vitro fluorescence measurements at different Zn2+ 

concentrations, and fitting to determine apparent sensor Kd were done exactly as 

described previously152, with the exception that emission fluorescence intensities at 

475 nm were used for λ1 values rather than intensities at 481 nm. Fits were 

determined based on data from 11 titration experiments. 

2.5.5 Intracellular FRET sensor calibrations 

     Measurements were taken on the Nikon spinning disc confocal microscope using 

CFP (445 nm excitation, 482/35 nm emission) and FRET (445 nm excitation, 

540/30 nm emission) channels, acquiring images with a 40X (NA 0.95) air objective at 

300 ms exposure, EM multiplier 300, 10 MHz camera readout speed, 20% laser power, 
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and binning pixels 2 × 2. Measurements were also taken on the Nikon widefield 

microscope using CFP (434/16 nm excitation and 470/24 nm emission) and FRET 

(434/16 nm excitation and 535/20 nm emission) channels, acquiring images with a 

20X (NA 0.75) or 40X (NA 0.95) air objective at 4–600 ms exposure, EM multiplier 

300, 1 MHz camera readout speed, with a neutral density filter (ND8) restricting 

lamp light to 12.5% maximum. 

     Neuron cultures (DIV 10–14) were washed and put in RNIM at least ten minutes 

prior to imaging. Baseline measurements were obtained for 5–15 minutes. 

Calibrations were performed by adding 10 µM TPA for 2–5 minutes, followed by wash 

out with RNIM and addition of 10 µM ZnCl2/0.5–2 µM pyrithione. Measurements 

were taken for several minutes after a maximum FRET ratio was reached. For KCl 

stimulation experiments, KNIM was mixed 1:1 with RNIM and measurements were 

taken for 400–600 seconds before washing out with RNIM and performing a 

calibration as above. 

2.5.6 Synaptic vesicle dye loading 

     Cultures were imaged on the Nikon spinning disc confocal microscope using GFP 

(FluoZin-3: 488 nm excitation, 525/50 nm emission) and GFP/RFP (FM 4–64: 488 nm 

excitation, 620/60 nm emission) channels, acquiring images with a 100X (NA 1.45) oil 

objective at 300 ms exposure, EM multiplier 300, 10 MHz camera readout speed, and 

15–20% laser power. Measurements were also taken on the Nikon widefield 

microscope using GFP (FluoZin-3: 480/20 nm excitation and 500/20 nm emission) and 

GFP/RFP (FM 4–64: 480/20 nm excitation and 610/50 nm emission) channels, 

acquiring images with a 60X (NA 1.40) oil objective at 300 ms exposure, EM 



50 
 

multiplier 300, 1 MHz camera readout speed, with a neutral density filter (ND4) 

restricting lamp light to 25% maximum. 

     Neuron cultures (DIV 10–14) were incubated for 2 minutes in RNIM containing 

5 µg/mL FM 4–64, 5–50 µM FluoZin-3, 10 µM CNQX, and 100 µM D-AP5. Without 

changing media, cultures were electrically stimulated for 1 minute, then incubated 

5 minutes to accommodate compensatory endocytosis. Cells were washed twice and 

incubated in RNIM containing 1 mM advasep-7, 10 µM CNQX, and 100 µM D-AP5 to 

quench extracellular dye. 

     RNIM containing 50 µM ZnCl2 was added to some cultures to attempt to visualize 

vesicles. Cultures were also further stimulated to visualize dye exocytosis with 

electrical stimulation, KNIM, or RNIM containing 50 µM glutamate. For positive 

controls, 10 µM ZnCl2 was included in the initial loading solution to pre-load FluoZin-

3 with Zn2+ before endocytosis. 

2.5.7 Imaging Zn2+ release with ZIMIR 

     Cultures were imaged on the Nikon spinning disc confocal microscope using a GFP 

channel (488 nm excitation, 525/50 nm emission), acquiring images with a 100X (NA 

1.45) oil objective at 200 ms exposure, EM multiplier 300, 10 MHz camera readout 

speed, and 20% laser power. Images were also acquired with a 40X (NA 0.95) air 

objective at 300 ms exposure, EM multiplier 300, 10 MHz camera readout speed, and 

20% laser power. Some measurements were taken on the Nikon widefield microscope 

using a GFP channel (480/20 nm excitation and 500/20 nm emission), acquiring 

images with a 40X (NA 0.95) air objective at 200 ms exposure, EM multiplier 300, 

and a 1 MHz camera readout speed, or with a 60X (NA 1.40) oil objective at 200 ms 
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exposure, EM multiplier 300, 1 MHz camera readout speed, with a neutral density 

filter (ND4) restricting lamp light to 25% maximum. 

     Neuron cultures (DIV 10–14) were incubated for 20–30 minutes in 5 µM ZIMIR, 

then washed and imaged immediately. Electrical stimulation was applied, with 

stimulation protocols varied. The two most commonly used protocols were 30 V 

bipolar waveform 10 ms pulses at 10 Hz for a duration of 1–2 seconds, or 40 V bipolar 

waveform 10 ms pulses at 20 Hz for a duration of 10 seconds. Dye responsiveness was 

assessed by adding 10 µM TPA for 2–5 minutes, then washing out with RNIM and 

adding 10 µM ZnCl2. In some cases, 10 µM ZnCl2 was added to normal culture media 

for 0.5–48 hours prior to imaging, then washed out before dye incubation. 

2.5.8 Intracellular Zn2+ measurements with FluoZin-3 AM 

     Measurements were taken on the Nikon spinning disc microscope using a GFP 

channel (488 nm excitation, 525/50 nm emission), acquiring images with a 40X (NA 

0.95) air objective at 300 ms exposure, EM multiplier 300, 10 MHz camera readout 

speed, and 15% laser power. 

     Neuron cultures (DIV 10–14) were washed and incubated at room temperature in 

RNIM containing 5 µM FluoZin-3 AM for 30 minutes. Samples were washed in RNIM. 

Baseline measurements were obtained for 1 minute. Cells were then stimulated with 

a 10 second treatment of high K+ by mixing KNIM 1:1 with the RNIM already present. 

After 10 seconds, cultures were washed 3x with RNIM and measurements taken for 

15 minutes. Calibrations were performed by adding 10 µM TPA for 2 minutes, then 

washing out with RNIM and adding 10 µM ZnCl2/0.5 µM pyrithione. Measurements 

were taken until several minutes after a maximum signal was observed. 

 



52 
 

2.5.9 Image analysis 

     FRET sensor, ZIMIR, and FluoZin-3 AM imaging experiments were analyzed with 

a custom MATLAB script that imports ND2 experiment files, extracts metadata, 

registers images, allows for manual background and cell ROI selection, and generates 

raw and background-subtracted average intensity measurements. FRET ratios were 

calculated as background-subtracted (FRET fluorescence)/(CFP fluorescence). FRET 

and FluoZin-3 AM calibration data were manually inspected to obtain minimum and 

maximum values for FRET ratios or intensity measurements, which were used to 

calculate fractional saturation according to the formula: 

�� =
� − ����

���� − ����
 

where X is the basal or peak measurement and Fmin and Fmax are the minimum and 

maximum values of either the FRET ratio (for FRET measurements) or background-

subtracted fluorescence intensity (for FluoZin-3 AM measurements). Fractional 

saturation was converted to an approximate intracellular Zn2+ concentration 

according to the formula: 
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�
1

��
− 1�

�
�

 

where Kd is the sensor dissociation constant, FS is fractional saturation as defined 

above, and n is the Hill coefficient (assumed to be 1 for FluoZin-3 AM). 

     Immunofluorescence (IF) images were decomposed by channel. Using MATLAB, 

images of multi-channel fluorescent beads or IF images of Homer1 and ZnT3 (594 nm 

secondary antibody) at DIV 6 were registered to correct for spectral anomalies 

between channels, then resulting registration parameters were applied to all IF 

images by channel. Integrated intensities were calculated on raw fluorescence of 
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registered images, or on images subjected to adaptive thresholding according to the 

built-in MATLAB function adaptthresh (sensitivity = 0.25). Two-dimensional 

correlation coefficients were calculated on raw fluorescence intensities of registered 

images using the built-in MATLAB function corr2. 

2.5.10 RT-qPCR 

For ZnT3 analysis over time, neurons at DIV 0 (extraction day) (1 replicate), DIV 1 

(1 replicate), DIV7 (2 replicates), DIV 10 (2 replicates), DIV 14 (2 replicates), DIV 17 

(1 replicate), and DIV 21 (1 replicate) were lysed and RNA extracted according to the 

Qiagen RNeasy kit protocol (Qiagen). RNA was reverse transcribed according to 

Protoscript II Reverse Transcriptase protocol (New England BioLabs), and 

quantitative PCR was performed with the TaqMan Fast Advanced Master Mix and 

gene-specific TaqMan assays (Applied Biosystems) according to the standard master 

mix protocol. TaqMan assays analyzed were Rn01472608_m1 (ZnT3), 

Rn01462662_g1 (GAPDH), and Rn00560865_m1 (Beta-2-microglobulin). 3–4 

technical replicates were performed per sample. PCR cycle conditions were as follows: 

50 °C, 2 min; 95 °C, 2 min; (95 °C, 3 s; 60 °C, 30 s) ×40 cycles. 

     For RNA-Seq validation analysis, neurons at DIV 14 were incubated in a 1:1 

solution of RNIM/KNIM for 10 seconds, with and without the addition of 10 µM ZnCl2. 

Each of the two conditions was performed in triplicate. After treatment, samples were 

placed back in the neuron culture media and incubated for 90 minutes at 37 °C and 

5% CO2. RNA extraction and reverse transcription were performed as in the previous 

paragraph. Quantitative PCR was performed with the TaqMan Fast Advanced 

Master Mix and gene-specific TaqMan assays (Applied Biosystems) according to the 

standard master mix protocol. TaqMan assays analyzed were Rn01472608_m1 
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(ZnT3), Rn01771489_m1 (ZIP10), Rn01429325_m1 (Sik1), Rn01462662_g1 (GAPDH), 

and Rn00560865_m1 (Beta-2-microglobulin). 3–4 technical replicates were performed 

per sample. Cycle conditions were as in the previous paragraph. 

2.5.11 Immunofluorescence (IF) 

     Cultures were prepared for IF at DIV 1, 7, 10, 14, 17, and 21. Samples were fixed 

for 10 minutes in PBS/3.7% paraformaldehyde, then quenched in PBS/20 mM NH4Cl 

for 5 minutes. Samples were blocked in PBS/10% goat serum for 30 minutes. 

Antibodies were diluted in PBS/2% goat serum. Samples were incubated with 

primary antibodies overnight and secondary antibodies for 30 minutes, with 4 × 10-

minute washes between incubations. Samples were imaged on the Nikon spinning 

disc confocal microscope using a 100X (NA 1.45) oil objective. 

     Anti-ZnT3 was used as a 1:100 dilution of 1 mg/mL stock solution, and anti-

Homer1 and anti-Synapsin were used as 1:200 dilutions of 1 mg/mL stock solutions. 

For ZnT3 peptide controls, 2.5 µg ZnT3 antibody was pre-incubated with 6 µg ZnT3 

control peptide for 20 minutes prior to sample incubation. Secondary antibodies were 

used as 1:1000 dilutions of 2 mg/mL stock solutions. 

2.5.12 Timm’s stain 

     Neuron cultures were stained at DIV 10–14. Subsets of samples were treated prior 

to staining with 20–40 µM ZnCl2 for 20 minutes, or with 20 µM ZnCl2/2.5 µM 

pyrithione for 8 minutes. Samples were washed and incubated for 2 minutes in sulfide 

solution (0.027% Na2S dissolved in 82 mM Tris, pH 8), then washed and fixed for 

10 min in PBS/3.7% paraformaldehyde and quenched for 5 min with PBS/20 mM 

NH4Cl. Samples were developed for 1 hour in developing solution prior to imaging. 

Developing solution was formulated by mixing aqueous solutions A (5.7 mM AgNO3), 
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B (2% citric acid, 0.8% hydroquinone), and C (10.7% gum arabic) in the volume ratio 

65:50:7 (A:B:C). 

2.5.13 Sequencing and computational pipeline 

     Neuron cultures (DIV 14) were placed at room temperature. Media was removed 

and neurons incubated in a 1:1 solution of RNIM/KNIM for 10 seconds, with and 

without the addition of 10 µM ZnCl2 or 10 µM TPA. Each of the three conditions 

(Stimulation, stimulation + ZnCl2, stimulation + TPA) was performed in triplicate. 

After treatment, samples were placed back in the removed neuron culture media and 

incubated for 90 minutes at 37 °C and 5% CO2. Cells were lysed and RNA extracted 

according to the Promega Maxwell RSC simplyRNA isolation kit. Libraries were 

generated according to the Bioo NextFlex Dir RNA kit and sequenced on an Illumina 

NextSeq 500 using a high-output 2 × 75 paired-end protocol. 

     Rat reference genome files (rn6), including genome fasta file and gtf gene 

annotation file, were downloaded from Illumina iGenomes 

(https://support.illumina.com/sequencing/sequencing_software/igenome.html) on 

7/31/2017. 

     Quality control of de-multiplexed fastq files was performed using fastQC (v0.11.2, 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The first ten bases of 

all reads were trimmed from each separate fastq file in a single-end fashion with 

trimmomatic (v0.32)522 and resulting fastq files were mapped in a paired-end fashion 

with tophat2 (v2.0.6, bowtie2 v2.0.2)523 using parameters --b2-very-sensitive -

r 110 --mate-std-dev 180 and including the rn6 genes GTF file. Resultant BAM 

files were indexed with samtools (v0.1.18)524. 

     The featureCounts function within the R package Rsubread (v1.24.2, R v3.3.0)525 
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was used to generate gene-level read counts, with parameters 

GTF.featureType=“exon”, GTP.attrType=“gene_id”, 

useMetaFeatures=TRUE, allowMultiOverlap=FALSE, 

largestOverlap=FALSE, strandSpecific=2, isPairedEnd=TRUE, 

requireBothEndsMapped=TRUE, checkFragLength=TRUE, minFragLength=50, 

maxFragLength=60000, countChimericFragments=FALSE. Differential 

expression analysis was performed pairwise between conditions with the R package 

DESeq 2 (v1.14.1, R v3.3.0)526. Differentially expressed genes were filtered according 

to a false discovery rate (padj) < 0.05, split into upregulated and downregulated genes, 

and analyzed with the DAVIDtools Functional Annotation Tool using default 

parameters (v6.8, https://david.ncifcrf.gov/)527,528. 

     For GSEA analysis, gene level counts were normalized to transcripts per million 

(TPM). GSEA (v3.0, http://software.broadinstitute.org/gsea/index.jsp)529,530 was then 

run on the TPM file with default parameters except for the following: Collapse 

dataset to gene symbols = false, Permutation type = gene_set, max 

set size = 3000, min set size = 5. Gene sets were downloaded from the 

Broad Institute Molecular Signatures Database (v6.2, 

http://software.broadinstitute.org/gsea/msigdb/index.jsp), collection C5 (GO gene 

sets). Gene sets for Zn2+-related genes were manually curated from mouse species-

filtered searches of (1) the Gene Ontology Consortium (http://www.geneontology.org/) 

for genes annotated with the terms “zinc ion transport”, “cellular zinc ion 

homeostasis”, “response to zinc ion”, “zinc ion transmembrane transport”, or “zinc ion 

binding”, (2) the Protein Data Bank (https://www.rcsb.org/) for all structures 

containing ZN, and (3) UniProt (https://www.uniprot.org/) for “zinc”. 
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     Principal component analysis was performed on samples based on gene-level TPM 

values with the built-in R function prcomp (R v.3.5.1). 

2.5.14 Statistical analysis and plotting 

     All statistical tests were performed in R (v3.5.1), and are detailed in individual 

figure legends. For comparison of Zn2+ responses to stimulation, two-sided Wilcox 

Signed Rank tests and two-sided Mann-Whitney U tests were used due to non-

normality of original data (as assessed by a Shapiro Wilk test). Statistical tests 

assessing significance of differential expression were performed by the DESeq2 

package, which accounts for multiple hypothesis testing corrections. Statistical tests 

assessing significance of GO term enrichment results were performed by the GSEA 

and DAVIDtools algorithms and accounted for multiple hypothesis testing 

corrections. 

     All fits and plots were generated with R (v3.5.1), using the packages ggplot2 

(v3.0.0), ggrepel (v0.8.0), reshape2 (v1.4.3), extrafont (v0.17), and cowplot (v0.9.3). 

2.5.15 Data availability 

     All raw next-generation sequencing data files and processed data files used to 

draw conclusions are available at the Gene Expression Omnibus, data series 

GSE126841. 
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3 Determination of intracellular Zn2+ dynamics and Zn2+-dependent signaling upon diverse neuronal 

stimulations 

Chapter 3 

Determination of intracellular Zn2+ dynamics and Zn2+-dependent 
signaling upon diverse neuronal stimulations 

 

3.1 Publication status and author contributions 

     This work is unpublished. Lynn Sanford and Amy Palmer designed the study and 

wrote the manuscript. L.S. collected and analyzed all imaging and sequencing data. 

3.2 Introduction 

     The pathology of many brain injuries and neurodegenerative diseases is related to 

the process of excitotoxicity, whereby neuronal signaling is dysregulated and excess 

glutamate is released at excitatory synapses531. The greater abundance of glutamate 

then causes imbalances in glutamate receptors and calcium signaling of surrounding 

neurons, causing accumulation of reactive oxygen and nitrogen species (ROS/RNS) 

and inducing stress-response pathways and/or apoptosis532. Furthermore, 

endoplasmic reticulum (ER) stress has also been observed in neurons upon a variety 

of insults533–536. Although there is some indication that ROS-induced calcium 

imbalances may be responsible for ER stress, the link between these two different 

stressors is still unclear534,537. 

     High levels of intracellular Zn2+ have long been known to contribute to 

excitotoxicity in ischemic conditions450,456,462, as well as to exacerbate neuronal stress 

and death in several neurodegenerative diseases538–540. Many different ROS/RNS, 
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whether generated by Ca2+-induced activity of NADPH oxidase (NOX) or exogenously 

applied, can liberate Zn2+ from intracellular stores, particularly the Zn2+-buffering 

metallothioneins456,458,468,541–545. Zn2+ has then been shown to enter mitochondria and 

inhibit respiratory and anti-oxidant enzymes546,547, or to inhibit the recovery of Ca2+ 

homeostasis458,468, both of which intensify oxidative stress and often induce apoptotic 

pathways. Some research has also proposed a correlation between Zn2+ and ER stress 

in a non-glutamatergic neuronal cell line, although no causal link has been shown548. 

     In this study, we aimed to characterize Zn2+ signals in dissociated hippocampal 

neurons upon different types of stimulation. We found that glutamate and field 

electrical stimulation induced larger Zn2+ responses than KCl, and these responses 

were often heterogeneous in magnitude and duration. The differences in Zn2+ were 

unrelated to the extent of acidification in these neurons. We characterized 

transcriptional responses to glutamate during different Zn2+ perturbations using 

RNA-Seq, and while we saw heterogeneity in our samples, we did identify significant 

upregulation of ER stress response pathways in cells that exhibited greater Zn2+ 

signals. High-throughput phosphoarray analysis also provided evidence that Zn2+ 

may induce anti-apoptotic stress responses. While it is unclear whether Zn2+ is 

augmenting glutamate-induced ER stress or is involved in the response to that stress, 

this work confirms Zn2+ as a key component of excitotoxic stress. 

3.3 Results 

3.3.1 Quantification of Zn2+ signals upon different neuronal stimulations 

     To determine how Zn2+ dynamics differ depending on stimulation method, we 

applied KCl, glutamate, and field electrical stimulation to dissociated mouse 

hippocampal neuron cultures and imaged Zn2+ with FluoZin-3 AM. All of these 
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Figure 3.1: Representative FluoZin-3 AM stimulation experiments to measure cellular Zn2+. 

Fractional saturation of FluoZin-3 is shown as determined by the full calibration shown in 

the left panel of each section, wherein stimulation (blue box) was followed by a period of 

recovery before addition of 10 µM TPA to measure minimum FluoZin-3 signal, then addition 

of 10 µM ZnCl2/0.5 µM pyrithione to achieve maximum FluoZin-3 signal. Right-hand panels 

show larger views of the first 750 seconds of each experiment. FluoZin-3 responses are lowest 

upon KCl stimulation (A), higher upon glutamate stimulation (B), with or without co-

incubation of 10 µM ZnCl2, and often higher still upon electrical stimulation (C), although 

these responses were much more variable. Electrical stimulation also often showed more 

sustained responses, especially when media was not immediately replaced after stimulation. 
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stimulations resulted in elevated intracellular Zn2+, which varied in magnitude and 

duration (Figures 3.1, 3.2). Generally, electrical stimulation gave rise to larger Zn2+ 

signals than glutamate stimulation, which were somewhat larger than Zn2+ increases 

observed upon KCl stimulation. While KCl and glutamate induced consistent peak 

Zn2+ signals, Zn2+ signals observed upon electrical stimulation were widely variable 

(Figure 3.2A). This is partially due to periodic failure of the electrical apparatus, 

leading to some cells that were not stimulated at all, but also may be due to variation 

in other parameters, such as exact distance of a cell from the electrodes. Furthermore, 

cells stimulated electrically were noticeably undergoing more stress as evidenced by 

blebbing toward the end of timecourses, which also may have affected the magnitude 

and heterogeneity of Zn2+ signals. Zn2+ signals evoked by glutamate stimulation could 

be intensified by the addition of exogenous Zn2+ (10 μM) and abrogated by the 

inclusion of TPA (10 μM, Figure 3.2B), allowing us to successfully modulate the 

magnitude of intracellular Zn2+ signal (Table 3.1). 

3.3.2 Comparison of stimulation-dependent pH and Zn2+ measurements 

     There is evidence in the literature that Zn2+ signals may be due to Ca2+/H+ 

exchange and subsequent acidification of neurons during stimulation, whereby 

acidification causes release of Zn2+ from cytosolic Zn2+-binding proteins281. To 

determine whether the different magnitudes of Zn2+ signals observed upon different 

stimulation methods were attributable to pH changes, we imaged neurons under 

different stimulation conditions with the ratiometric pH-sensing small molecule dye 

BCECF (Figure 3.3). Comparing fluorescence ratios to standard curve ratios 

measured on the same day of imaging, we determined that all neurons acidified, 

usually to between pH 6 and pH 7 (Figure 3.4), and that the magnitude of peak Zn2+  
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Figure 3.2: Quantification of FluoZin-3 AM signal upon different stimulation methods. The 

legend features an example trace diagram illustrating timepoints included in each of the 

measured categories (Rest, Peak, and Recovery). These timepoints were manually obtained 

in each experiment. (A) Box/dotplot of measured FluoZin-3 fractional saturation in different 

stimulation conditions. Each dot represents values obtained from an ROI in a single cell. 

Glu/Zn2+ and Elec/Zn2+ conditions were stimulated in the presence of 10 µM ZnCl2. Electrical 

stimulation gave widely variable responses compared to other methods. (B) Inset providing 

better resolution of the smaller FluoZin-3 responses observed upon KCl and glutamate 

stimulation. Significance was assessed with a two-sided Wilcox Signed Rank test for paired 

data (KCl: n=30, test statistic V=0, p=1.9e-9; Glu: n=64, test statistic V=0, p=3.6e-12, 

Glu_TPA: n=45, test statistic V=983, p=2.3e-9, Glu_Zn: n=57, test statistic V=0, p=5.3e-11, 

Elec: n=103, test statistic V=18, p<2.2e-16, Elec_Zn: n=12, test statistic V=0, p=0.00049). 
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Table 3.1: Approximate Zn2+ concentrations observed in different 

stimulation conditions, as calculated from FluoZin-3 AM data. 

 

 

 

 

 

 

signals in different stimulations did not correlate to the extent of neuron acidification 

(Figure 3.5). Interestingly, during electrical stimulation neurons were more likely to 

remain at low pH than in the other conditions, where there was usually some recovery 

in the timespan measured. This may correspond to the fact that Zn2+ responses were 

more likely to be sustained for long stretches of time upon electrical stimulation 

(Figure 3.1). However, the difference in magnitude of Zn2+ signals between glutamate 

and electrical stimulation could not be explained by the extent of neuron acidification. 

No further experiments have been conducted to determine the source of this observed 

difference, but given the fact that glutamate-mediated Ca2+ influx is known to induce 

production of reactive oxygen species (ROS) in neuron cultures458,462 and symptoms 

of stress were observed in electrically-stimulated neurons, one possibility for 

differences in Zn2+ signals in these conditions is extent of ROS generation. 

  

Figure 3.3 (p. 65): Representative BCECF experiments to measure cellular pH. (A) Example 

cells loaded with BCECF, showing signal measured at ~535 nm when excited by 488 nm (left 

panel) or 445 nm (center panel). The ratio of signal in relevant neuronal areas at 488 nm/445 

nm excitation is displayed in the right panel. Lower BCECF ratios correspond to lower pH 

values (see Figure 3.4A). (B) Example traces corresponding to the signal at each excitation 

wavelength in the cells numbered in (A), left panel. Stimulation with 50 µM glutamate is 

indicated by the blue box, whereas treatment with pH 6.4 media/10 µM nigericin for 

calibration purposes is indicated with the orange box. Each separate experiment on a single 

day was treated with a different pH media to assemble a pH-BCECF ratio calibration curve. 

(C) Ratio of signals obtained upon different excitations for the same cells as in (B). Note the 

ratios converge upon pH 6.4/nigericin treatment. 
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3.3.3 Analysis of Zn2+-dependent gene expression upon glutamate stimulation 

     In order to identify the transcriptional effects of Zn2+ signals during glutamate 

stimulation, we performed RNA-Seq on dissociated hippocampal neuron cultures. 

Neurons were exposed to a 2 minute incubation with normal media (control), media 

containing 50 μM glutamate (“Glu”), media containing 50 μM glutamate and 10 μM 

ZnCl2 (“Glu/Zn2+”), or media containing 50 μM glutamate and 10 μM Zn2+ chelator 

TPA (“Glu/TPA”). The two main comparison conditions were anticipated to be Glu 

(endogenous Zn2+ signal) vs. Glu/TPA (blocked Zn2+ signal). Surprisingly, we observed 

little difference between these two conditions. Principal component analysis yielded 

no clear clustering of any condition within any principal component (Figures 3.6, 3.7). 

     One possible source of variation that we considered was heterogeneity in 

successful neuronal stimulation; to this end, we analyzed immediate early genes 

(IEGs) that are known to be upregulated upon stimulation. Canonical IEGs Jun, Fos, 

Egr1, Nr4a1, Npas4, and Fosb did show considerable heterogeneity in upregulation 

upon glutamate treatment (regardless of Zn2+ perturbation), with some replicates 

 

Figure 3.4 (p. 67): Quantification of BCECF signal upon different stimulation methods. (A) 

Calibration curve relating BCECF ratio to equilibrated pH, obtained on a single day of 

experiments. Each dot represents one cell in a field of view, and 1-2 experiments comprise 

each pH point. (B) Representative traces from Fig. 3B, marked by color where Resting, Peak, 

and Recovery ratio measurements were obtained. Timepoints were obtained manually in 

each experiment. Scale bars = 20 µm. (C) Box/dotplot of BCECF ratio measurements across 

stimulation conditions. Each dot represents a value from an ROI within a single cell in a field 

of view. All conditions show a drop in BCECF ratio upon stimulation. (D) Box/dotplot of pH 

across stimulation conditions, as calculated from each individual cell BCECF ratio (shown in 

C) via the calibration curve obtained on the day of that experiment. All stimulation methods 

show a significant drop in pH upon stimulation, with all except electrical stimulation then 

displaying some recovery toward baseline pH over the course of the timecourse. Significance 

was assessed with a two-sided Wilcox Signed Rank test for paired data (Glu: n=68, test 

statistic V=2346, p=7.8e-13, Glu/TPA: n=58, test statistic V=1711, p=3.6e-11, Glu/Zn: n=58, 

test statistic V=1711, p=3.6e-11, Elec: n=77, test statistic V=3003, p=2.5e-14, Elec/Zn: n=84, 

test statistic V=3570, p=1.7e-15). 
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Figure 3.5: Comparison of “peak” pH (left panel) and FluoZin-3 AM (right panel) 

measurements across stimulation methods. “Peak” refers to the minimal (pH) or maximal 

(FluoZin-3) values obtained upon stimulation. Each set of data is equivalent to the peak 

datasets in Figs 2 and 4. While some pH differences were observed in different stimulations, 

especially between glutamate and electrical stimulation, these differences do not correlate 

with the strongly significant differences between all Zn2+ changes observed. * p < 0.05;             

** p < 0.005, *** p < 0.0005. Significance was assessed with a two-sided Mann-Whitney U 

unpaired test for both pH (Glu vs. Glu/TPA: test statistic W=2226, p=0.21, Glu vs. Glu/Zn: 

test statistic W=2498, p=0.01, Glu vs. Elec: test statistic W=4223, p=2.1e-10, Glu/TPA vs. 

Glu/Zn: test statistic W=1543, p=0.44, Elec vs. Elec/Zn: test statistic W=3849, p=0.04) and 

FluoZin-3 (KCl vs. Glu: test statistic W=315, p=1.7e-07, KCl vs. Elec: test statistic W=836, 

p=0.00014, Glu vs. Glu/TPA: test statistic W=0, p<2.2e-16, Glu vs. Glu/Zn: test statistic 

W=3020, p=5.4e-10, Glu vs. Elec: test statistic W=4228, p=0.0022, Elec vs. Elec/Zn: test 

statistic W=521, p=0.38). 

 

doubling expression of most of these IEGs and other replicates displaying little 

change (Figure 3.6C). Furthermore, other IEGs, including Homer1 and Egr3, showed 

little change across conditions. Upon further analysis, it was determined that the six 

variable IEGs all contributed most significantly to PC9, which also shows some 
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delineation between most stimulated replicates and control replicates. Despite this 

evidence of heterogeneity among replicates that may be partially due to inefficiency 

of stimulation, no criteria could be determined upon which to deem any of the 

replicates outliers using principle component analysis. We also analyzed the data 

using hierarchical clustering (Figure 3.6B) and silhouette cluster analysis, and both 

of these methods deemed that one replicate of the Glu/Zn2+ condition was an outlier. 

We therefore omitted this replicate when performing further analysis.           

     We performed differential expression analysis of genes between different 

conditions in this outlier-removed dataset using the R package DESeq2. We found a 

gradation in expression phenotype, in that only 2 genes were significantly 

differentially expressed between Glu and Glu/TPA conditions, and 3 genes were 

significantly differentially expressed between Glu and Glu/Zn2+ conditions, but 763 

genes were significantly differentially expressed between Glu/TPA and Glu/Zn2+ 

conditions (Figure 3.8). These results imply that glutamate treatment, which induces 

an intermediate Zn2+ signal, may also be inducing expression of Zn2+-dependent genes 

in an intermediate fashion. However, we were not be able to resolve differences 

between the glutamate condition and the exogenous Zn2+ perturbation conditions due 

to heterogeneity among replicate samples. 

     To further investigate the differentially expressed genes between Glu/Zn2+ and 

Glu/TPA conditions, we performed gene ontology (GO) analysis using DAVIDtools 

(Table 3.2) and GSEA (Table 3.3). Both methods indicated that genes upregulated in 

the Glu/Zn2+ condition were significantly enriched in GO categories for ER 

localization, ER stress, and the unfolded protein response (UPR). Other processes 

implicated among upregulated genes by one of the two tools include translation and 

mitochondrial function, whereas some neuronal processes such as axon guidance and 
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Figure 3.6 (p. 70): Variability in RNA-Seq data. (A) Principle component analysis of all 

replicates. PC1 and PC2 are displayed, accounting for 58.6% of all variance across samples. 

No clear clustering is visible among conditions, and all stimulation conditions have some 

replicates clustering and some varying dramatically. (B) Dendrogram displaying hierarchical 

clustering distances of all replicates. Similarly to (A), no clear clustering is visible, although 

one replicate (glzn5) is seen to be an outlier from the rest of the samples. (C) Heat maps 

showing expression of canonical neuronal immediate early genes (IEGs) across replicates. 

The top heat map treats each gene as separate for scaling purposes, whereas the bottom heat 

map excludes the lowest expressing genes (average TPM < 10) and applies the same scale 

across all genes. Replicates in all stimulation conditions show variability in the extent of 

induction of these genes, perhaps providing evidence of variability in successful neuronal 

stimulation. Cont = control, Glut = Glu, Gtpa = Glu/TPA, Glzn = Glu/Zn2+. 

 

calcium regulation are more enriched in the Glu/TPA condition. GSEA analysis of 

Glu vs. Glu/TPA conditions also indicated enrichment in UPR-related genes (Table 

3.3), providing further evidence that Zn2+ transients are important for manifestation 

of an ER stress response. Whether Zn2+ is a key agent of stress or a signaling 

intermediate for the stress response is still unclear. 

     Interestingly, there were few Zn2+ homeostasis genes observed to be differentially 

expressed among conditions. Metallothionein genes Mt1 and Mt2, as well as putative 

plasma membrane Zn2+ exporter Zip11 (Slc39a11), were seen to be upregulated in 

Glu/Zn2+ as compared to Glu/TPA, which may indicate that the neurons are 

experiencing high levels of Zn2+, which may require export and more extensive 

cytosolic Zn2+ buffering. 

3.3.4 Comparison of Zn2+-dependent gene expression upon KCl vs. glutamate 

stimulation 

     To determine whether Zn2+ signals act similarly in longer (2 minute) glutamate 

stimulation as compared to short (10 second) KCl stimulation, we compared 

differentially expressed genes from KCl/Zn2+ vs. KCl conditions (see section 2.3.5) to 

Glu/Zn2+ vs. Glu/TPA conditions (Figure 3.9). These gene sets had very little overlap, 
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Figure 3.7: Variability in RNA-Seq data as assessed with principle component analysis. Plots 

are shown to visualize PC1-PC10 (PC2 vs. PC1 is the same as in Figure 6A). No clear 

separation is visible within any principle component. 
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Table 3.2: Select enriched gene ontology (GO) terms between Glu/Zn2+ and Glu/TPA 

conditions as assessed using the DAVIDtools online functional annotation tool. FDR = 

false discovery rate. 

 

 

 

 

 

 

 

 

Table 3.3: Select Gene Set Enrichment Analysis (GSEA) results examining whether sets of 

genes associated with certain human gene ontology terms or pathways are enriched between 

Glu/Zn2+ or Glu conditions as compared to the Glu/TPA condition. FDR = false discovery rate. 
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and most of the genes that were common to both datasets actually were upregulated 

in opposite Zn2+ conditions. This comparison is very rough (different organism, 

different treatment comparisons, different time of stimulation), but it does indicate 

that the Zn2+-dependent gene expression changes during short KCl stimulation and 

longer glutamate stimulation are extremely different.  

3.3.5 Investigation of Zn2+-dependent protein phosphorylation upon 

glutamate stimulation 

     In order to determine what signaling pathways might be activated by Zn2+, we 

performed glutamate or glutamate/TPA stimulation on neurons and collected protein 

lysates after 30 minutes. We then analyzed these lysates with a large phosphoarray 

containing 1318 antibodies to 407 different proteins and 687 unique phosphosites 

(Figure 3.10). This experiment was intended to be a pilot experiment, and thus we 

were restricted to two samples: one biological replicate per condition, with two 

technical replicates per phosphoarray slide. Analysis of spots on the array was 

hampered by variable background signals and different levels of non-specific binding, 

and despite using local background correction and normalizing to internal controls, 

we were not confident in any specific quantification (Figure 3.10A). Due to this lack 

of statistical power and variability of quantification, we thus treated this experiment  

 

Figure 3.8 (p. 75): Differential expression among RNA-Seq conditions. (A) MA plots showing 

distribution of genes between Glu and Glu/TPA conditions (left) and between Glu/Zn2+ and 

Glu/TPA conditions (right). Each dot represents a gene, with genes that were deemed as 

significantly differentially expressed shown as orange. (B) Counts of differentially expressed 

genes between different conditions. The largest number of different genes was observed 

between Glu/Zn2+ and Glu/TPA conditions. (C) Volcano plot displaying significance of 

difference vs. magnitude of change for each gene between Glu/Zn2+ and Glu/TPA conditions. 

All genes passing a threshold of FDR > 1.3 and log2(FC) > 0.1 are displayed as orange. 12 

genes exhibiting high significance or high fold change are labeled, as well as several genes 

related to ER stress (boxed). 
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Figure 3.9: Venn diagrams comparing differentially expressed genes observed in different 

RNA-Seq experiments. Gene sets include (A) all differentially expressed genes seen in each 

experiment or (B) only differentially expressed genes that are expressed in all four conditions 

(DESeq2 baseMean > 1).  Larger circles indicate total upregulated and downregulated genes 

in each experiment (KCl/Zn2+ vs. KCl as discussed in Chapter 2, Glutamate/Zn2+ vs. 

Glutamate/TPA as discussed in this chapter). Overlap indicates how many genes were 

differentially expressed in both datasets and consistently upregulated (5 genes), consistently 

downregulated (16 genes), or regulated in different directions with relationship to Zn2+ status 

(54 genes). 

 

as rough exploration that we intend to validate using more rigorous methods. 

     With these caveats, we analyzed the phosphosites that gave us the highest fold 

changes between the two conditions (Figure 3.10B). Most of these hits were involved 

in MAP kinase signaling, PI3K/AKT signaling, or NFκB signaling, with many specific 

phosphosites providing contradictory evidence on the overall activation of those  
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pathways upon Zn2+-replete glutamate treatment. We posit three scenarios that may 

be supported by this data, none of which are mutually exclusive: 1) Zn2+ directly or indirectly 

induces NFκB-mediated anti-apoptotic stress response and inhibits apoptotic signaling; 2) 

the presence of Zn2+ induces Src activation, potentially through RTK activity, which then 

alters downstream MAPK and AKT signaling; 3) Zn2+-altered MAPK and PKC signaling 

leads to cytoskeletal rearrangements and receptor localization at synapses. As described in 

the first scenario, the general upregulation of NFκB signaling and anti-apoptotic signaling 

corroborates the RNA-Seq results, and the role of Zn2+ in stress-related signaling and ER 

stress is thus a focus of ongoing research. 

3.4 Discussion 

     In this study, we examined how different methods of stimulation of dissociated 

hippocampal neurons elicited diverse Zn2+ responses, and then we further 

investigated downstream consequences of glutamate stimulation in variable Zn2+ 

conditions. We found that KCl, glutamate, and field electrical stimulations generated 

remarkably different intracellular Zn2+ dynamics, and that despite literature 

suggesting that pH is a driving factor in glutamate-induced intracellular Zn2+ 

mobilization, the magnitudes of these differential responses failed to correlate with 

the extent of pH drop observed. It is possible that neurons have similarly different 

Ca2+ dynamics in these three stimulation scenarios; this is not readily apparent in 

the intensiometric Ca2+ imaging that we have done (Appendix C), but we have not 

performed rigorous quantification of Ca2+ in cells exposed to each stimulation. 

Variability in Ca2+ levels might imply that voltage is variable across conditions, 

leading to altered permeability of ion channels across the plasma membrane to any 

potential extracellular Zn2+, or it could indicate that other downstream effects of Ca2+ 

could be important for Zn2+ mobilization. The generation of reactive oxygen/nitrogen  
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species (ROS/RNS) is another important possibility for explaining differential 

stimulation method-dependent Zn2+ dynamics. Glutamate stimulation is known to 

prompt ROS production532, and ROS are known to mobilize Zn2+ from cytosolic 

metallothioneins458,542,543, although whether the minimum timescale of this 

mobilization matches our observations is unclear. Some research has shown that ROS 

may be involved in physiological responses282, so ROS-dependent Zn2+ mobilization 

may not necessarily be indicative of oxidative stress. However, given the visible state 

of stress observed over time in electrically-stimulated neurons, these cells could be 

experiencing higher levels of ROS, which might explain the higher peak Zn2+ signals 

observed. Furthermore, 60 mM KCl has been shown to not produce intracellular 

ROS458, thus potentially explaining the limited extent of the Zn2+ signal we observed 

upon KCl stimulation. Further study of Ca2+ dynamics and ROS generation in 

neurons cultures upon stimulation will likely further clarify the different observed 

Zn2+ dynamics. 

     In order to determine downstream effects of Zn2+ signaling, we chose to use 

glutamate stimulation, which gave the largest consistent Zn2+ response as defined by 

Figure 3.10 (p. 78): Analysis of phosphoarray conducted with cells stimulated with glutamate 

or glutamate/TPA. (A) Representative image of array areas with ROIs used for quantification. 

The large picture and red-boxed inset are images of the glutamate condition, whereas the 

right-most inset shows the same region from the glutamate/TPA array. Rings around spots 

(intersections of blue and yellow circles) were used to measure local background, which was 

then subtracted from the spot intensity (within yellow circles). Yet spot intensity itself was 

extremely different between the two arrays, possibly due to differences in blocking and non-

specific binding, making quantification difficult. (B) Top hits from the phosphoarray 

comparison as assessed by fold change. All phosphosites with log2(FC) > 1 (left and center 

columns) or log2(FC) < 2 (right column) are displayed. The box behind each phosphosite label 

has a length corresponding to the log2(FC) observed and a color that illustrates whether it 

activates or inhibits protein function. Colored circles indicate whether the associated protein 

is connected to canonical signaling pathways, and arrows indicate whether the specific 

phosphosite(s) should upregulate or downregulate activity of that signaling pathway in the 

glutamate condition. 
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fluorescence imaging. Despite the relative consistency of Zn2+ signals, replicates 

within conditions showed substantial heterogeneity when analyzed by PCA and 

hierarchical clustering. There seems to be a component of this heterogeneity that may 

be due to less overall stimulation of some cultures, as evidenced by the lack of 

immediate early gene expression in several glutamate-stimulated replicates. Another 

source of variation in sequencing results could be the cell type composition of each 

culture, since they are not pure excitatory neuron cultures, although this should be 

minimized by the extraction method of pooling all hippocampi before dissociation and 

plating. We do not believe that the divergence of replicates was primarily due to 

disparate Zn2+ dynamics among cultures, due to the fact that all analysis methods 

indicated the replicates for the Glu/TPA condition were as variable as the rest, despite 

this condition showing an extremely narrow distribution of Zn2+ concentrations. The 

source of the rest of the heterogeneity is unknown. 

     In analyzing differential expression and enriched GO terms in the RNA-Seq data, 

we observed that neurons stimulated in Zn2+-replete and Zn2+-added conditions 

appeared to upregulate markers of ER stress, including genes involved in the 

unfolded protein response (UPR) and ER-associated degradation (ERAD). These 

results were somewhat surprising, as Zn2+ has previously been shown to exacerbate 

mitochondrial and ROS stress in neurons458,468,546,547, but has only been tangentially 

linked to ER stress548. Stimulation in the presence of exogenous Zn2+ was also 

responsible for upregulation of genes related to translation and mitochondrial 

function, which may also be further signs of cell stress. However, oxidative stress 

response genes, including the transcription factor Nrf2, nitric oxide synthase 

enzymes (Nos1/Nos2), NADPH oxidase (Nox1), superoxide dismutase (Sod1/Sod2), 

thioredoxin interacting protein (Txnip), glutathione peroxidases (Gpx1-Gpx4), and 
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catalase (Cat)480,549,550, were not observed to be upregulated. Importantly, ER stress 

response pathways are clearly enriched when comparing Zn2+-replete and Zn2+-added 

stimulation conditions to control neurons, but absent from comparisons between the 

glutamate/TPA condition and control neurons. Furthermore, glutamate stimulation 

of neurons in the presence of TPA seems to have preferentially upregulated genes 

responsible for neuron growth, given GSEA identification in the glutamate/TPA 

condition of pathways including axon guidance and calcium exocytosis, likely 

indicating a lack of stress in this condition. All of this evidence supports the 

hypothesis that Zn2+ is important for glutamate-induced cell stress, although ER 

stress seems to be more clearly implicated than oxidative stress, which does not 

coincide with the literature. It is possible that the timepoint of our sequencing was 

not late enough to capture a transcriptional oxidative stress response, or that the 

moderate Zn2+ dynamics resulting from the relatively mild glutamate stimulation we 

used did not reach a threshold for inducing oxidative stress. Either explanation, 

however, would also seem to preclude the ER stress we did observe, as ER stress is 

thought to be downstream of oxidative stress in excitotoxicity534,537. One further 

possibility is that, due to the inter-replicate variability of our sequencing samples, we 

may not have identified oxidative stress response genes that were upregulated less 

strongly than ER stress response genes. To address these possibilities, experiments 

are currently underway to more specifically validate the Zn2+-ER stress link using 

benchmark ER stress assays examining XBP-1 splicing and CHOP expression, and 

to determine whether our stimulation conditions do induce generation of reactive 

oxygen species. 

     While the RNA-Seq results did allow us to correlate Zn2+ and neuronal ER stress, 

we were unable to elucidate whether Zn2+ may be causal in inducing ER stress, or if 
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it is an important mediator of signaling leading to stress response. One way we 

attempted to differentiate between these scenarios was with a high-throughput 

phosphoarray, with which we hoped to more clearly understand which signaling 

pathways are activated upon glutamate stimulation in Zn2+-replete conditions. While 

the phosphoarray did give us some indication that the stress responses more clearly 

shown in the RNA-Seq data were mediated by the MAPK, PI3K/AKT, and NFκB 

pathways and are likely anti-apoptotic rather than pro-apoptotic, the technical and 

statistical limitations of the array restricted our ability to narrow our focus. 

Furthermore, this type of array is unlikely to provide insight into causality or 

sequence of events in how Zn2+ influences stress response. 

     An interesting extension of this experiment could be to assess apoptotic signaling 

at multiple timepoints and at varying levels of Zn2+. Much of the research concerning 

Zn2+-related oxidative stress in neurons has focused on the apoptotic endpoint 

following this stress458,462,480,544,545, with few studies looking at potentially anti-

apoptotic effects of Zn2+ 551. However, the relatively small signals exhibited by 

neurons in our cultures (< 2 nM peak [Zn2+] upon glutamate/Zn2+ stimulation) are 

likely smaller perturbations than those induced in most of these studies, which may 

modulate apoptotic/anti-apoptotic signaling in different ways than previously seen. 

In fact, it is intriguing that some evidence of ER stress is visible upon a 6-fold increase 

in cytosolic Zn2+ as seen upon glutamate stimulation alone, whereas the 3-fold Zn2+ 

increase seen upon KCl stimulation induces pro-growth phenotypes (section 2.3.5). 

Further dissection of Zn2+-related stress pathways and Ca2+ dynamics might clarify 

the sensitivity of this threshold. 
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3.5 Materials and methods 

3.5.1 Neuron isolation/culture 

Neuron and glial cell isolation and culture were performed as discussed in section 

2.5.1 and Appendix D. No animals were used, as embryonic mouse hippocampal 

tissue was exclusively obtained from BrainBits, LLC, and neonatal mouse cortical 

tissue was obtained from the Hoeffer lab at CU Boulder. 

3.5.2 Materials 

     The following fluorescent small molecule dyes were obtained from Thermo Fisher: 

FluoZin-3 AM (F24195), BCECF AM (B1150), and Fluo-4 (F14201). Stock solutions 

of FluoZin-3 AM were prepared at 1 mM in DMSO. Stock solutions of BCECF were 

prepared at 1 mM in DMSO. Stock solutions of Fluo-4 AM were prepared at 1 mM in 

DMSO. 

     The Zn2+-specific chelator tris(2-pyridylmethyl)amine (TPA) (723134), ZnCl2 

(211273), Chelex (C7901), the ionophore 2-mercaptopyridine N-oxide (pyrithione) 

(188549), and the protonophore nigericin (N7143) were purchased from Sigma-

Aldrich. Stock solutions were prepared as follows: TPA, 20 mM in DMSO; ZnCl2, 1 

mg/mL in water treated overnight with chelex; pyrithione, 5 mM in DMSO; nigericin, 

1 mM in ethanol. 

     Resting neuron imaging media (RNIM) was formulated as follows: 145 mM NaCl, 

3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, pH 7.4. 

High-potassium neuron imaging media (KNIM) was made as a 2X K+ solution (51 

mM NaCl, 97 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, 

pH 7.4), which when added 1:1 to RNIM gave concentrations of 98 mM NaCl and 50 

mM KCl. 
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3.5.3 Equipment 

     Samples for all imaging experiments were imaged on a Nikon Ti-E spinning disc 

confocal microscope equipped with Nikon Elements software, Ti-E perfect focus 

system, Yokogawa CSU-X1 spinning disc head, Andor 888 Ultra EMCCD camera and 

Oko Labs enclosed environmental chamber set at 37 °C. 

     For electrical stimulation, an IonOptix Myopacer cell stimulator was equipped 

with a custom set of platinum wire electrodes. All stimulations were performed with 

30 V bipolar waveform 10 ms pulses at 5 Hz for a duration of 1 minute. 

3.5.4 Stimulation-induced Zn2+ measurements with FluoZin-3 AM 

     Measurements were taken on the Nikon spinning disc microscope using a GFP 

channel (488 nm excitation, 525/50 nm emission), acquiring images with a 40X (NA 

0.95) air objective at 300 ms exposure time, EM multiplier 300, 10 MHz camera 

readout speed, and 15% laser power.  

     Neuron cultures (DIV 10-14) were washed and incubated at room temperature in 

RNIM containing 5 µM FluoZin-3 AM for 30 minutes. Samples were washed 3x in 

RNIM. Baseline measurements were obtained for 1-3 minutes. Cells were then 

stimulated with one of three basic methods: 1) 2-minute treatment of high K+ by 

mixing KNIM 1:1 with the RNIM already present, 2) 2-minute treatment with 50 µM 

glutamate, or 3) electrical stimulation (see Equipment section). For KCl or glutamate 

stimulation, cultures were washed 3x with RNIM and measurements taken for 15 

minutes. Cultures were washed 3x with RNIM after stimulation in some electrical 

stimulation experiments, but not all. In + Zn2+ experiments, 10 µM ZnCl2 was added 

during stimulation. In + TPA experiments, 10 µM TPA was added 1-2 minutes before 

stimulation and maintained through stimulation and the subsequent 15 minute 
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imaging period.  

     Calibrations were performed by adding 10 µM TPA (final concentration) for 2 

minutes, then washing out with RNIM and adding 10 µM ZnCl2/0.5 µM pyrithione 

(final concentration). Measurements were taken until several minutes after a 

maximum signal was observed. 

3.5.5 Intracellular pH measurements with BCECF AM 

     Measurements were taken on the Nikon spinning disc microscope using a modified 

GFP channel (488 nm excitation, 2% laser power, 525-542 nm emission) and a 

CFP/YFP 445 ex channel (445 nm excitation, 4% laser power, 540/30 nm emission), 

acquiring images with a 40X (NA 0.95) air objective at 300 ms exposure time, EM 

multiplier 300, 10 MHz camera readout speed (for each channel). 

     Neuron cultures (DIV 10-14) were washed and incubated at room temperature in 

RNIM containing 1 µM BCECF AM for 30 minutes. Samples were washed 3x in 

RNIM. Baseline measurements were obtained for 1-3 minutes, then cells were 

stimulated by the three methods detailed in the FluoZin-3 AM section above. In + 

Zn2+ experiments, 10 µM ZnCl2 was added during stimulation. In + TPA experiments, 

10 µM TPA was added 1 minute before stimulation and maintained through 

stimulation and the subsequent 15 minute imaging period. 

     After each experiment, media was replaced by RNIM/10 µM nigericin buffered at 

a different pH, which equilibrated the intracellular and extracellular pH at a specific 

value. On a given day, cells in 1-2 different dishes were measured at each pH, then 

all data assembled to generate a relationship between ratio and pH. Buffered pH 

solutions were slightly different and measured precisely each day, but generally had 

values around pH 6.1, 6.4, 6.8, 7.3, and 7.7. 
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3.5.6 Image analysis 

     FluoZin-3 AM and BCECF imaging experiments were analyzed with a custom 

MATLAB script that imports ND2 experiment files, extracts metadata, registers 

images, allows for manual background and cell ROI selection, and generates raw and 

background-subtracted average intensity measurements.  

     For FluoZin-3 quantification, calibration data were manually inspected to obtain 

minimum and maximum values for intensity measurements, which were used to 

calculate fractional saturation according to the formula: 

�� =
� − ����

���� − ����
 

where X is the resting, peak, or recovery measurement and Fmin and Fmax are the 

minimum and maximum values of the background-subtracted fluorescence intensity 

during TPA and Zn2+/pyrithione treatments, respectively. Fractional saturation of 

FluoZin-3 AM was converted to an approximate intracellular Zn2+ concentration 

according to the formula:  

[����] =
��

1
��
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where Kd is the sensor dissociation constant (9.1 nM, Marszalek et al 2016 J Inorg 

Biochem) and FS is fractional saturation as defined above.  

     For BCECF AM quantification, BCECF ratios were calculated as (fluorescence 

intensity488ex/fluorescence intensity445ex). These ratios were converted to pH values 

according to the standard curve values obtained during imaging. 

3.5.7 Phosphoarray and analysis 

     Neuron cultures (DIV14) were placed at room temperature. 1 million cells were 

used per condition. Media was removed and neurons incubated in RNIM (for 
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glutamate stimulation condition) or RNIM + 10 μM TPA (for glutamate/TPA 

stimulation condition) for 2 minutes. Cultures were then stimulated with RNIM + 50 

μM glutamate or RNIM + 50 μM glutamate + 10 μM TPA, respectively. Neurons were 

washed 3x and then incubated in RNIM or RNIM + 0.5 μM TPA, respectively, for 30 

minutes. Lysates were prepared and each sample was applied to a separate slide of 

the Phospho Explorer Array (Full Moon Biosystems PEX100) according the Antibody 

Array Assay Kit (KAS02). Slides were stained with Cy3-Streptavidin (GE PA43001) 

and sent to Full Moon Biosystems for slide scanning. 

     Background differed dramatically between the two slides, and thus local 

background correction was applied by drawing a circle of radius 15 pixels around each 

antibody spot, then a circle of radius 17 pixels. An effort was made to not include 

bright outlier pixels in the background region. The average per-pixel background 

signal from the background ring was adjusted to the area of the analysis ROI and 

subtracted from the integrated pixel intensity of the analysis ROI to obtain 

background-corrected signal. Spots were then filtered by requiring them to be 

brighter than 30% of the average intensity of three negative controls. Any proteins 

for which phosphosite and total protein antibody spots met this criteria had a ratio 

calculated as (phosphosite spot intensity)/(median of total protein spot intensities), 

and any that met filtering criteria in both conditions were compared. 

3.5.8 Sequencing and computational pipeline 

     Neuron cultures (DIV 14) were placed at room temperature. For conditions with 

no stimulation, glutamate stimulation alone, or glutamate/Zn2+ stimulation, media 

was removed and neurons were incubated in experimental medium for 2 minutes. 

Experimental medium consisted of RNIM (control condition), RNIM + 50 μM 
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glutamate, or RNIM + 50 μM glutamate + 10 μM ZnCl2. For glutamate stimulation 

in the presence of TPA, neuron media was removed and neurons were placed in RNIM 

+ 10 μM TPA for 2 minutes, followed by RNIM + 50 μM glutamate + 10 μM TPA for 

2 minutes, followed by RNIM + 10 μM TPA for 5 minutes. After treatment, samples 

were placed back in the removed neuron culture media and incubated for 90 minutes 

post-stimulation at 37 °C and 5% CO2. Five replicates were performed for each of the 

four conditions (No stimulation, glutamate, glutamate + ZnCl2, glutamate + TPA). 

Cells were lysed and RNA extracted according to the Qiagen RNeasy kit protocol 

(74106). Libraries were generated according to the TruSeq Stranded mRNA kit 

protocol using TruSeq RNA CD Indexes and sequenced on an Illumina NextSeq 500 

using a high-output 2x75 paired-end protocol. Two sequencing runs were performed 

to increase read depth, and resultant fastq files for each sample were concatenated 

prior to downstream analysis. 

     Mouse reference genome files (mm10), including genome fasta file and gtf gene 

annotation file, were downloaded on 8/10/2018 from Illumina iGenomes 

(https://support.illumina.com/sequencing/sequencing_software/igenome.html). 

     Quality control of de-multiplexed fastq files was performed using fastQC (v0.11.5, 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Concatenated fastq 

files were mapped in a paired-end fashion with HISAT2 (v2.1.0552) using parameters 

--very-sensitive --max-intronlen 50000 --rna-strandness FR and 

including the rn6 genes GTF file. Resultant BAM files were sorted and indexed with 

samtools (v1.3.1524).  

     The featureCounts function within the R package Rsubread (v1.24.2, R v3.3.0553) 

was used to generate gene-level read counts, with parameters 

GTF.featureType=”exon”, GTP.attrType=”gene_id”, 
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useMetaFeatures=TRUE, allowMultiOverlap=FALSE, 

largestOverlap=FALSE, strandSpecific=2, isPairedEnd=TRUE, 

requireBothEndsMapped=TRUE, checkFragLength=TRUE, minFragLength=50, 

maxFragLength=60000, countChimericFragments=FALSE, autosort=TRUE. 

Gene-level read counts were compared pairwise between replicates to examine 

obvious outliers, and two genes (Rn45s and AF357359) were identified that varied 

widely among replicates. As these two genes express untranslated RNAs and likely 

represent variation in polyA enrichment, they were excluded from all downstream 

principle component analysis (PCA), clustering, differential expression, and GSEA 

analyses. 

     For PCA and cluster analysis, gene level counts were normalized to transcripts 

per million (TPM). All PCA and cluster analysis was performed in R v.3.5.3 with the 

package cluster (v2.0.8) or default prcomp, hclust, cutree, and silhoutte 

functions. A Euclidean distance matrix was calculated among all replicates and used 

for hierarchical clustering, then k-means clusters of 2, 3, 4, or 5 were generated for 

silhouette analysis. Clustering methods indicated one replicate (glzn5) of the 

glutamate + Zn2+ condition was an outlier, and thus this replicate was omitted for 

downstream differential expression and GSEA analyses. 

     Differential expression analysis was performed pairwise between conditions with 

the R package DESeq2 (v1.14.1, R v3.3.0526). Differentially expressed genes were 

filtered according to a false discovery rate (padj) < 0.05, split into upregulated and 

downregulated genes, and analyzed with the DAVIDtools Functional Annotation Tool 

using default parameters (v6.8, https://david.ncifcrf.gov/527,528). 

     GSEA (v3.0, http://software.broadinstitute.org/gsea/index.jsp529,530) was run on 

gene-level TPM values with default parameters except for the following: Collapse 
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dataset to gene symbols = false, Permutation type = gene_set, max 

set size = 3000, min set size = 5. Gene sets were downloaded from the Broad 

Institute Molecular Signatures Database (v6.2, 

http://software.broadinstitute.org/gsea/msigdb/index.jsp), collections C2 (curated 

gene sets) and C5 (GO gene sets). 

3.5.9 Statistical analysis and plotting 

     All statistical tests were performed in R (v3.5.3) within RStudio (v1.2.1335), and 

are detailed in individual figure legends. For comparison of Zn2+ responses to 

stimulation, two-sided Wilcox Signed Rank tests and two-sided Mann-Whitney U 

tests were used due to non-normality of original data (as assessed by a Shapiro Wilk 

test). Statistical tests assessing significance of differential expression are performed 

by the DESeq2 package and account for multiple hypothesis testing corrections. 

Statistical tests assessing significance of GO term enrichment results are performed 

by the GSEA and DAVIDtools algorithms and account for multiple hypothesis testing 

corrections. 

     All fits and plots were generated with R (v3.5.3) within RStudio (v1.2.1335), using 

the packages ggplot2 (v3.1.1), ggrepel (v0.8.0), ggpubr(v0.2), reshape2 (v1.4.3), 

extrafont (v0.17), dplyr(v0.8.0.1), and cowplot (v0.9.4).
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4 Future explorations of Zn2+-dependent neuronal signaling 

Chapter 4 

Future explorations of Zn2+-dependent neuronal signaling 

 

4.1 Further investigation of Zn2+-dependent signaling in dissociated 

neurons 

     In our examination of Zn2+ signaling in neurons, we took a somewhat naïve 

approach which led to some very interesting implications. Originally, we wanted to 

explore global Zn2+-dependent changes in neurons, so we quickly defined stimulation 

conditions that we knew did induce intracellular Zn2+ changes (10 second KCl 

treatment) and performed RNA-Seq. After finding that gene expression did not 

change rapidly or dramatically, as our fold changes were extremely small, we then 

more rigorously tested stimulation conditions and looked for larger Zn2+ signals. This 

led us to perform a similar RNA-Seq experiment using a 2 minute glutamate 

treatment that induced larger Zn2+ signals, yet the resulting gene expression changes 

were still small and the results even more variable. RNA extraction at later 

timepoints could enhance our ability to discriminate differences, although it could 

also include secondary effects that may be hard to parse. Ultimately, these mild 

changes are likely indicative that Zn2+ signals do alter gene expression, but not 

drastically. The best way to increase our signal to noise in looking at these changes 

would be to do nascent transcription sequencing, such as PRO-Seq, which would 

require many more neurons than we usually grow, or potentially use ATAC-Seq as a 
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proxy for nascent transcription. These would allow us to focus more specifically on 

Zn2+-related transcriptional changes after stimulation. Ideally these techniques 

would also give us higher resolution in looking at Zn2+-dependent transcription 

changes that would allow us to specifically probe endogenous Zn2+ signals rather than 

rely on larger changes induced by stimulation in the presence of exogenous Zn2+. 

     Despite the fact that different stimulation conditions did not give us a cleaner 

sequencing experiment, the contrast in differentially expressed genes was striking. 

There are a variety of factors that are different between these two experiments, 

including organism, stimulation chemical, stimulation duration, and maximum 

intracellular Zn2+ concentration. It would be fascinating to control for several more of 

these factors in order to determine whether the growth vs. stress phenotypes are truly 

Zn2+-dependent. One possible way to do this would be to perform RNA-Seq/PRO-Seq 

or phosphoarrays/phosphoproteomics on neurons after KCl or glutamate stimulation 

in different concentrations of both extracellular and cell-permeable Zn2+ chelators. If 

the resolution of detection were high enough, we could ideally identify a titratable 

Zn2+ response, and establish a threshold between Zn2+-dependent induction of growth 

or stress. Further imaging-based exploration of Ca2+ and ROS signaling in these 

different conditions would also help us define confounding variables, and potentially 

look at crosstalk between Zn2+ and other stimulation-dependent intracellular 

signaling. 

4.2 Expansion of exploratory methods to brain slices 

     Our original plan for my graduate work was to establish global sequencing 

methods in a system where we could rigorously define Zn2+ dynamics (dissociated 

neurons) and then to apply these methods to a more physiological system. Much of 
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the work concerning Zn2+ signaling in neurons has been conducted in brain slices for 

compelling reasons. Slices, if properly prepared, preserve endogenous synaptic Zn2+ 

and retain neural connectivity, meaning that presynaptic and postsynaptic Zn2+-

dependent signaling can be meaningfully dissected. Furthermore, conditions and 

tools have been established in slices for a number of different stimulation paradigms 

with different Zn2+ perturbations. Using these protocols, we could stimulate a region 

in the hippocampus in different Zn2+ conditions and then collect downstream neurons 

for sequencing or phosphorylation analysis, using bulk RNA-Seq, single-cell RNA-

Seq, ATAC-Seq, or phosphoproteomics. This would ideally allow us to determine 

whether the Zn2+-dependent cell growth and stress phenotypes that we see in our 

dissociated neurons are also present in neurons with synaptic connections developed 

in vivo and endogenous synaptic Zn2+, and would contextualize many other brain 

slice-based experiments investigating Zn2+ in neurobiology. 
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A Optogenetic tools for modulating intracellular Zn2+ 

Appendix A 

Optogenetic tools for modulating intracellular Zn2+ 

 

A.1 Introduction 

     The study of Zn2+ in cells is often hampered by inefficient or toxic methods of Zn2+ 

perturbation. The complexity of the Zn2+ transport and intracellular buffering system 

complicates efforts to modulate cytosolic or organelle-bound Zn2+ pools through 

genetic knockout or knockdown methods71,75,554. Addition of exogenous Zn2+, Zn2+ 

chelators such as N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN), 

and ionophores such as pyrithione can perturb intracellular Zn2+, but do so with 

variable dynamics and can have secondary toxic effects, as observed by the Palmer 

lab and others334,555. Better methods for rapid alteration of intracellular Zn2+ would 

be useful for furthering research into Zn2+ homeostasis and signaling. 

     In recent years, a variety of tools have been developed to quickly and specifically 

alter protein localization, function, expression, or degradation using light556. 

Collectively, these are known as optogenetic tools, and they have valuable 

implications for perturbing and manipulating systems without the addition of 

exogenous chemicals. We sought to try to develop tools to modulate intracellular Zn2+ 

through two separate optogenetic platforms. The first was the Cry2olig-Cib1 

platform, which was developed from the Arabidopsis photoreceptor Cry2557. Upon 

blue light stimulation, Cry2olig monomers aggregate and bind to a binding partner 
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called Cib1. These two separate functions of the Cry2olig construct could allow for a 

variety of different protein engineering strategies to modulate Zn2+. The second 

platform that we attempted to develop was that of the LOV24 degron, in which a blue-

light sensitive light-oxygen-voltage (LOV) domain undergoes a conformational 

change upon blue light irradiation to expose a degron domain, targeting the attached 

protein to the proteosome for degradation558. 

     The most obvious target protein for manipulation of cytosolic Zn2+ was one of the 

isoforms of the highly expressed Zn2+ buffering protein metallothionein (MT), which 

can bind up to seven Zn2+ ions and act as a source of or sink for Zn2+, depending on 

the homeostatic needs of the cell71. We therefore generated constructs linking MT to 

Cry2olig and to the LOV24 degron. In the case of the LOV24 degron, we hypothesized 

that light-induced degradation of MT would release some protein-bound Zn2+ and 

increase cytosolic Zn2+ levels. The expected end result of inducing MT clustering with 

Cry2olig was less clear, as such clustering could sequester Zn2+ in smaller cytosolic 

regions, release Zn2+ due to electrostatic interactions within clusters, or fail to alter 

metallothionein binding at all. We thus treated the MT-Cry2olig experiments as 

useful exploratory work before we attempted to develop other more rationalized (but 

more complicated) approaches. 

     Ultimately, while we successfully generated constructs linking MT to each of these 

two optogenetic tools, and we were able to verify blue light activation of the MT-

Cry2olig construct, we observed no perturbation in intracellular Zn2+. 

A.2 Results 

     In order to generate MT optogenetic constructs, we needed an MT gene, the 

optogenetic domain, and a selection marker. We simultaneously performed cloning 
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with both Mt1, a ubiquitously expressed MT, and Mt3, which has a much more 

restricted pattern of expression and is selectively enriched in the brain161. The 

selection marker we chose was mNeptune2.5, which is a fluorescent protein that is 

red-shifted compared to mCherry (maximum excitation at 599 nm). With this, we 

thought that it might be possible to activate the optogenetic construct with blue light, 

independently measure Zn2+ using a green-red Zn2+ FRET sensor, and verify 

activation/degradation with mNeptune2.5. This was not an accurate assumption, as 

both of the selected optogenetic domains are activated by light up to ~490 nm and 

thus are activated upon GFP excitation, but it was the original intention upon 

construct design. Using these building blocks, we successfully cloned constructs with 

the Mt1 gene, each optogenetic domain, and mNeptune2.5, as well as created  

 

Table A.1: Constructs either purchased from Addgene (with associated ID), or cloned in this 

project. Intermediate tags are included that could potentially be used in other projects to tag 

other proteins. 
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plasmids with a variety of useful intermediates for further work that might use MTs 

or these optogenetic domains (Table A.1).  

     While cloning, we attempted to recapitulate the published methods for activating 

each of the optogenetic constructs. In the case of Cry2olig/Cib1, imaging of 

cotransfected constructs successfully reproduced both the binding of Cry2olig to Cib1 

and the clustering of Cry2olig (Figure A.1). Both of these phenotypes were reversible 

over the course of ~10 minutes with no light exposure (data not shown). Conversely, 

activation of the LOV24 degron could not be reproduced with our experimental 

equipment. The original paper used constant illumination with a custom-made array 

of blue aquarium lights to induce LOV24-YFP degradation558. As we had no such 

array, we tried a variety of methods for activation, including close-range illumination 

with a blacklight flashlight, constant exposure to a low-power 488 nm microscope 

laser, and illumination under a UV bacterial colony screen light. No clear decrease in 

fluorescence was observed using any method (data not shown). Thus, despite the 

successful cloning of the MT1 LOV24 construct, no further work was done using this 

optogenetic tool. 

 

 

 

 

 

 

 

 

 

Figure A.1: Reproducing Cry2/Cib1 aggregation and binding data. At the beginning of the 

timecourse (left), Cry2olig (red) is diffuse throughout the cytosol and has no colocalization 

with Cib1 (green). In less than 30s (with the only Cry2 activation being imaging of GFP), 

Cry2 is seen to have moved to colocalize with Cib1. Further imaging reveals the formation of 

Cry2 aggregate clusters, most visible in the nucleus where there is no Cib1 present. 
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     As we could reproduce the Cry2olig/Cib1 phenotypes seen in the literature, we 

imaged our cloned MT1 Cry2olig construct alone and in conjunction with a cyan-

yellow Zn2+ FRET sensor (Figure A.2). Simultaneous imaging of CFP, YFP FRET, 

and mNeptune2.5 successfully activated the aggregation of the MT1 Cry2olig protein 

(Figure A.2A). However, FRET ratios did not change during this process in any 

experiment, at least on the time scale of 10-20 minutes (Figure A.2B). Further work 

is required to more fully investigate the properties of this construct. 

A.3 Discussion 

     In developing optogenetic tools for modulating intracellular Zn2+, we cloned 

constructs that linked MT1 to each of two different optogenetic domains/proteins. The 

MT1 Cry2olig construct successfully clustered upon blue light irradiation (CFP 

excitation laser), but we observed no corresponding change in FRET ratio within 20 

minutes of this clustering. One possible explanation for this is that the large 

repository of MT in the cell compensates for any changes in the smaller MT pool 

present in the overexpressed construct. In order to assess this possibility as a 

confounding factor, orthogonal coding of MT1 in our constructs could allow us to 

simultaneously knockdown endogenous MTs. Our primary explanation for this lack 

of Zn2+ change, however, is that the aggregation of the Cry2olig proteins (498 

residues), which are much larger than MT1 (61 residues), has little steric or 

electrostatic effect on the attached MT1 proteins, and thus has little effect on their 

coordination of Zn2+. If this is true, a platform redesign may be necessary to affect 

MT in a meaningful way. One possible avenue for continuing with this specific 

construct is attaching a disulfide isomerase to Cib1, which may then be brought into 

close enough proximity to the MT by Cry2olig activation to catalyze disulfide bond  
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Figure A.2: MT1 Cry2 imaging in HeLa cells containing Zn2+ FRET sensor NES ZapCV2. (A) 

Representative cell containing the NES ZapCV2 FRET sensor (CFP/YFP channels) and the MT1 

Cry2olig mNeptune2.5 construct. As seen more easily in the mNeptune2.5 grayscale image below, 

the construct aggregates over time. (B) No change in FRET ratio was seen over time, despite 

construct aggregation. Two different frame rates were used to attempt to see short and long scale 

dynamics. 
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formation and therefore restrict cysteine-based Zn2+ binding sites in the MT. 

     We were unable to recapitulate activation of the LOV24 degron with our 

experimental equipment. It is unclear whether this is solely a problem with our 

experimental equipment, and thus whether this project could be continued with a 

more specific blue light apparatus that has an appropriate power and wavelength 

composition, or whether this reflects a lack in robustness of the tool itself. In our 

different attempts to reproduce degradation, we also reflected on the utility of a tool 

that requires such intensive exposure over a long (~30 minute) period, and whether 

such conditions may induce unwanted phototoxic side effects, as well as photobleach 

any sensors present in the cell. Thus, while the MT1 LOV24 construct could still be 

a potentially interesting avenue of study, it also comes with important caveats to 

consider in future experiments. 

A.4 Methods 

     Most of the imaging for this section was performed on a Nikon Ti-E spinning disc 

confocal microscope equipped with Nikon Elements software, Ti-E perfect focus 

system, Yokogawa CSU-X1 spinning disc head, and Andor 888 Ultra EMCCD camera. 

Some LOV24-YFP experiments were performed on a Nikon Ti-E widefield microscope 

equipped with Nikon Elements software, Ti-E perfect focus system, Andor iXon3 

EMCCD camera, Sutter Instruments LD-LS/30 xenon arc lamp, and Sutter 

Instruments Lambda 10-3 filter changer. Some Cry2/Cib1 clustering verification 

experiments were also performed on a Nikon A1R laser scanning confocal microscope. 

     All NES-ZapCV2/MT1 Cry2olig experiments were conducted by imaging HeLa 

cells with genomically integrated NES-ZapCV2 and transiently transfected MT1 

Cry2olig. Some attempts were made to aim a 405 nm laser to stimulate specific cells 
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with Cry2/Cib1 experiments when imaging on the laser scanning confocal microscope. 

However, all NES-ZapCV2/MT1 Cry2olig experiments involved finding transfected 

cells solely through red channel imaging (594 nm laser excitation), then stimulating 

cells by normal FRET sensor imaging with the 445 nm laser (see section 2.5.5) in 

addition to monitoring mNeptune fluorescence. 

     The following were used in attempts to induce LOV24-YFP degradation: a Mag-

Lite blacklight flashlight at ~1/2 inch from cells for about 30 minutes, the spinning 

disk 488 nm microscope laser at 5% power for a constant 5 min exposure, and a UV 

bacterial colony screen light (395/40), under which cells were moved between each 

imaging frame (~10 minute timepoints). Normal YFP imaging conditions were used 

in all of these experiments, and no degradation was identified. 
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B Computational analysis of protein Zn2+ affinities 

Appendix B 

Computational analysis of protein Zn2+ affinities 

 

B.1 Publication status and author contributions 

     This appendix was originally prepared as a report detailing a semester-long 

project for the course MCDB 5314: Algorithms for Molecular Biology, authored by 

Lynn Sanford, Samarpita Debnath, and Kyle Rooney. L.S. designed the study. All 

authors analyzed and interpreted data and wrote the manuscript. 

B.2 Abstract 

     Zinc-binding proteins compose a large portion of mammalian proteomes and are 

essential for virtually all cellular functions. These proteins have widely varying 

affinities for zinc. We attempted to determine through structural alignment whether 

full-length proteins or zinc-binding sites of proteins with known zinc affinity had 

shared characteristics. Using the structural alignment algorithms FAST and 

MATRAS we created alignments of 21 full-length proteins and 18 minimal functional 

sites consisting of amino acid residues in a small sphere directly around the zinc 

atom. We found no pattern of basic similarity among proteins with similar zinc 

affinities, and therefore could not determine any specific characteristics of sites with 

specific affinities for zinc. 
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B.3 Introduction 

     Zinc is the second most common transition metal in cells and is essential for all 

life. About 10% of proteins (~2500-3000) in humans are predicted to bind zinc in its 

ionic form (Zn2+) in order to perform their function559. Regulation of Zn2+ is important 

for proper protein function and problems with this regulation (either deficiency or 

excess) are implicated in developmental impairments and diseases, such as 

neurodegenerative diseases, diabetes, and cancer559. 

     Many proteins bind Zn2+ in order to maintain a proper three dimensional 

structure, and in enzymes it is often necessary for catalytic activity. Depending on 

the particular binding site, a protein has a specific affinity for Zn2+ 559. This matters 

because the concentration of Zn2+ in cells can change. As it does, the sets of proteins 

that bind it may change according to their particular affinities. The goal of our project 

was to determine by structural analysis whether certain Zn2+ binding sites could be 

matched with affinities in order to try to hypothesize at different Zn2+ concentrations 

what proteins bind the ion and are therefore functional. 

Problem statement 

To find zinc-binding affinities of proteins based on structural alignments of zinc-

binding domains. 

Problem Description 

     On visual inspection, we concluded that sequence-based alignment is very 

unlikely to produce any results, because zinc-binding sites with same linear sequence 

of amino acids and similar sequence separation have affinities that differ widely. 

Also, zinc-binding sites with significantly different linear sequence have same 
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affinities. 

     Hence, we analyzed structural data of Zn2+-binding proteins with known Zn2+ 

affinities and looked for patterns in their binding sites. There were a few things about 

the structure of Zn2+-binding domains which we thought might influence the Zn2+-

binding affinity of the domain. 

 Coordination geometry: Zn2+ ions are typically coordinated by 4 electron-

rich atoms like oxygen or nitrogen. These atoms (as components of amino 

acids) can have different orientations relative to each other in three-

dimensional space that might be characteristic based on affinity. 

 Types of amino acids surrounding binding site: Zn2+-coordinating amino 

acids almost always consist of cysteine, histidine, aspartate, or glutamate. 

There may be other types of amino acids that are more likely to stabilize 

these coordinating residues that may have patterns characteristic of 

affinity. 

 Secondary structure: Certain secondary structures of the protein at specific 

distances from the Zn2+ ion may affect affinity. 

B.4 Methods 

     The data for this project was entirely derived from the publicly accessible database 

Protein Data Bank (PDB) and the biochemical literature. 

     All possible Zn2+-binding affinity data for individual proteins was accumulated 

from the literature. After pruning proteins that had multiple Zn2+-binding sites, we 

developed a test set of 21 proteins for which structural data were available. The full-

length proteins were aligned pairwise in an all-against-all fashion using the 
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structural alignment algorithm FAST (http://biowulf.bu.edu/FAST/index.htm)560. 

Similarity scores were then analyzed with regard to zinc affinity. 

     We then defined a minimal functional site (MFS) containing only amino acids 

directly surrounding the Zn2+ site. This was done according to a procedure previously 

described in which all residues are included that contain atoms within a threshold 

distance of residues coordinating the Zn2+ ion561. The radius of the MFS site was 

tested at 2.5 and 10 angstroms, and 10 angstroms was determined to provide a 

sufficient amount of information for structural alignment. MFS sites for 18 proteins 

were divided into three groups based on affinity (dissociation constant (Kd) values in 

the fM, pM, and nM ranges). Multiple sequence alignments were performed within 

each affinity group using the structural alignment algorithm MATRAS, and outputs 

were analyzed based on calculated similarity scores and the same criteria as applied 

to the analysis of full-length proteins above (Figure B.1)562. 

Assessment 

     We followed the below assessment plan to validate our project: 

1. To determine consensus features of zinc binding sites: The consensus features 

developed for a specific affinity should align with the entire seed set with all 

affinities. 

2. To define the minimal functional site: The radius should allow for the inclusion 

of enough residues to align but should not include residues outside of the 

immediate zinc-binding vicinity. 

3. To validate the minimal functional sites: The atoms included in the MFS 

output should overlay with the same atoms in the original PDB structure file. 

Each MFS will be slightly different depending on how tightly packed the 

protein is around the zinc ion, but it will always correspond to the original 
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structure. 

4. To validate if the MFS are well aligned using MATRAS: Similar structures, 

such as those conserved binding domains in the same protein, will provide high 

similarity scores. 

5. To validate the similarity scores and to come up with correlation with affinity: 

MFS sites with similar affinities will have high similarity scores. 

 

Figure B.1: Flow chart depicting workflow for this study 
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Innovativeness of approach 

     We used FAST in a new way that has not been attempted; we examined specific 

residues to find zinc binding affinities and attempted to correspond these with other 

zinc binding proteins to classify our list of proteins within different levels of affinities. 

     We also used MATRAS in a new way that has not been attempted; we aligned 

specific residues (situated in the vicinity of 10 angstroms from Zn2+) to find similarity 

between zinc binding sites and not entire proteins.  

B.5 Results 

Protein affinity data was accumulated from the literature, yielding a set of 21 

proteins for which there were also structural data available (Table B.1). These 

represented different classes of proteins from different organisms, and the zinc 

binding sites displayed diversity in sequence, function, and binding affinity. 

 

Table B.1: Proteins used for structural zinc binding site analysis 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5=563; 6=112; 7=564; 8 = 386; 9=565; 10 = 566; 11 = 5; 12=567; 13 = 568; 14 = 569; 15 = 570; 16 =571; 17=572; 18=573; 19-574; 20 = 575; 
21 = 576; 22 = 577; 23 = 578; 24 = 579 
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B.5.1 FAST analysis of whole proteins 

     Every protein was aligned pairwise with FAST in an all-vs-all manner, yielding 

210 pairings. Of these, 32 pairings yielded some result (Table B.2). These alignments 

mostly consisted of regions less than 30 amino acids.   

     From the list of 21 proteins in Table 1, only 12 found matches in the FAST search, 

with only three results over a score of 1. The majority of the proteins found their 

highest score when paired with the GAGA protein(1YUI), which has one of the 

highest Zinc Kd values of 5.01 nM. There was a total of 64 matches found in the FAST 

search, with repeats from each protein, coming out to a total of 32 matches in FAST. 

The GAGA protein and metallothionein MT3 (4MT2) were the only proteins with 

more than 10 total matches. 

     When further analyzed, only three results yielded a similarity score of greater 

than 1, which indicated that few of the thirty alignment results were of good quality. 

Of the three results mentioned, two contained alignments that did not include the 

zinc-binding site of either protein. The third, an alignment of TFIIIA and GAGA, did 

align part of the zinc binding sites. These two proteins are both transcription factors 

with very similar zinc-binding sites, so some amount of similarity between them is 

not surprising. However, the few meaningful results generated by this process 

indicated as a whole that the alignment of full zinc-binding proteins is not a useful 

approach to determining any similarities between zinc-binding sites. 

B.5.2 MATRAS analysis of minimal functional sites (MFS) for zinc-binding 

domains 

     We wrote a C program to find out the MFS. This program takes PDB files as input 

and generates one MFS file for each Zn2+ ion from entire PDB file as input. As we 
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Table B.2: Protein results in FAST search 

 

 

used proteins having multiple zinc-binding sites, this gave us more than 50 MFS files. 

Each MFS had 200 atoms belonging to more than 10 residues on an average. 

     Proteins were split into three groups according to zinc affinity. For groups 

containing proteins with multiple MFS outputs (multiple zinc binding sites), MFS 

outputs were restricted to ten randomly chosen sites (ensuring that at least one site 

from each protein was included), as ten files is the maximum input for MATRAS 

(Table B.3). 

     The output for MATRAS multiple alignments yielded both the actual alignments 

(in sequence and structural form) and RDIS similarity scores (Figure B.2). Group 1 

MFS sites showed some similarity along segments of the peptide backbone, as seen 

in Figure B.2A. However, the sites overall showed variable amounts of similarity 

(Figure B.2C). The only two pairwise alignments with similarity scores above 5% 

were between two different sites from the same protein. Group 2 shows a similar lack 

of similarity between MFS in different proteins (Figure B.3). This implies that 
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different proteins that are known to have femtomolar (Group 1) or picomolar (Group 

2) affinity for zinc have very little structural similarity within a 10 angstrom radius 

of the zinc atom. 

Table B.3: MFS sites used for multiple sequence alignment 

 

     

 

Figure B.2: Analysis of multiple MFS sites with MATRAS, Group 1 (fM). (A) Superimposed 

structural alignment of α carbons of residues in the MFS sites. Each color represents a 

distinct MFS site. (B) Alignment shown in sequence format. Numbers after underscore in ID 

correspond with MFS sites in Table 3. (C) Heat map of RDIS similarity scores. Red, yellow, 

and green represent lowest, medium, and highest similarity scores, respectively. 
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Figure B.3: Analysis of multiple MFS sites with MATRAS, Group 2 (pM).(A) Superimposed 

structural alignment of α carbons of residues in the MFS sites. Each color represents a 

distinct MFS site. (B) Alignment shown in sequence format. Numbers after underscore in ID 

correspond with MFS sites in Table 3. (C) Heat map of RDIS similarity scores. Red, yellow, 

and green represent lowest, medium, and highest similarity scores, respectively.  

 

Figure B.4: Analysis of multiple MFS sites with MATRAS, Group 3 (nM). (A) Superimposed 

structural alignment of α carbons of residues in the MFS sites. Each color represents a 

distinct MFS site. (B) Alignment shown in sequence format. Numbers after underscore in ID 

correspond with MFS sites in Table 3. (C) Heat map of RDIS similarity scores. Red, yellow, 

and green represent lowest, medium, and highest similarity scores, respectively. 
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     Group 3 shows somewhat more similarity among MFS from several member 

proteins, but is inconsistent in which proteins are similar (Figure B.4). Many of the 

transcription factors (glucocorticoid receptor A, estrogen receptor A, TFIIIA, 

transcription factor Sp1-3, GAGA) have relatively high levels of similarity when 

compared pairwise with certain others, but not all others. For example, the MFS from 

transcription factor Sp1-3 (1VA2) showed the highest structural similarity to both 

zinc sites derived from TFIIIA (1UN6) but no similarity to the MFS from GAGA 

(1YUI). These inconsistencies and the overall amount of neutral or negative 

similarity scores within this group led us to similarly conclude that zinc-binding sites 

of proteins with approximately nanomolar affinity for zinc have no cohesive 

structural similarity. 

B.6 Discussion 

     Analysis of full-length zinc-binding proteins with FAST and of minimal functional 

sites with MATRAS both indicated that we could not correlate structural features of 

these proteins to zinc affinity.   

     Several caveats exist in these approaches. The first involves the set of proteins 

used as a seed set. It is difficult to measure protein zinc affinity, as oxygen-rich 

environments may perturb zinc binding sites and exact zinc concentrations are 

difficult to formulate due to widespread zinc contamination. This reality has severely 

restricted the number of data points that were available to us to use. If more data 

were available in the literature, it could allow us to expand this study by utilizing 

different categories of proteins. Structural similarities that are hinted at in the Group 

3 MATRAS analysis could become more clear with a larger sample size. 
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     A second main caveat involves the algorithms used in this study. Both FAST and 

MATRAS align the α or β carbon atoms of amino acid residues. This is useful for a 

full-length protein structural alignment because considering all atoms would be very 

computationally expensive. But especially in analyzing much smaller MFS sites, 

another structural alignment algorithm that considered the positions of side chains 

and angles present between atoms of the peptide backbone might yield much more 

useful information about elements that are important in strength of zinc binding. 

Several other algorithms were explored over the course of this study, but due to 

compatibility issues with input data or software difficulties were not implemented. 

     One other explanation for the lack of similarity found in this study was that the 

static structural information present in PDB data did not allow for us to visualize the 

dynamics that might be important for determining zinc affinities. The nature of this 

study did not allow for us to address this possibility, as other types of experimental 

data would be necessary. 
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C Ca2+ imaging of neuron stimulations 

Appendix C 

Ca2+ imaging of neuron stimulations 

 

C.1 Quantification of Ca2+ signals 

     In order to determine whether neurons were successfully stimulated, Ca2+ imaging 

was performed with the small molecule dye Fluo-4 AM in all conditions, in both mouse 

and rat neurons.  

     No rigorous quantification was done in most cases. Several full calibrations were 

performed after KCl and KCl/Zn2+ treatments in rat neurons, and similar calibrations 

were attempted after glutamate stimulation in mouse neurons, but minima were not 

reached, possibly due to age/stability of reagents. Not enough experiments were 

performed with full calibrations to quantify fractional saturation changes upon 

stimulation, which normally aids in controlling for cell-to-cell variability in dye 

loading and cell shape. Only ΔF/F values from resting to peak levels were calculated 

(Figure C.1), and given the lack of replicates and the caveats associated with such 

quantification, we do not believe we have enough quantitative data to determine 

whether there are any differences in Ca2+ signals depending on stimulation method. 

Furthermore, validation with a lower affinity sensor may also be necessary, given 

that some traces indicate that stimulation-dependent Ca2+ changes may cause the 

Fluo-4 sensor to approach saturation. 
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Figure C.1: Quantification of Ca2+ imaging in neurons with the small molecule indicator Fluo-

4 AM. Plotted ΔF/F values were calculated as (peak intensity upon stimulation – resting 

intensity)/(resting intensity). Each dot represents a cell in a field of view. 

 

C.2 Ca2+ imaging traces 

     The following figures (Figures C.2 through C.11) show traces obtained from Fluo4 

AM Ca2+ imaging experiments. In all cases, stimulation is represented by a blue box, 

with other relevant media changes labeled. Stimulation and organism are labeled in 

the upper right of each plot. Concentrations were as follows for all experiments: 

glutamate = 50 µM, TPA = 10 µM, ZnCl2 = 10 µM, CaCl2 = 10 mM, ionomycin = 5-10 

µM, EGTA = 5-10 mM, EDTA = 10 mM. 

     Electrical experiments had no media changes until indicated, meaning some were 

not washed after stimulation (which seems to change the extent of signal). Electrical 

stimulation in all cases was a 10 ms bipolar waveform, 30 V, 5 Hz, 60 seconds, 

although in some experiments electrodes were adjusted during stimulation, which 

altered Ca2+ signals, and in some cases electrodes may not have been correctly 

connected.  
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Figure C.2: Ca2+ imaging in rat neurons with KCl stimulation (1 of 2). 
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Figure C.3: Ca2+ imaging in rat neurons with KCl stimulation (2 of 2). 
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Figure C.4: Ca2+ imaging in rat neurons with KCl/Zn2+ stimulation 



170 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.5: Ca2+ imaging in rat and mouse neurons with glutamate stimulation (1 of 3). 
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Figure C.6: Ca2+ imaging in mouse neurons with glutamate stimulation (2 of 3). 
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Figure C.7: Ca2+ imaging in mouse neurons with glutamate stimulation (3 of 3). 
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Figure C.8: Ca2+ imaging in mouse neurons with glutamate/TPA stimulation. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure C.9: Ca2+ imaging in mouse neurons with glutamate/Zn2+ stimulation 
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Figure C.10: Ca2+ imaging in mouse neurons with electrical stimulation (1 of 3). 
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Figure C.11: Ca2+ imaging in mouse neurons with electrical stimulation (2 of 3). 
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Figure C.12: Ca2+ imaging in mouse neurons with electrical stimulation (3 of 3). 
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Figure C.13: Ca2+ imaging in mouse neurons with electrical/Zn2+ stimulation. 
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D Detailed protocols and computational analysis procedures 

Appendix D 

Detailed protocols and computational analysis procedures 

 

D.1 Rat embryonic neuron isolation protocol 

 Materials 

- Equipment 

 Dissecting scissors, various sizes 

 Scalpel handle and surgical blades 

 Forceps, various sizes 

 Petri dishes (sterile) 

 Needles (sterile) 

 Pasteur pipettes 

 pH meter and reagents 

 Laminar flow hood, able to accommodate a dissecting microscope 

 Tissue culture incubator 

 Water bath 

 Dissecting microscope 

 Centrifuge 

- Reagents 

 10X HBSS (no Ca2+ or Mg2+) (Life/Invitrogen 14185-052) 

 1 M HEPES (Life/Invitrogen 15630-080) 
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 Gentamycin, 50 mg/mL (Life/Invitrogen 15750-060) 

 MEM with Earle's Salts and L-glutamine (Life/Invitrogen 11095-080) 

 D-Glucose (Sigma G8769-100ML) 

 Fetal Bovine Serum (See cell culture for details) 

 Papain, 1000 U/mL (Worthington, LS003126) 

 DNase (Sigma D4527-10KU) 

 Poly-D-lysine hydrobromide (Sigma P0899-10MG) 

 Sodium borate 

 Laminan: iMatrix-511 (Clontech T303) 

 Neurobasal Medium (Life/Invitrogen 21103-049) 

 GlutaMAX-I supplement (Life/Invitrogen 35050-061) 

 B-27 supplement (Life/Invitrogen 17504-001) 

 MilliQ H2O 

 70% ethanol 

 Procedure 

- 1) Prepare solutions 

 1.1) Dissection medium, 500 mL (calcium, magnesium, and bicarbonate-free 

HBSS with HEPES) 

- Components 

 50 mL 10X HBSS 

 5 mL 1 M HEPES buffer, pH 7.3 

 50 μL gentamycin (50 mg/mL) 

- pH to 7.2 

- Bring to 500 mL with milliQ H2O 

- Filter sterilize 
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- Store in 50 mL aliquots at -20 °C 

 1.2) Neuron plating medium, 250 mL (MEM supplemented with glucose and 

5% FBS) 

- Components 

 1.5 g glucose (0.6% wt/vol) – 3.33 mL 45% glucose stock 

 12.5 mL fetal bovine serum 

 About 234.2 mL MEM with Earle's Salts and L-glutamine (up to 150 mL) 

- Filter sterilize 

- Store at 4 °C 

 1.3) Digestion solution, 30 mL (Dissection medium containing papain) 

- Prepare shortly before dissociation 

- Components 

 Dissection medium (HBSS) 

 Papain, 1000 U/mL, 100 μL per 5 mL dissection medium 

- Heat at 37 °C for 10-30 min and filter (0.2 μm) once papain has dissolved 

- Keep in 37 °C water bath 

 1.4) DNase I solution 

- Prepare at 1 mg/mL in HBSS 

- Filter sterilize 

- Aliquot, store at -20 °C 

- Thaw before dissection, keep in 37 °C water bath 

 1.5) Poly-D-lysine coating solution 

- Stock: prepare at 10 mg/mL in 150 mM sodium borate (10X) 

- Filter sterilize 

- Aliquot in 600 μL, store at -20 °C 
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- Make working dilution at 1 mg/mL in sterile mqH2O immediately before 

coating 

 1.6) Laminin coating solution 

- Laminin is iMatrix-511 from Clontech 

- Prepare at 50 μg/mL in sterile H2O immediately before coating 

 25 μg/mL works most of the time, although is sometimes slightly patchy; 

50 μg/mL works well every time 

 1.7) Neuron culture medium, 500 mL 

- Components 

 500 mL Neurobasal medium 

 1.5 mL GlutaMAX-I supplement 

 10 mL B-27 supplement 

- Filter sterilize 

- Store at 4 °C 

- 2) Prepare equipment 

 2.1) Pasteur pipettes 

- Flame polish Pasteur pipettes to be normal diameter, but smoothed around 

tip 

- Flame polish Pasteur pipettes to have a tip diameter half the normal 

 2.2) Autoclave tools 

- Place scissors, forceps, and Pasteur pipettes (normal and smaller diameter) 

in disposable autoclave bags 

- Autoclave 

- 3) Coat plates 
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 3.1) At least 2 days before isolation, incubate imaging dishes in 1 mg/mL 

poly-D-lysine (PDL) solution overnight at 4 °C 

- Ideally about a week before 

 3.2) The day after PDL incubation wash dishes 3-4 times with sterile H2O 

- Coat with 50 μg/mL laminin (iMatrix-511) overnight at 4 °C 

- Ideally leave in laminin at 4 °C for about a week – better results 

 3.3) Aspirate laminin solution immediately before plating (step 7.3)  

- If getting hippocampi from Brain Bits, skip to step 6) 

- 4) Animal dissection (30 min) 

 4.1) Euthanize pregnant rat with CO2 and secondary euthanasia according to 

animal protocol 

 4.2) In animal facility, dissect out uterus onto a sterile petri dish and remove 

fetuses 

 4.3) Decapitate fetuses with sharp sterile scissors 

 4.4) Place heads in ice-cold neuron plating media and move to cell culture 

facility 

- 5) Brain dissection (2-2.5 hrs) 

 5.1) Place head in a sterile petri dish with cold dissection medium 

 5.2) Cut scalp and skull along midline and use forceps to pull back skull and 

expose brain 

 5.3) Remove brain and keep in cold neuron plating medium on ice until 

microdissection 

 5.4) For each brain, rinse with ice-cold dissection medium and transfer to a 

small, sterile petri dish containing 10 mL dissection medium 

- Switch out dish/media every so often to keep as cold as possible 
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 5.5) Using a dissecting microscope, remove meninges with forceps 

 5.6) Dissect out hippocampus with forceps and needles and transfer to a 15 mL 

conical with neuron plating medium on ice 

- 6) Prepare cell suspension (1-1.5 hrs) 

 6.1) Wash hippocampi 2X with room temperature dissection medium 

- Each wash – spin 5 min at 300 rpm in room temperature centrifuge or let 

tissue settle 

- During washes/settling make digestion solution 

 6.2) Remove dissection medium and add 10 mL digestion solution 

- If only a couple hippocampi, can use 5 mL; if whole extraction use 10 mL 

 6.3) Incubate at 37°C for 15 min with occasional gentle inversion 

 6.4) Add DNase I solution (100 μL per every 2 mL) to break DNA released by 

digestion and incubate 15 min at 37°C 

- I usually only do this if nucleofecting, otherwise hasn’t seemed to affect 

viability 

- If no DNase I incubation, do full 30 min incubation with digestion solution 

 6.5) Take tube out of incubator and centrifuge at 300 rpm for 5 minutes at 

room temperature 

- Depending on digestions, sometimes this isn’t a strong enough centrifugation 

– go up from here in terms of speed 

 6.6) Aspirate enzyme solution and wash tissue 2X with 4 mL neuron plating 

medium to neutralize remaining enzyme 

- Each wash – spin 5 min at 300 rpm at room temperature (see note on 6.5) 

- After washes resuspend in ~1-1.5 mL neuron plating medium (smaller 

volume better for dissociation) 
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 6.7) Dissociate hippocampi by pipetting 5-10 times with a normal Pasteur 

pipette, then 5-10 times with a half-diameter Pasteur pipette 

- Expel the suspension forcefully against the bottom of the tube to minimize 

foaming 

- Pipet only enough times to homogenize cells 

- By the end there should be no chunks of tissue left 

 6.8) For full extraction, pass the cell suspension into a new 50 mL conical 

through a 40 μm cell strainer 

- This helps remove some fibers/clumps present in the tissue 

- Flow a couple mL plating media over top of cell strainer to wash through as 

many as possible 

- This is generally not necessary for a couple of hippocampi 

- 7) Plate cells (outside of nucleofected samples) (0.5-2 hours, depending on 

#/variety of plates) 

 7.1) Determine cell density and total yield 

- Yield should be approximately 400,000 – 500,000 cells per hippocampus 

- Viability should be greater than 85% 

 7.2) Adjust cell density 

 7.3) Add desired number of cells to center of imaging dishes 

- Imaging dishes must be coated 

- Plate no more than 105 per dish – I’ve found a good density for imaging at 

10-20 days is 20,000 cells/dish 

 7.4) Add desired number of cells to 6-well plates/dishes 

 7.5) After about 10 min (once neurons have adhered), add 1-2 mL neuron 

plating medium 
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- 8) Nucleofect cells with Amaxa system (optional) 

 8.1) Pipette 4-5 million cells into microcentrifuge tube 

- Keep any other cells not resuspended in warm neuron plating medium 

 8.2) Spin cells at 100 x g in microcentrifuge for 10 min, RT 

 8.3) Aspirate media with a pipette tip 

 8.4) Add 100 μL nucleofection buffer (with supplement added) and 1-3 μg 

plasmid DNA 

 8.5) Pipet cell/DNA mixture into nucleofection cuvette 

- Make sure there’s no bubbles and that it evenly covers the bottom of the 

cuvette 

 8.6) Put cuvette into nucleofector and run protocol 

- Protocol: Neuron, rat hippocampal (Saved setting O-003) 

 8.7) Remove cuvette back into the hood and add 500 μL pre-equilibrated RPMI 

- Incubate in 37 °C for at least 10 minutes for recovery step 

 8.8) Adjust volume and plate cells as in 7.2) – 7.5) 

- 9) Re-feed cells and maintain culture 

 9.1) After 2-4 hours transfer to neuron culture medium, ideally with some 

portion glial-fed (see notes) 

 9.2) Two days after plating, add cytosine arabinoside (1-β-D-

arabinofuranosylcytosine) to a final concentration of 5 μM to curb glial 

proliferation 

 9.3) After 2-3 days change 1/2 existing medium 

 9.4) Every subsequent 7 days change 1/3-1/2 of existing medium 

 Notes 

- For step 6.8 the diameter of the flame-polished Pasteur pipettes is very 
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important – too narrow will damage cells and too wide will not fully dissociate 

the tissue 

- Neuron culture medium for initial plating/re-feeding can be filtered from glial 

cultures for more nutrients 

 Glial cells can be extracted from neonate cortical tissue as in steps 5) and 6) 

 Glial cells should be plated at a couple million/10 cm plate, grown to 

confluence, and frozen 

 Fresh neuron culture medium should be added to the glial cultures the day 

before neuron feeding 

 Glial-fed media should be filtered before addition to cultures 

D.2 Image analysis procedures 

     The MATLAB image analysis script that was used for analysis of all timecourse 

imaging data is deposited on my GitHub account (https://github.com/lynn-sanford). 

All prerequisites for running this script are detailed in the first section of the script; 

the most important prerequisites are MATLAB version 2016b or later and the 

“bfmatlab” package from BioFormats (http://downloads.openmicroscopy.org/bio-

formats/). User input is obtained periodically throughout the script on the number of 

files/channels/ROIs to use in order to be as flexible as possible. Cell segmentation is 

not performed, as neurons do not lend themselves to automated cell segmentation, so 

manual ROIs are requested. FRET calculations can be automated. The script outputs 

some microscopy metadata, all analysis parameters necessary for reproduction of 

analysis, graphs of background and background-subtracted intensities for each 

channel, FRET ratio data if requested, image containing ROI locations, and a .csv file 

containing average intensities of background and all ROIs in each frame. 
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D.3 RNA-Seq analysis pipeline scripts 

     All referenced scripts used for short-read sequence analysis have been deposited 

on my GitHub account (https://github.com/lynn-sanford).  

 

 


