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Microscopic analysis of molecules and physiology in living cells and systems

is a powerful tool in life sciences. While in vivo subcellular microscopic analy-

sis of healthy and diseased human organs remains impossible, zebrafish larvae

allow studying pathophysiology of many organs using in vivo microscopy.

Here, we review the potential of the larval zebrafish pancreas in the context

of islets of Langerhans and Type 1 diabetes. We highlight the match of zebrafish

larvae with the expanding toolbox of fluorescent probes that monitor cell identity,

fate and/or physiology in real time. Moreover, fast and efficient modulation and

localization of fluorescence at a subcellular level, through fluorescence microscopy,

including confocal and light sheet (single plane illumination) microscopes tailored

to in vivo larval research, is addressed. These developments make the zebrafish

larvae an extremely powerful research tool for translational research. We foresee

that living larval zebrafish models will replace many cell line-based studies in

understanding the contribution of molecules, organelles and cells to organ

pathophysiology in whole organisms.

Keywords: ablation; beta cell stress; endocrine cells; exocrine cells;

fluorescent reporters; microscopy; optogenetics; single plane illumination;

Type 1 diabetes; zebrafish

Introduction

Microscopy stood at the core of Paul Langerhans’s

thesis (1869) on the anatomy of the pancreas, includ-

ing the first description of pancreatic cell clusters now

known as the islets of Langerhans [1]. Two decades

later, the removal of the pancreas in dogs was associ-

ated with diabetes mellitus symptoms and more

recently also demonstrated in zebrafish [2,3]. Adminis-

tration of extracts of islets of Langerhans rescued this

phenotype in both depancreatized animals as well as in

diabetic patients [4,5]. The century-old discovery that

connected Type 1 diabetes (T1D) to islets of Langer-

hans ultimately led to the current life-saving insulin

therapy. Moreover, (immuno)histological analysis

revealed inflammatory infiltrates in the islets of

Langerhans as well as a decrease of the insulin-

producing beta cells in T1D patients [6,7]. While much

has been learned regarding the genetic predisposition

and auto-immune attack in T1D, as well as its sec-

ondary complications, the trigger(s) initiating T1D

remain unknown. With currently no long-term alterna-

tive treatment to insulin therapy, no cure nor preven-

tion available, fundamental events on the in vivo

dynamics of T1D onset and beta cells need to be

unravelled. However, this cannot be done in humans

Abbreviations

CLSM, confocal laser scanning microscopy; DTA, diphtheria toxin A; ER, endoplasmic reticulum; FP, fluorescent protein; GFP, green fluores-

cent protein; hpf, hours post-fertilization; MPE, multi-photon excitation; MTZ, metronidazole; NTR, nitroreductase; SPIM, single-plane illumi-

nation microscopy; STZ, streptozotocin; T1D, Type 1 diabetes.
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[8] but various rodent animal models, such as mice

and rats [9], have been widely used in T1D research.

Yet, visualizing dynamic biological events in vivo in

both space and time has remained a complex proce-

dure. Indeed, human cultured cell lines or more

sophisticated human organoids and stem cell models

[10,11] are more suitable to microscopic interventions

and may reflect the human cell physiology more

closely, but they lack the cellular context of a multicel-

lular organism. Zebrafish (Danio rerio) larvae have

great potential for studying the basic physiology of

beta cell niches in vivo and in situ, and their vulnera-

bility to modulated stressors, as reviewed below.

Early larval zebrafish as a vertebrate
model organism

Zebrafish larvae are used as a vertebrate in vivo model

to study fundamentals of organ development and mal-

function [12]. Humans and zebrafish share a high

degree of similarity in both their organ systems and

genetic markup, where 70% of the human protein-

coding genes have one or more orthologous genes in

zebrafish [13]. Externally fertilized offspring are readily

available in high amounts and at relatively low cost,

thereby allowing high-throughput research. Addition-

ally, zebrafish larvae up to 120 hours post-fertilization

(hpf) have another key advantage, that is being

excluded from regulations regarding animal experi-

ments in the European Union [14].

Genetic modifications are easily made in the zebra-

fish, ranging from transient knock-downs to transgenic

models (reviewed in ref. [15]). Random incorporation

of exogenous DNA into the zebrafish genome of

embryos is efficiently achieved by transposon-based

systems, such as Tol2 [16,17]. The resulting expression

of the transgene can be analysed directly in the larvae,

or fish can be grown to adulthood to create stable

transgenic lines. Tissue-specific promoters are utilized

to restrict the expression of proteins to the tissue of

interest. When more targeted editing strategies are pre-

ferred, a specific nuclease like ZFN (for the zinc finger

nuclease), TALEN (for transcription activator-like

effector nuclease) or CRISPR/Cas9-based systems are

used, as excellently reviewed previously [15,18]. The

small size (millimetres) and transparency in the early

larval stages, together with the aforementioned bene-

fits, make the zebrafish an excellent model for the visu-

alization of dynamic biological processes at a

(sub)cellular level in vivo in vertebrates. The ongoing

developments in fluorescence microscopy techniques

and probes aid to analyse physiology and biodynamics

in zebrafish.

Fluorescence microscopy has
revolutionized in vivo imaging

Fluorescent proteins (FPs) have revolutionized the way

researchers view and track dynamic cellular events in

living cells and animals. The first reported application

of the GFP in vivo was by expression of the GFP

under the promotor of the mec-7 gene in Caenorhabdi-

tis elegans leading to fluorescently labelled touch

receptor neurons [19]. Ever since, the toolbox of fluo-

rescent probes [20] has been expanding, not only lead-

ing to more photostable probes in diverse colours but

also leading to more efficient, less harmful and more

imaging-compatible FPs for living systems. Moreover,

(optogenetic) modulators and fluorescent reporters of

biological activity have been developed and are shared

by several labs, for example, via Addgene.org.

Because the early zebrafish are both small and

translucent, they are well suited for fluorescent micros-

copy analysis, which can be performed using different

approaches, each with its own benefits and limitations

(Fig. 1). Widefield fluorescence microscopy allows fast

assessment, but whole specimen illumination negatively

impacts resolution and the signal-to-noise ratio due to

out-of-focus emission [21]. Resolution is improved in

single-photon confocal laser-scanning microscopy

(CLSM) by pinholes that block out-of-focus emission

light [21]. Multi-photon excitation (MPE) with larger

wavelength photons allows deeper imaging with excita-

tion only occurring in the focal point due to the

intensity-dependent arrival of multiple photons simulta-

neously needed to excite the fluorophore (reviewed in

[22]). However, acquisition speed in laser scanning

microscopy is slow due to the analysis in a pixel-by-

pixel, raster-like fashion. Moreover, in microscopy of

living systems phototoxicity is a concern, especially in

laser scanning microscopy because of the high intensity

and focused nature of illumination. In single-photon

CLSM a large subset of emitted photons is purposely

blocked, only a fraction will pass the pinhole, making

the efficiency of use of emission signals very inefficient.

Efficient collection of emitted photons is further ham-

pered by the relatively low quantum efficiency of photon

detectors. Thus, fluorescence confocal microscopy

allows high-resolution 3D fluorescence reconstruction

of live specimens, but phototoxicity and photobleaching

are of concern and fast dynamic processes can only be

imaged by sacrificing spatial resolution or field of view.

To enable faster and more efficient collection of sig-

nals for subcellular microscopic analysis widefield,

optical sectioning can be achieved by single-plane illu-

mination microscopy (SPIM) [23]. In SPIM, the illumi-

nation path is placed perpendicular to the detection
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objective. With the complete illuminated plane imaged,

excitation is limited to the field-of-view making the

excitation/emission efficiency extremely high. Efficient

signal collection is further increased through the use of

high quantum yield cameras (sCMOS or EM-CCD),

which also allow faster acquisition times needed for

in vivo imaging of dynamic (sub)cellular events. The

current generation of commercial SPIM microscopes is

nowadays becoming standard equipment in core facili-

ties. In the context of T1D research, the zebrafish pan-

creas is the tissue of interest in which advanced

microscopy allows efficient and fast assessment of

dynamic subcellular biological processes.

The zebrafish early larvae pancreas

Zebrafish pancreata have a similar, albeit simpler,

morphology when compared to the human pancreas

(Fig. 2A). In the early zebrafish larvae one primary

islet of Langerhans, ‘the principal islet’, surrounded by

exocrine tissue is formed with secondary islets rarely

present before 120 hpf [24]. As in mammals, the zebra-

fish pancreas plays a role in both the digestion of food

through the release of digestive enzymes by exocrine

cells and glucose homeostasis through the release of

hormones by endocrine cells (Fig. 2B,C). The adult

islets contain distinct hormone-producing cells, like

alpha cells (glucagon), beta cells (insulin), delta cells

(somatostatin) and gamma cells (pancreatic polypep-

tide) [25].

Development of the pancreas has been studied in

detail, and given the limited zebrafish-specific antibod-

ies available, typically the presence of mRNA has been

assessed through in situ hybridization. Cells positive

for pancreatic and duodenal homeobox 1 (PDX1)

mRNA are present at the 10-somite stage (14 hpf).

Commitment to endocrine fates can be observed at 12-

somite stage (15 hpf; insulin), the 16-somite stage

(17 hpf; somatostatin) and the 24-somite stage (21 hpf;

glucagon) [26]. In contrast, mRNA encoding the diges-

tive enzyme trypsin has only been detected between

48 hpf and 72 hpf in the same cell cluster, leading

early studies to conclude the zebrafish pancreas devel-

ops from a single progenitor structure [27]. Subsequent

studies revealed that, like in mammals, the zebrafish

pancreas develops from two pancreatic progenitor

structures: the dorsal and the ventral bud [28]. The

ventral bud appears after 40 hpf and its fusion with

the dorsal bud is complete at 52 hpf which coincides

with the earlier observation of trypsin mRNA expres-

sion. The dorsal bud is the cell cluster that contributes

solely to the formation of the principal islet while the

ventral bud appears to give rise to all pancreatic cell

types. Interestingly, the dorsal bud-derived beta cells

appear to be quiescent after differentiation while

additional endocrine cells are derived from ventral

Fig. 1. Fluorescence microscopy in zebrafish imaging. Widefield fluorescence microscopy images the whole field-of-view without filtering

out-of-focus light, resulting in relatively high acquisition speeds and low photodamage at the cost of lateral and axial resolution. CLSM uses

a pinhole for optical sectioning, resulting in relatively high resolution at the cost of increased photo-damage and decreased acquisition

speeds, due to the need of pixel-by-pixel scanning of a powerful laser. Axial photodamage can be reduced in MPE where excitation only

occurs in the focal plane. In SPIM, the detection light path is perpendicular to the illumination light path allowing increased acquisition

speeds and decreased photodamage.
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bud-derived cells [24,29]. Taken together, differentiated

pancreatic cells make up a premature pancreas in the

developing early zebrafish larva making it a powerful

model of pancreas (patho)physiology. While we aim to

understand the aetiology of T1D, further details of the

developing pancreas are already available in an excel-

lent collection of literature [30,31].

Modulating islet function in zebrafish

The comparable pancreas structure and function, zebra-

fish features and live cell microscopy techniques form a

unique triad that allows the study of T1D onset and

development. To modulate islet function in zebrafish,

several approaches have been developed and are being

used (Fig. 3). Ablation approaches are applied to zebra-

fish attempting to directly imitate the effect of beta cell

absence and thus full-blown T1D. This can be done not

only by surgical removal of the islet but also using pho-

todamage, chemical and genetic-based modelling

approaches or combinations thereof. As opposed to

direct ablation, more subtle cell dysfunction techniques

that gradually promote beta cell failure are used to get

more insight into the onset of T1D. The different

Fig. 2. Zebrafish pancreas morphology. (A) Sagittal plane imaging demonstrates pancreatic morphology in a 120 hpf zebrafish expressing

GFP in beta cells (cyan) and membrane-localized mScarlet in the exocrine pancreas (white). Images were acquired on a SPIM microscope of

membrane-localized mScarlet under control of the elastase A promoter and cytoplasmic GFP under the insulin promoter. Schematic repre-

sentation of the head of the zebrafish pancreas is given on the right. (B) Large-scale electron micrograph (‘Nanotomy’) of the islet of Langer-

hans surrounded by exocrine tissue in zebrafish and (C) humans. Overlays indicate the endocrine cells (cyan) and acinar cells (magenta) as

identified based on ultrastructure. Zoomable images are available via nanotomy.org. Bars: (A) 50 lm, (B and C) 25 lm.
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approaches, as well as the benefits and drawbacks of

each method, are outlined below.

Surgical removal of islets

Pancreatectomy is the surgical removal of the pancreas

which was the key experiment to link pancreas to T1D

as outlined above. Islet-targeted fluorescence in adult

transgenic zebrafish can be used as guidance together

with forceps to excise the FP-positive islets in zebrafish

(Fig. 3A). Interestingly, if the islet is not completely

removed, the surviving beta cells appear to regenerate,

proving it to be a useful tool in islet regeneration studies

in adult zebrafish [3]. One downside is that not only the

beta cells but also other endocrine cells are removed.

Photodamage-induced ablation

Multi-photon excitation can be utilized to deliver a

damaging high dose of photons to a specific area

(Fig. 3B). Target cells are typically identified by tissue-

specific expression of an FP, where the focal nature

allows minimal off-target effects [32,33]. Two-photon

excitation has previously successfully been used to

ablate beta cells and explore the heterogeneity of beta

cell function in the zebrafish islet [34,35]. The key

advantages of photo destruction are the precision and

speed with which individual or groups of cells can be

damaged, but there are alternatives that are better

suited to ablate larger areas.

Chemical-induced destruction

Chemical ablation damages a subset of beta cells or

the entire beta cell population in a dose-dependent

manner (Fig. 3C). The hydrophilic chemicals alloxan

and streptozotocin (STZ) enter via the glucose trans-

porter 2, which is abundantly and uniquely expressed

in the beta cell membrane [36]. Subsequently, alloxan

and STZ generate reactive oxygen species and trigger

apoptosis or necrosis depending on their concentra-

tions, leading to beta cell destruction [37,38].

Alloxan has a glucose-like structure that produces

free radicals and inhibits glucokinase in zebrafish beta

cells. Glucokinase functions as a glucose sensor in beta

cells and its suppression results in beta cell damage

[36]. The drawbacks of alloxan administration in ani-

mals include a short duration of hyperglycaemia as

well as a high mortality rate due to the generation of

high ketoacidosis levels (reviewed in ref. [39]).

Streptozotocin in sub-molar concentrations increases

blood glucose levels and reduces the number of beta

cells in adult zebrafish [3]. Also, STZ-injected zebrafish

larvae demonstrate notably high blood glucose levels

as well as extremely low insulin mRNA and protein

levels [40]. Therefore, STZ ablation is used to model

T1D in zebrafish, as well as in other animals, by fully

destroying beta cells and impairing glucose metabo-

lism. This T1D model was utilized to evaluate the effi-

cacy of potential antidiabetic drugs, making use of the

high content screening potential of zebrafish larvae

that is absent in other vertebrate model systems

[40,41]. Overall, STZ is recommended over alloxan for

inducing T1D zebrafish due to its higher potency and

lower toxicity. Nonetheless, the reported chemical toxi-

city to other organs is still the main disadvantage of

chemical-induced destruction.

Tissue-specific overexpression of toxins

Expression of toxins can be used to accomplish abla-

tion combined with tissue-specific promoters to ensure

cell selectivity (Fig. 3D). Diphtheria toxin A chain

(DTA) suppresses cell growth and induces pro-

grammed cell death in transgenic mice and zebrafish

[42–44]. Selective beta cell damage has been induced

through insulin promoter-restricted expression of

DTA, allowing Li et al. [45] to investigate the develop-

mental relationship between distinct endocrine cells.

However, due to the high toxicity of DTA, the pres-

ence of unwanted off-target effects hampers the appli-

cation of DTA as an ablation strategy [46].

Chemical/genetic modulation

Combining the tissue-restricted genetic-based ablation

with the temporal inducibility of the chemical-based

method can limit the downsides of both individual

methods. Here, genetic modification allows the intro-

duction of tissue-specific interactors such as enzymes,

proteins or specific DNA sequences that interact with

exogenously supplied chemicals (Fig. 3E). This hybrid

approach allows conditional inducibility and has previ-

ously been used in animal models where target cells

were made susceptible to DTA uptake through expres-

sion of the diphtheria toxin receptor [46], off-target

effects have been reduced by inducible expression of

the receptor using Cre-Lox recombination [47].

The Tet-ON binary transgene expression system is

another example of chemical/genetic modulation. Here,

the tissue-restricted expressed reverse tetracycline-

controlled trans-activator is only activated in the pres-

ence of tetracycline, or its analogues, thereby inducing

the expression of genes downstream of the tet operator

[48]. For beta cell differentiation studies, the Tet-ON

system was applied to selectively ablate zebrafish beta
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cells by activating a truncated pro-apoptotic gene in the

presence of doxycycline and tebufenozide. This method

has previously been used to indicate that existing beta

cells are essential for compensating beta cell develop-

ment following overnutrition [49].

Modulation of apoptosis also can be achieved

through synthetic compounds, like AP20187, that

induce dimerization of artificial FK506-binding pro-

teins (FKBP) and subsequent activation, initiating

apoptosis [50,51]. In 3–5-day post-fertilization zebra-

fish larvae, caspase 8-FKBP fusion proteins are

expressed under tissue-specific promoters such as the

insulin and elastase A promoters in beta cells or exo-

crine cells respectively. In response to AP20187, cells

are eliminated within 48 h and allowed in this case to

study alpha cell to beta cell transdifferentiation and

exocrine neogenesis [52,53].

Nitroaromatic antibiotics are widely used as pro-

drugs in chemical/genetic ablation in zebrafish. For

instance, metronidazole (MTZ) and nifurpirinol are

transformed via the nitroreductase enzyme (NTR) into

a cytotoxic DNA cross-linking agent, leading to cell

death. The MTZ-NTR system has been widely used

for conditional beta cell ablation in transgenic zebra-

fish [54,55]. Nevertheless, high doses and long expo-

sure causes variability in cell ablation effectiveness

depending on the cell type [56–58]. To minimize MTZ

toxicity, a triple mutant NTR was developed to reduce

MTZ concentration and/or exposure time [59]. How-

ever, even with the mutant version, microbiome inter-

ference and inefficient cell damage are observed at

long exposure times and maximum dose [52]. There-

fore, similar nitroaromatic antibiotics were assessed to

investigate their potency in causing similar damage at

lower doses [60,61]. For instance, nifurpirinol is being

evaluated in a variety of cell types, including beta cells.

This prodrug has been found to be a more potent

MTZ alternative because nifurpirinol causes partial or

complete cell damage at lower concentrations and has

less general toxicity than MTZ [60].

The ganciclovir-HSV-TK system uses a similar

approach where the thymidine kinase (TK) of the her-

pes simplex virus (HSV) converts the prodrug

ganciclovir into a toxic reagent, destroying TK-

positive cells. For studying beta cell proliferation, zeb-

rafish embryos were treated with ganciclovir, resulting

in the ablation of all beta cells expressing TK under

the zebrafish insulin promoter [62,63]. All in all,

chemical/genetic-based modulation methods are most

widely used in pancreatic research and the develop-

ment of T1D models.

Stressors

The functionality of beta cells can also be hampered

more subtly as opposed to complete ablation, includ-

ing in several of the systems above by adjusting expo-

sure time, concentration or intensity to the modulating

agent. Impaired functionality has been induced in zeb-

rafish by expressing the pro-inflammatory cytokine

interleukin-1 beta under the insulin promoter, resulting

in inflammation and immune cell recruitment. As a

result, an abolished glucose-stimulated calcium

response and lower expression of critical beta cell

genes was observed [64]. An expansion of this model

was recently introduced where the Cre-dependent and

tetracycline-inducible expression of equimolar concen-

trations of inflammatory cytokines was used to trigger

beta cell stress [65]. Systemic administration of mono-

valent 1 initiates inflammation by activating NF-jB
inducing kinase and creating a glucose imbalance [66].

Targeting key molecules involved in insulin secretion,

like the ATP-sensitive potassium channel that is indi-

rectly activated by glucose, can also be used to modu-

late beta cell function as demonstrated previously [67].

These models can thus be used to more subtile assess

the effect of beta cell dysfunction on pancreas physiol-

ogy in living zebrafish larvae.

Optogenetics

Exogenous light-sensitive proteins can modulate cellu-

lar function or induce cell death. A variety of chro-

mophores have been engineered to drive manipulation

of specific cell signalling pathways and multiple of

these optogenetic tools have previously been applied in

Fig. 3. Beta cell modulation in zebrafish. (A) GFP-positive (GFP+) beta cells can be removed from adult zebrafish using a surgical method.

Note that this procedure essentially removes the islet including other endocrine cells. Moreover, given the technique, the balance between

attempting to remove the complete islet but not exocrine tissue may leave a few islets cells. (B) With high excitation intensity, laser-based

ablation is a flexible tool for damaging targeted individual cells or groups of GFP+ beta cells. (C) Beta cells are destroyed via uptake of chem-

ical glucose analogues or (D) the expression of toxins. The chemical and genetic procedures, however, are limited by the toxicity associated

with chemicals and toxins. (E) The chemical/genetic-based modulation combined. Tissue-restricted genetic ablation and the temporal

inducibility of chemical-based methods is indicated. This hybrid approach can mitigate the drawbacks of the individual single procedures.

See text for further details.
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zebrafish. While their application in the zebrafish pan-

creas has remained limited, we foresee a broad imple-

mentation of these tools to better understand islet

function in the years to come. The photosensitizer

KillerRed has previously been used to induce apopto-

sis in neuronal and cardiac tissue of larval zebrafish

[68]. More recently, a sophisticated approach to induc-

ing neuronal cell death through light-controlled tran-

scription of a cytotoxic ion channel was implemented

in zebrafish [69]. Light-controlled transcription has

also previously been used to induce insulin translation

and expression in vivo by implanting engineered cells

in mice [70]. Additionally, multiple optogenetic tools

have been developed to control beta cell activity both

in vitro and in vivo. Channelrhodopsin-2 (ChR2) is a

light-responsive cation channel that has been success-

fully used to depolarize beta cell-like cells and beta

cells in mice, leading to Ca2+ influx and subsequent

insulin release [71,72]. In contrast, beta cells have been

successfully silenced through hyperpolarization in

mouse islets using the light-responsive chlorine pump

halorhodopsin [73]. Furthermore Ca2+ signalling can

be controlled more directly through the light-

controlled activation of calcium release-activated chan-

nels as used in the OptoSTIM1 and Opto-CRAC sys-

tems [74,75]. Optogenetics offers high spatial-temporal

control over ablation and modulation strategies and

has already proven to be a valuable tool in studies of

beta cell function in other organisms or tissues. The

combination of microscopic techniques (Fig. 1), the

zebrafish larvae and optogenetic tools have great

potential to modulate and analyse islet function

in vivo.

Overall, successful applications of a variety of mod-

ulation techniques have assisted in the study of pancre-

atic development and (patho)physiology, albeit each

having pros and cons depending on the question at

issue (Fig. 3). The next step is in vivo analysis of islet

physiology following the in vivo modulation

approaches. Transgenic reporter lines are continuously

created to facilitate studies on pancreatic development

and function in zebrafish. Pairing reporter lines with

advanced microscopy techniques allows the visualiza-

tion of subcellular dynamic events in living zebrafish.

Therefore, the corresponding application can aid in

investigating cellular dysfunction or abnormalities in a

zebrafish T1D model.

In vivo subcellular readouts of
pancreas physiology

Cell organelles and signalling pathways can be used to

spy on pancreas (patho)physiology (Table 1). Calcium

release from the endoplasmic reticulum (ER) is

required to initiate insulin excretion in beta cells and

real-time monitoring of cytoplasmic beta cell calcium

dynamics is therefore a key indicator of beta cell func-

tion [76,77]. Moreover, mitochondrial and ER stress

induces oxidative stress and apoptosis, causing beta

cell malfunction [78,79]. Therefore, the status of these

organelles provides prominent indicators of beta cell

performance. Additionally, sensors of inflammation

can mark insulitis. In beta cells, these various pro-

cesses are interwoven. Below, we highlight multiple flu-

orescent biosensors that report beta cell presence,

calcium flux, ER status, mitochondria function and

Table 1. Readouts of pancreatic cells in transgenic zebrafish.

Endocrine (rows provided in italic font) and exocrine (rows provided

in bold italic font) cells have distinct functions, yet they exist in the

same pancreatic structure and share a common pdx1+ progenitor

[111,112]. Therefore, fluorescent reporter lines are used to identify

the distinguished transitions of pancreatic development in the

zebrafish model. Both endocrine and exocrine reporter lines were

thoroughly reviewed previously [113,114].

Indicator Reporter and/or readout References

Ca2+ dynamics ins:Rcamp [83]

ins:GCaMP6s;cryaa:RFP [35]

Beta cell mass ptf1a:GFP/insa:mCherry [86]

ER stress XBP1D-GFP [92]

5XATF6RE:eGFP [93]

Mitochondria stress Grx1-roGFP2 [115]

[115]

[116]

roGFP2-Orp1

HyPer-3

Apoptosis ZipGFP [102]

FlipGFP [104]

SecA5-YFP [103]

Inflammation mpeg1:mCherry [97]

NF-jB:EGFP [96]

Metabolite state iGlucSnFR [106]

iNap [100]

SoNar [107]

FiNad [108]

PercevalHR [109]

Development nkx2.2a:GFP [117]

ptf1a:eGFP

ptf1a:eGFP-KRAS G12V

[127]

hb9:GFP

mnx1:GFP

[118]

[119]

ascl1b:eGFP-2A-creERT2

nkx6.1:eGFP

neurod:egfp

pax6b:gfp

[120]

[120]

[121]

[122]

Progenitors and ductal cells 6.5pdx1:GFP [123]

Alpha cells gcga:GFP [124]

Delta cells sst2:eGFP [25]

Beta cells ins:dsRed [125]

Acinar cells elaA:gfp [126]
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inflammatory state at a subcellular level in living

zebrafish.

Ca2+ dynamics

Genetically encoded Ca2+ indicators have been success-

fully evolved into powerful tools to assess calcium

dynamics in beta cells of living zebrafish at the single-

cell resolution [80]. GCaMPs are such artificially devel-

oped indicators, and consist of a multidomain protein

that includes GFP, calmodulin and the M13 segment of

myosin light chain kinase. GCaMPs do not fluoresce in

the absence of calcium, while high intracellular calcium

levels cause a conformational change in GCaMPs by

M13 leading to GFP fluorescence [81]. GCaMP expres-

sion under a tissue-specific promoter allows monitoring

of calcium flux in those cells, which was used to study

in vivo beta cell development and function in zebrafish

[34,35,82]. New variants of genetically encoded indica-

tors have been applied to visualize Ca2+ dynamics in

beta cells in 3D using advanced microscope technologies

such as SPIM (Fig. 4) [83–85].

Beta cell mass

Fluorescent markers allow individual beta cells to be

counted in zebrafish larvae to assess the loss of beta

cells, as seen in patients with T1D. To account for

developmental changes, the number of beta cells can

be interpreted as a ratio to the number of exocrine

cells. This ratio does not reflect individual beta cell

performance, but might be a good prediction of total

insulin secretion potency of the islets of Langerhans

[86].

ER homeostasis

The ER network is abundant in beta cells and

involved in insulin biosynthesis, folding, trafficking

and exocytosis. Under stressful conditions, misfolded

proteins accumulate and cause ER stress by inducing

the unfolded protein response [87,88], a major hall-

mark of early beta cell damage in T1D [89,90]. A cen-

tral modulator of the unfolded protein response is

alternative splicing of X-box binding protein-1 mRNA

[91]. Optical fluorescent sensors to report on splicing

of X-box binding protein-1 mRNA have been devel-

oped and applied in zebrafish [92]. ER stress also leads

to activation of Activating Transcription Factor 6

(ATF6), which too can be monitored using optical sen-

sors [93]. Importantly, ER stress may lead to neo-

epitope formation [94], which may be an essential step

in triggering the immune system to specifically start to

attack the beta cells. Therefore, ER function can be

Fig. 4. In vivo physiological readouts with high spatiotemporal resolution. Zebrafish expressing the calcium indicator Rcamp1.07 under the

insulin promoter were stimulated with glucose and volumetric time lapse imaging was conducted using SPIM by Zhao et al. [83]. Maximum

intensity projection in time indicates the cells selected for measurement (A). Calcium dynamics can be visualized by plotting the normalized

fluorescence with an accompanying kymograph showing the normalized regions of interest over time (B). Data of an image sequence were

published under a CC-BY 4.0 license in eLife and reused and repurposed [83]. DOI: 10.7554/eLife.41540.010.
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utilized as a powerful readout of beta cell

functionality.

Inflammation

Endoplasmic reticulum stress and unfolded protein

response activation also trigger an inflammatory

response, resulting in cytokine release and beta cell

death [95]. Activation of NF-kB can be used to read

out the inflammatory response of cells to stimuli [96].

Moreover, migration and/or infiltration of immune

cells can be tracked using appropriate promoters such

as the mpeg1 promoter for macrophages [97]. Thus,

inflammatory responses and their outcomes can be

visualized and tracked dynamically using live cell

imaging of the larval zebrafish pancreas.

Mitochondrial function

Mitochondria are essential to couple glucose metabo-

lism to insulin secretion under normal physiological

conditions and play a major role in apoptotic beta cell

death [98]. A large panel of different genetically

encoded thiol redox sensors, which are available in

zebrafish, report the oxidative stress status in mito-

chondria in real time in vivo [99–101]. Since the oxida-

tive stress may also trigger apoptosis, apoptotic

sensors are available in zebrafish. For instance,

zipGFP and FlipGFP can be used to report caspase

cleavage and annexinV fused to a FP can be used to

visualize phosphatidylserine on the outer membrane

[102–104]. Therefore, mitochondrial (dys)function can

be assessed in the context of beta cell stress.

Metabolite sensors

T1D is linked to a metabolic imbalance, leading to

alterations in glucose, ATP, and NADH levels [105].

In normal metabolism, glucose can facilitate genera-

tion of pyruvate, ATP and NADH. Many genetically

based fluorescence sensors are able to track the

metabolite state in zebrafish studies, yet not in pan-

creas research. For instance, the intensity-based

reporter iGlucoSnFR, allows monitoring intracellular

glucose in zebrafish muscle, liver and brain in real time

[106]. Other metabolic sensors such as iNap, SoNar,

FiNad and PercevalHR dynamically track NADPH

fluctuations, NAD+/NADH ratio, NAD+ metabolic

change and ATP/ADP ratio, respectively, in live zebra-

fish larvae [100,107–109].
Various genetically modified fluorescent sensors

facilitate tracking biochemical changes in zebrafish

such as redox status, metabolites, messengers and

stress reporters, as well as cellular events such as apop-

totic cell death. These sensors can facilitate imaging of

dynamic events in the zebrafish pancreas through

microscopy and thus give insights into the biochemical

status of beta cells.

Future outlook

Microscopy is a powerful tool to dynamically visual-

ize biological processes and, with the discovery and

development of fluorescent proteins, live-cell imaging

in cellular systems has exponentially expanded. A

drawback of imaging larger volumes at subcellular

resolution is the relatively long time required to

acquire the data, especially when using pixel-by-pixel

scanning. Moreover, in vivo imaging at high spa-

tiotemporal resolution while limiting phototoxicity

remains a challenge. Efficient excitation and collection

of emission in light-sheet microscopy (SPIM) and

decades of development of the SPIM technique have

now reached the level of stable, user-friendly machi-

nes, and typically also sample holders on SPIM

microscopes have been adapted to analyse the small

organisms. These advances in technology allow scien-

tists to visualize previously unexplored avenues of

research to further expand our understanding of

dynamics in biology.

Zebrafish are small vertebrate animal models that

have great potential in overcoming the current draw-

backs of common models used in biomedical research.

Many animal models overcome the lack of multicellu-

lar context that is present in in vitro studies but are

often complex to work with and are not suitable for

real-time analysis. Due to their small size, transparency

and ease of genetic engineering zebrafish larvae make

great models to conduct intravital imaging. For T1D

research, the pancreas is of great interest and we are

still happily amazed at how fast the pancreas nicely

develops into a functional organ within only a few

days after fertilization. Likewise, other researchers

have appreciated the supplementary value of zebrafish,

as evidenced by their use in studies on pancreas devel-

opment [27,28], beta cell regeneration in zebrafish [93]

and studying secondary complications associated with

elevated blood glucose levels [94]. Recent insights

reveal that T1D is a disease not only of the beta cells

but also of the pancreas as a whole [95], which can be

perfectly studied in the larvae with the help of the lat-

est molecular tools.

With the implementation of GFP, fluorescent pro-

teins stood at the core of the revolution in fluorescence

microscopy. Ever since, fluorescent probes have

allowed us to follow the fate of proteins and processes
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of interest in space and time. Indeed, fluorescent pro-

teins have been modified and fused to other proteins

not only to follow them more efficiently but also to

dynamically reflect the biochemical status of cells.

Many mechanisms have been uncovered and exploited

to flexibly modulate cellular function and fate, and to

investigate the consequences of these modulations.

Furthermore, optogenetic tools are increasingly being

developed and exploited to obtain an even more pre-

cise spatiotemporal control. The accompanying addi-

tional flexibility in affecting cellular function and fate

shows great promise for generic use in biomedical

research using model systems such as the zebrafish.

The fluorescent toolbox, zebrafish technologies and

revolutionary non-invasive microscopy methods such

as SPIM have now converged and allow researchers to

functionally interfere with cells, as well as to study

biology with sub-cellular resolution in the native

in situ context. Here, we emphasized how this combi-

nation can be used to mimic T1D progression and

visualize the effects of the loss of (functional) beta cells

to further complement current T1D research

approaches. Surely, this unique triad will help advance

studies in the field of T1D and beyond.
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