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Abstract: Regenerative retinal therapies have introduced progenitor cells to replace dysfunctional 15 
or injured neurons and regain visual function. While contemporary cell replacement therapies have 16 
delivered retinal progenitor cells (RPCs) within customized biomaterials to promote viability and 17 
enable transplantation, outcomes have been severely limited by the misdirected and/or insufficient 18 
migration of transplanted cells. RPCs must achieve appropriate spatial and functional positioning 19 
in host retina, collectively, to restore vision, whereas movement of clustered cells differs 20 
substantially from the single cell migration studied in classical chemotaxis models. Defining how 21 
RPCs interact with each other, neighboring cell types and surrounding extracellular matrixes are 22 
critical to our understanding of retinogenesis and the development of effective, cell-based 23 
approaches to retinal replacement. The current article describes a new bio-engineering approach to 24 
investigate the migratory responses of innate collections of RPCs upon extracellular substrates by 25 
combining microfluidics with the well-established invertebrate model of Drosophila melanogaster. 26 
Experiments utilized microfluidics to investigate how the composition, size, and adhesion of RPC 27 
clusters on defined extracellular substrates affected migration to exogenous chemotactic signaling. 28 
Results demonstrated that retinal cluster size and composition influenced RPC clustering upon 29 
extracellular substrates of concanavalin (Con-A), Laminin (LM), and poly-L-lysine (PLL), and that 30 
RPC cluster size greatly altered collective migratory responses to signaling from Fibroblast Growth 31 
Factor (FGF), a primary chemotactic agent in Drosophila. These results highlight the significance of 32 
examining collective cell-biomaterial interactions on bio-substrates of emerging biomaterials to aid 33 
directional migration of transplanted cells. Our approach further introduces the benefits of pairing 34 
genetically controlled models with experimentally controlled microenvironments to advance cell 35 
replacement therapies. 36 
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 38 

1. Introduction 39 
Visual centers in the brain are activated when groups of progenitor cells interconnect to establish 40 

the highly organized, synaptic structure of neurosensory retina [1–3]. Critical to the formation of the 41 
retinal architecture are cell-cell interactions and cell-matrix interactions, which aid both our 42 
understanding of retinogenesis and the development of effective, cell-based approaches for 43 
regenerative medicine [3,4]. Migration is a central element of both development and regenerative 44 
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processes because progenitors must move appropriately to align themselves with neighboring cell 45 
groups to establish tissue architecture [5,6]. In retina, both processes rely upon the collective 46 
migration of RPCs, i.e., movement of clustered cells as a group rather than as individual cells [3,5,6]. 47 
Such collective movements may differ substantially from the migration of individual cells studied in 48 
classical models of chemotaxis (reviewed in [7–10]), despite the same chemotactic stimuli driving 49 
locomotion. Specifically, individual cells chemotax independent of cell-cell adhesions, with a typical 50 
fibroblast locomotor cycle consisting of cellular protrusions and adhesion to the leading edge, 51 
development of contractile forces between the front and trailing edge, and then release of trailing 52 
adhesions due to the applied tension [11,12]. By contrast, cells moving collectively additionally 53 
depend intimately upon cell-cell interactions with one another and can achieve motion as organized 54 
cohorts of individually migrating cells, e.g., sheet migration [13,14] or as an interconnected clustered 55 
mass [6,15]. 56 

The complexity of progenitor cell movement presents distinct challenges to retinal regeneration 57 
because heterogeneous retinal clusters are comprised of cells of neuronal and glial lineages whose 58 
spatial organization, and their effects on RPC migration, remain incompletely understood [5,16]. 59 
While contemporary cell replacement strategies have utilized a growing number of transplantable 60 
biomaterials to aid viability of transplanted cells [17–19], inadequate and/or misdirected cell 61 
migration into damaged retina has been cited as a primary factor in the inability to achieve synaptic 62 
integration and restore vision [20–23]. Bio-engineering techniques and approaches with which to 63 
understand how the migratory responses of transplanted RPCs are mediated by their interactions 64 
with one another, soluble chemotactic stimuli, and extracellular substrate(s) will, thereby, greatly 65 
enrich retinal transplantation strategies. 66 

The precisely-controlled and defined environments created using microfluidic systems have 67 
heralded tremendous advances in biology and regenerative medicine over the past decade [24–27], 68 
not only in technological development of single cells and high throughput microdevices [28,29], but 69 
additionally in the emergence of microfluidically-manipulated biomaterials for tissue grafts and 70 
organs on a chip [30–32]. Numerous groups, including our own, have developed microfluidic 71 
systems for precise analyses of neural migratory responses within defined concentration gradients of 72 
chemotactic stimuli using a variety of experimentally determined substrates and surfaces [33–39]. 73 
Regenerative medicine has further pioneered the growth of micro and nanotechnologies in tandem 74 
with the isolation/application of stem-like cells for cell replacement therapy [40–42]. Moreover, its 75 
recent integration with biomaterials has empowered the study of cell processes and organization 76 
upon bioengineered substrates and surfaces used for tissue engineered cellular grafts [43–45] and 77 
emerging organoid models [46–48]. Despite these exciting advances, however, the extent to which 78 
outcomes of retinal transplantation are mediated by collective migratory behaviors within and upon 79 
extracellular substrates has been incompletely explored. 80 

The current article describes a new bio-engineering approach to investigate the migratory 81 
responses of innate collections of individual RPCs and collective RPC clusters by combining 82 
microfluidics with the well-established invertebrate model of Drosophila melanogaster. The genetic 83 
flexibility of Drosophila models has made the fly eye a seminal model in development and has 84 
demonstrated that signaling pathways governing both phototransduction and retinal architecture are 85 
well-conserved among species (Reviewed in [49–51]). Integration of invertebrate genetic models used 86 
to elucidate cell-cell and cell-substrate signaling critical to both development and regenerative 87 
strategies will greatly advance emerging biomaterials to aid retinal transplantation. 88 

Previous work from our group [52] illustrated that primary RPCs isolated from Drosophila 89 
migrated as clusters within signaling gradient fields, with little to no directional motility observed 90 
from singleton cells. The current project applied microfluidics to further investigate how cluster 91 
composition, size, and adhesion on defined extracellular substrates affected RPC migration to 92 
exogenous chemotactic signaling. Experiments extracted RPCs from primary eye-brain complexes of 93 
Drosophila melanogaster and quantified differences in cell attachment, cluster size, and ratios of 94 
adhered RPC clusters to individual cells upon substrate coatings of concanavalin (Con-A), Laminin 95 
(LM), and poly-L-lysine (PLL). These matrixes were chosen because of their significance to the 96 
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development of contemporary biomaterials in the visual system. The lectin, ConA, recognizes cell 97 
surface carbohydrates common across species and has been used extensively as an adhesive substrate 98 
for cells within the visual system [53,54]. PLL is a positively charged polymer that promotes strong 99 
adhesion of virtually all cell types based solely on their negative surface charge [54]. Laminin is a 100 
component of basement membranes found at interfaces between tissues derived from distinct 101 
developmental origins (e.g., epidermis and dermis of skin, vascular endothelium and surrounding 102 
vessel layers) where cell migration during development frequently occurs. Laminin has also been 103 
commonly used as a substrate in development of retinal organoids [55] and transplantable retinal 104 
biomaterials [33]. Results demonstrated that retinal cluster size and composition influenced RPC 105 
responses to signaling from Fibroblast Growth Factor (FGF), a primary chemotactic agent in 106 
Drosophila (Reviewed in [56,57]). Surprisingly, retinal clusters of different sizes migrated 107 
preferentially along different FGF signaling fields, with larger clusters illustrating larger 108 
directionality and migration distances. These results highlight measurable differences between 109 
individual and collective RPC responses on transplantable biomaterial substrates. Further, our bio-110 
engineering approach leveraged genetically-controlled models with experimentally-controlled 111 
microenvironments to enhance development of retinal biomaterials via study of collective RPC 112 
adhesion and migration. 113 

2. Materials and Methods 114 

2.1. Drosophila Fly Stocks 115 
Experiments utilized the GAL4-UAS system [58], in which glial and neuronal precursors express 116 

green and red fluorescent protein (GFP, RFP), respectively. Drosophila melanogaster stocks of UAS-117 
GFP (CS: Repo) and UAS-mCD8-GFP; elav GAL4 were used because the Elav (neurons) and Repo 118 
(Glia) markers are the only markers to specifically stain cells in the developing retinal ganglion [59]. 119 
We note that less than 5% of the total cell sample did not stain for either neurons or glia. Flies were 120 
maintained on standard corn meal agar medium and kept at 25 °C. Stocks were transferred once a 121 
week to maintain lines of larvae mixed from the two strains. 122 

2.2. Dissection, Dissociation and Cell Culture 123 
Eye-brain complexes were isolated from third instar larvae using methods based on established 124 

studies [60–62] and performed in a laminar flow hood (Figure 1). A minimum of 15–20 eye-brain 125 
complexes were dissected using stainless steel #5 tweezers in phosphate buffered saline (PBS) and 126 
washed once with Schneider’s medium (Thermo Fisher Scientific, Waltham, MA) supplemented in 127 
10% (v/v) heat inactivated fetal bovine serum (FBS) and 1% (v/v) penicillin streptomycin (Gibco, 128 
Grand Island, NY, USA). Note that Schneider’s medium was made the same day as dissection and 129 
dissociation. Complexes were kept in 40 µL of PBS on ice until 15–20 complexes were gathered. 130 
Complexes were digested in a 1 mL volume of 0.5 mg/mL collagenase (Gibco, Grand Island, NY, 131 
USA) at 25°C for 1 h, centrifuged at 2000 rpm for 5 min and washed twice by re-suspending in 1 mL 132 
of supplemented Schneider’s medium. Tissues were further mechanically disassociated by pipetting 133 
in 150 µL of supplemented Schneider’s medium (10 µL per brain) and straining through a cell strainer 134 
of 40 µm diameter pore size. Resultant cell suspensions were maintained at 25°C (Barnstead Labline 135 
L-C incubator). An immortalized S2 Drosophila cell line derived from embryos [63] was also cultured 136 
under identical conditions as a control to verify an adequate growth environment in vitro. Note that 137 
standard cell culture temperature for Drosophila is between 25°C and 28°C [49] in contrast to the 37°C 138 
of conventional mammalian cell culture [64]. 139 
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Figure 1. Drosophila melanogaster model. (A) Image of third instar larva. (B) Dissected eye-brain 141 
complex with GFP+ glia (Scale bar: 100 µm). (C) Dissection arrangement via microscope within a 142 
laminar flow hood. (D) Schematic of key steps in the dissection process, where third instar larvae are 143 
segmented using tweezers, and mouth hooks with excess tissue are removed to isolate eye-brain 144 
complexes (green cartoon). 145 

2.3. Immunocytochemical Assessment of Neuronal and Glial Marker Expression 146 
After dissection and dissociation, neural cells were incubated overnight in Petri dishes in a 25°C 147 

incubator. Glass slides were coated with 15 µg/mL of Concanavalin A (eBioscience, Carlsbad, CA, 148 
USA) and briefly heated on a hot plate at 100°C. The cell suspension was centrifuged at 2000 RPM 149 
for 8 min; 110 µL was discarded and cells were re-suspended in the remaining 40 µL. The cell 150 
suspension was then placed on the coated glass slide for 30 min at room temperature (25°C) to 151 
facilitate cell attachment. The supernatant was removed, and the cells were fixed in 40 µL formalin 152 
(buffered 4% formaldehyde) (Sigma-Aldrich, St. Louis, MO, USA) for 15 min. The formalin was 153 
removed, and fixed cells were washed 3× with PBST (0.1% Triton X-100) (Sigma-Aldrich, St. Louis, 154 
MO, USA). Primary glia-specific antibodies 8D12 anti-Repo (Developmental Studies Hybridoma 155 
Bank, Iowa City, IA, USA) and neuron-specific Rat-Elav-7E8A10 anti-elav (Developmental Studies 156 
Hybridoma Bank, Iowa City, IA, USA) were diluted in PBST and added to fixed cells. The slides were 157 
incubated overnight at 4°C. Unbound antibody was removed by washing the slide 3× for 2 min and 158 
2× for 10 min with PBST. Secondary antibodies Alexa Fluor 488 goat anti-mouse IgG (Invitrogen, 159 
Carlsbad, CA, USA), and Alexa Fluor 594 goat anti-rate IgG (Invitrogen, Carlsbad, CA, USA) were 160 
diluted in PBST and added to the slide. The slide was incubated for 2 h at room temperature and then 161 
washed 3× for 2 min and 3× for 10 min. All supernatant was removed from slides and mounted with 162 
ProLong Diamond Antifade Mountant (Invitrogen, Carlsbad, CA, USA). 163 

2.4. Substrate Influence on Cell Survival and Morphology 164 
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Three extracellular substrates were tested for their ability to support cell viability and to 165 
modulate the morphology of individual cells and cell clusters. Glass bottom 47 mm diameter Petri 166 
dishes (MatTek, Ashland, MA, USA) were coated with 300 µL of 100 µg/mL Poly-L-lysine (PLL, 167 
Sigma-Aldrich, St. Louis, MO, USA), 15 µg/mL Concanavalin A (Con-A, eBioscience, Carlsbad, CA, 168 
USA) or 80 µg/mL Laminin (LM, Gibco, Grand Island, NY, USA) at room temperature (25 °C) for 1 169 
h. Uncoated dishes served as controls. The supernatant was then removed, and the dishes were 170 
washed 3× with PBS. All liquid was removed from the dish and placed in a 25°C incubator overnight. 171 
Cell cultures were maintained in a 25°C incubator and fresh Schneider’s medium was added to cell 172 
cultures after 24 h. Cells were assessed for morphology and viability at 0, 24 and 48 h. Brightfield 173 
images of cell cultures were taken to assess morphology of individual cells and RPC clusters. Viable 174 
cells on each substrate were tested after 24 h and 48 h using the Colorimetric Cell Viability Kit III XTT 175 
(Invitrogen, Carlsbad, CA, USA). Potential reductions in cell viability over time were assessed by 176 
comparing XTT absorbances with values obtained from assays of samples of newly-dissected cells (n 177 
> 15 eye-brain complexes, isolated as described). All absorbance values were normalized against 178 
those on uncoated Petri dishes. 179 

2.5. The μLane Migration Assay 180 
The μLane system has been described previously by our group [65] and was used to analyze 181 

chemotactic processes of cells derived from a variety of animal models [23,66–68]. As shown in Figure 182 
2, the μLane system used in this study consists of a large volume source reservoir (0.6 mm diameter, 183 
0.6 mm depth) connected to another large volume sink reservoir (0.6 mm diameter, 0.6 mm depth) 184 
by a microchannel of 100 μm diameter and 1.2 cm length. This geometry is created by micromolding 185 
of layers of poly-dimethylsiloxane (PDMS), and this elastomer is later ozone-bonded to a transparent 186 
glass side or coverslip to create a closed microfluidic system. Transport within the adjoining 187 
microchannel is defined by the convection-diffusion shown in Equation (1), used to quantitatively 188 
determine the concentration profile within the system: 189 

𝒅𝒅𝑪𝑪
𝒅𝒅𝒕𝒕 + 𝒖𝒖� ⋅ 𝜵𝜵�𝑪𝑪 = 𝑫𝑫 ⋅ 𝛁𝛁𝟐𝟐𝑪𝑪 (1) 

 

where C represents concentration in g/mL, t is time measured in s, u is bulk velocity in m/s and 190 
D represents molecular diffusivity in m2/s. The concentration gradient of FGF-8 (Invitrogen, 191 
Carlsbad, CA, USA) within the µLane system was established by loading a 100 ng/mL concentration 192 
of reagent into the source reservoir (reference point = 0 cm) while the remaining system was filled 193 
with media. Transport of FGF from high concentration in the source reservoir to low concentration 194 
in the sink reservoir established a non-linear concentration gradient profile within the microchannel. 195 
All inner surfaces of the system were coated with selected bio-substrates prior to migration testing. 196 
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 197 
Figure 2. Overview of the µLane system. (A) Schematic of microfluidic system comprised of two 198 
volumetric reservoirs connected by a 200-micron-diameter channel. (B) Image of fabricated device 199 
loaded with red dye. (C) The distribution of FGF concentration achieved within the µLane, 200 
normalized to the input concentration, Co. Transport within the µLane is defined by the convective-201 
diffusion equation shown, where areas of mathematically-distinct changes in concentration gradients 202 
are defined along different lengths of the microchannel as marked: G1, G2 and G3. 203 

In brief, based on the distributions of solute concentration within the µLane system as a function 204 
of time, it was possible to establish both the concentration of solute, C, and the concentration gradient, 205 
G (i.e., change in concentration over distance), of each location at each time after addition of the test 206 
solute (FGF). The movement of individual cells at a given time and location could thus be related to 207 
both solute concentration and gradient. Three distinct regions of the µLane system were designated 208 
as exhibiting different solute concentration gradients for ease of analysis: G1, G2 and G3. These distinct 209 
areas were selected because they represented regions of the highest mathematical change in reagent 210 
concentration over length, i.e., gradient. As shown in Figure 2, the area of G1 is present within the 211 
first section of channel length, L1, from 0 cm to 0.35 cm and represents normalized percent change in 212 
concentration of 25%. This equates to an average gradient field of G1 = 7.15 ng/mL per mm of channel 213 
and additionally corresponds to the lowest concentration range between C = 0 and 25 ng/mL. The 214 
area of G2 is defined at the channel mid-region between L2 = 0.35 cm to 0.75 cm of the µLane system 215 
and denotes a concentration change of 65%. This results in an average gradient field of G2 = 16.25 216 
ng/mL per mm of channel and a mid-concentration range between 25 ng/mL and 90 ng/mL. The last 217 
gradient region, G3, is established between L3 = 0.75 cm to 1.3 cm of the µLane system and denotes a 218 
normalized concentration change of 10% for an average gradient field of G3 = 1.63 ng/mL per mm of 219 
channel with the highest concentration range upwards of 90 ng/mL. Cells were seeded into the μLane 220 
cell reservoir while FGF was added to the device source well. Control experiments utilized 221 
Schneider’s media only, without additional FGF. A transport-driven gradient was developed within 222 
the adjoining microchannel, and cell migration was recorded every hour within different G1, G2 and 223 
G3 regions for a total of 8 h. 224 

2.6. Microscopy and Imaging 225 
A Nikon Eclipse TE2000 inverted microscope (Morell Instruments, NY, USA) with a 20× 226 

objective was used in conjunction with the NIS Elements Imaging Software to gather fluorescent 227 
images of larvae, eye-brain complexes, fixed and stained cells. Confocal images of fixed and stained 228 
cells were captured using a Zeiss LSM 800 (Zeiss, Jena, Germany) with Airyscan under 40× and 63× 229 
oil objective. An argon laser at 488 nm and 594 nm and was used to excite immunostained glial and 230 
neuronal progenitors, respectively. 231 



Cells 2019, 8, x FOR PEER REVIEW 7 of 20 

 

Brightfield images of cells on ECM-coated substrates were captured at 20× and 40× magnification 232 
using a Nikon Eclipse TE300. Brightfield images of μLane devices were gathered at 20× every 1 h for 233 
8 h within 5 specified regions of the defined regions of each of the G1, G2 and G3 gradients. 234 

2.7. Data Analysis 235 
Data were analyzed using ImageJ (NIH). The total numbers of cells and cells per brain were 236 

calculated via cell counting using a hemocytometer and Trypan Blue. An average of 10 larval samples 237 
were selected to determine a mean value of area for both single cells and clusters. The ratio of cells of 238 
neuronal lineage to total cells, RN, was analyzed via fluorescent optical imaging using the cell counter 239 
plugin, defined in Equation (2): 240 

 

𝑅𝑅𝑁𝑁 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑤𝑤𝑤𝑤ℎ  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐   
2) 

 

(2) 

A total of 1993 single cells and 224 RPC clusters were examined for 3 independent experiments. 241 
The morphology of the adhered individual cells and clusters was analyzed using cell shape index 242 
(CSI) and the average surface area, respectively. CSI has been previously utilized by our group and 243 
others [59-61] as a dimensionless parameter to quantitatively represent cell asymmetry, as defined in 244 
Equation (3): 245 

𝐶𝐶𝐶𝐶𝐶𝐶 =  
4𝜋𝜋𝐴𝐴𝑠𝑠
𝑝𝑝2    

 

3) 

 

(3) 

where As represents cell surface area and P denotes cell perimeter. The average surface areas of 246 
clusters that adhered to substrate surfaces after 24 h were measured using ImageJ. The ratio of 247 
clusters to individual cells, RRC–IC, was examined both in freshly isolated cell suspensions and after 248 
adherence to coated plates using Equation (4):  249 

  𝑅𝑅𝑅𝑅𝑅𝑅−𝐼𝐼𝐼𝐼 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐    4) 

 

(4) 

Characteristics and behavior of both single cells and clusters in the μLane system were evaluated 250 
in all three regions of the concentration gradient, G1, G2, and G3. Cells and clusters were tracked 251 
individually on ImageJ using the Manual Tracking plugin. Retinal clusters were tracked using the 252 
center of mass. Motile cell trajectories were graphed using normalized X and Y points for the nine 253 
time points recorded via time-lapsed cell migratory studies [62-64]. Representative trajectories were 254 
chosen to display the average movement of single cells, small clusters and large clusters in each 255 
gradient field. The average total path length, Lp, or sum of the distance travelled, was determined 256 
using Equation (5) and Equation (6):  257 

 𝑙𝑙 =  �|(𝑋𝑋2 − 𝑋𝑋1)2 − (𝑌𝑌2 − 𝑌𝑌1)2| (5) 

 𝐿𝐿𝑃𝑃 =  �𝑙𝑙𝑖𝑖

𝑛𝑛

𝑖𝑖=1

  (6) 

where X and Y represent spatial positions of motile cells within the μLane system at two 258 
consecutive time points, 1 and 2. The total path length, LP, was then calculated by summing the path 259 
lengths over the entire trajectory of single cells and clusters in each gradient region. The average path 260 
length was plotted for single cells and clusters of small and large size. 261 

Maribel Vazquez
The printed draft shows equation numbers twice, although the word version shows it only once?

Maribel Vazquez
The printed draft shows equation numbers twice, although the word version shows it only once?

Maribel Vazquez
The printed draft shows equation numbers twice, although the word version shows it only once?



Cells 2019, 8, x FOR PEER REVIEW 8 of 20 

 

Directional cell migration was defined by the chemotactic index, CI, previously used by our 262 
group and by others as shown in Equation (7): 263 

𝐶𝐶𝐶𝐶 =  
𝑥𝑥
𝐿𝐿  (7) 

where x  is the distance moved towards the gradient, and LP is the path length from Equation 264 
(6). In this study, values of CI approach 1 as cells move in the direction of increasing gradient and 265 
become negative when cells migrate away from the gradient. The chemotactic index was calculated 266 
for single cells and small and large clusters within the gradient regions of the µLane system, G1-G3. 267 

ImageJ was used to analyze neuronal and glial marker expression, cell morphology on 268 
extracellular substrates, and cell migration within the µLane system. Numbers of cells that expressed 269 
the neuronal and/or glial marker were determined using the Cell Counter feature of the Analyze 270 
plugin. The cell shape index (CSI) and surface area of cells were determined using the Analyze 271 
Particles function, which returns circularity and area values. Cell migration was analyzed using the 272 
Manual Tracking feature of the Tracking plugin, which returns spatial positions (x, y) for individual 273 
cells and clusters over time. 274 

2.8. Statistical Tests 275 
Statistical analysis was performed using the Statistics and Machine Learning Toolbox of Matlab 276 

(Mathworks, Natick, MA). One-way analysis of variance (ANOVA) was used for testing variance 277 
when using the independent variable of interest, i.e., FGF concentration gradient. A 95% confidence 278 
interval and a post-hoc test (Tukey) for comparing multiple samples were used. The ANOVA 279 
confirmed statistical differences amongst control and experimental groups while the post-hoc 280 
(Tukey) test determined differences amongst experimental groups. Statistical analyses were 281 
performed amongst the different gradient regions of each experimental group and between the 282 
experimental groups themselves to determine how changes in concentration gradient influenced the 283 
distances travelled measured via path length, LP, and directional movement was assessed via the 284 
chemotactic index, CI. Calculated p values <0.05 were considered statistically significant and were 285 
represented with a single asterisk in all figures, while a double asterisk was used to denote lower p 286 
values < 0.01. In addition, a sample t-test (α = 0.01) was performed to determine the distribution of x 287 
positions, the direction in which the chemotactic gradient is not distributed, of motile single cells and 288 
clusters analyzed. Normalized distributions of data points were assessed via skewness and kurtosis 289 
[69]. Skewness, measure of symmetry, and kurtosis, measure of the tails of the distribution, provide 290 
measures of shape of the data. An ideal, normally distributed data set exhibits skewness and excess 291 
kurtosis of 0 with acceptable ranges between −2 to +2 [70]. Lastly, a Jarque-Bera test (α = 0.01) [71] 292 
was performed to identify statistically significant variation from normal distributions. 293 

3. Results 294 
This study examined how chemical cues from a controlled signaling microenvironment 295 

influenced the independent and collective chemotactic behavior of heterogeneous populations of 296 
retinal progenitor cells (RPCs). All tests were performed using primary RPCs dissected from eye-297 
brain complexes of third instar larvae Drosophila. We note that RPCs in the larval retinal ganglion are 298 
neuroblasts capable of differentiating into neurons or glia [59]. 299 

3.1. Neuron:Glia Distribution 300 
Experiments first estimated the total number of cells per eye-brain complex harvested from the 301 

third larval stage to utilize a consistent cell density per complex for in vitro testing. Dissections of n= 302 
15 and n= 30 eye-brain complexes were performed in triplicate, and cells were counted via 303 
hemocytometer to denote an average of 104 cells per brain, as per Table 1. Cells were then plated onto 304 
Petri dishes and examined for aggregation into retinal clusters after 6 h, as shown in Figure 3. Three 305 
populations of cells were observed based on the size of clusters formed: (a) Individual cells (IC) of 5–306 
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6 microns in average diameter; (b) Small retinal clusters (SC), defined as clusters of 5 to 15 cells; and 307 
(c) Large retinal clusters (LC) comprising more than 15 cells. Average cluster size was assessed by 308 
measuring the surface area of substrate, SA, occupied by each cell or cluster. The average size of 309 
individually adhered cell groups was ICSA= 29.20 ± 10.65 µm2, while small clusters exhibited an 310 
average surface area of SCSA 313.35 ± 167.51 µm2, and large clusters an average surface area of LCSA 311 
573.73 ± 135.06 µm2. The ratio of neuronal to total cells, RN, determined by immunostaining, was ICRN 312 
= 0.68 ± 0.017 for single cells as shown in Figure 4. Similar ratios, based on the relative area of 313 
immunostaining in small clusters, SCRN = 0.55 ± 0.22, and large clusters, LCRN =0.64 ± 0.23, were not 314 
significantly different from those in individual cells (p > 0.05). 315 

Table 1. Average cell yield per eye-brain complex. Total numbers of cells and cells per brain for 316 
dissections and dissociations of n = 15 and n = 30 eye-brain complexes. 317 

Eye-Brain Complexes Total # of Cells Average # of Cells per Brain  
N = 15 1.4 ± 0.09 × 105 9.2 ± 0.8 × 103 
N = 30 2.9 ± 0.5 × 105 9.9 ± 1.7 × 103 

 318 

Figure 3. Distributions of collective RPC clusters and individual cells post-dissection. Average surface 319 
areas of individually adhered cells and adhered RPC clusters of small and large size. A representative 320 
small cluster of approximately 3 cells is shown alongside a singleton cell to demonstrate consistency 321 
with the size and shape of single cells. Error bars the denote standard deviation. 322 
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 323 
Figure 4. Average ratio of neuronal progenitors to total cells, RN, in third instar larvae. (A) Average 324 
ratio of neuronal cells to total cells (RN) in large clusters, small clusters and single cells, obtained from 325 
immunostaining. Error bars denote the standard deviation. (B,C) Representative confocal images of 326 
RFP+ neurons and GFP+ glia at mid-plane. 327 

3.2. Viability, Adhesion and Cluster Formation upon Different Substrates 328 
Adhesion of RPC upon Poly-L-lysine (PLL), concanavalin A (Con-A) and laminin (LM) surfaces 329 

was assessed by viable cell staining with the metabolic dye XTT to determine whether these 330 
substrates could promote the survival of cells derived from the third larval instar over that on 331 
standard cell culture plastic surfaces. At 24 h after plating, XTT staining indicated comparable 332 
numbers of viable cells on all substrates. However, numbers declined by 50% in control plates at 48 333 
h after plating but by only 20% on other substrates, as per Figure 5. 334 

 335 
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Figure 5. Viability and adhesion of disassociated cells upon extracellular substrates. Primary RPCs 336 
upon (A) uncoated Petri dish, (B) Concanavalin A (Con-A) with neurite extensions highlighted by 337 
arrows, (C) Laminin (LM) with outlined RPC  clusters and (D) Poly-L-Lysine (PLL) with both RPC  338 
clusters and neurite extensions highlighted. (E) Normalized cell viability at 24 h and 48 h time points. 339 
(F) Average RPC cluster surface area (RC SA) on Con-A, LM and PLL. (G) Average values of cell 340 
shape index (CSI) measured at 24 hr time point for cells adhered on Con-A, LM and PLL. Error bars 341 
denote standard deviation. (Scale bar = 20 µm for all images.). Statistical significance (p < 0.05) against 342 
control is denoted by *. 343 

Differences in the proportion of retinal clusters (RC, all sizes) to individual cells, RRC-IC, average 344 
cluster surface area, SA, and the ratio of small to large clusters, RCL were assessed for each substrate. 345 
As seen in Figure 5, seeded RPC illustrated different mixtures of adhered clusters and single cells 346 
upon PLL, Con-A and LM. Cells adhered predominantly as single cells upon Con-A with an adhesion 347 
ratio of ConARRC–IC = 1/5. By contrast, RPC adhered to PLL with a 1:2 ratio of clusters to individual cells, 348 
PLLRRC–IC = 1/2, and to LM with the largest clustering of LMRRC–IC = 2/1. Notably, the average surface 349 
area, SA, of adhered clusters was opposite to the measured preference of cluster formation with 350 
values of LMSA = 271.6 ± 69.12 µm2 upon LM, PLLSA = 447.6 ± 151.2 µm2 on PLL and ConASA = 535.8 ± 351 
232.1 µm2 upon Con-A. Further, the clustering ratio of small to large  clusters, RCL, was 352 
approximately ConARCL = 1:1 on Con-A, LMRCL = 1:15 on LM and PLLRCL = 10:1 on PLL. Lastly, the cell 353 
shape index (CSI) of individually adhered cells was the greatest (i.e., most rounded) on uncoated 354 
control plates, with an average value of CNTRLCSI=0.89 ± 0.05, and lower on all other substrates with 355 
PLLCSI = 0.77 ± 0.05 on PLL, LMCSI = 0.79 ± 0.09 and ConACSI = 0.76 ± 0.06. No statistical differences were 356 
measured across substrates (p > 0.05). 357 

3.3. RPC Chemotactic Migration 358 
The final set of experiments evaluated the directional migration of RPCs using the µLane system 359 

to generate controlled concentration gradient fields of FGF, as shown in Figure 2. The well-defined 360 
process of gradient development enabled analysis of individual gradient fields, G1-G3, along different 361 
lengths of the device, L1-L3, such that both the concentration, C, and gradient of FGF were known at 362 
each site. Figure 6 illustrates that RPC adhered as both clusters and individual cells within the device, 363 
as was previously observed in mass cell culture. The average path lengths and chemotactic index (CI) 364 
of individual cells and small and large clusters of RPCs within the gradient fields of the µLane system 365 
are represented as Bee Swarm Plots in Figure 7. 366 

 367 

Figure 6. Adhesion of retinal progenitor groups within the µLane system. The three populations of 368 
cells observed in suspension and on ECM-treated plates were also seen within the µLane system. 369 
Representative images of (A) Small RPC clusters and individual cells, (B) Large RPC clusters and 370 
individual cells and (C) Individual cells within the µLane system (Scale bar = 50 µm).  371 
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 372 
Figure 7. Bee swarm plots of average path length and chemotactic index. (A) Average path length of 373 
single cells in control and gradient fields, G1, G2 and G3. Statistical significance ** p < 0.01 between 374 
control groups and experimental groups. (B) Average path length of small and large RPC clusters in 375 
control (i.e., Schneider’s medium only) and gradient fields, G1, G2 and G3, generated within µLane. 376 
Statistical significance ** p < 0.01 between control and experimental groups. Statistical significance * p 377 
< 0.05 between medium and high gradient fields in large clusters. (C) Chemotactic index, CI, of single 378 
cells, small and large RPC clusters in control and gradient fields, G1, G2 and G3. No statistical 379 
significance amongst groups for single cells. Statistical significance ** p < 0.01 between control groups 380 
and experimental groups for RPC clusters. 381 

Data illustrate that the average path length of motile individual cells within G1 gradient fields 382 
was G1LIC = 819.4 µm. The average path length in G2 gradient fields was G2LIC = 987.9 µm and G3LIC = 383 
1018.6 µm in G3 gradient fields. All experimental groups migrated farther than controls (p < 0.01) in 384 
each gradient field (G1, G2, G3), but no statistical difference was measured among motile groups in 385 
the three fields. In addition, the directionality of single cell movement was evaluated using the 386 
chemotactic index, CI, defined in Equation 3. As seen, average CI values for single cells in the different 387 
gradient fields were low, indicating no directionality of movement. Measured CI values per gradient 388 
field were G1CIIC = 0.16 ± 0.21, G2CIIC = 0.24 ± 0.19 and G3CIIC = 0.26 ± 0.19, with no statistical significance 389 
between groups (p > 0.05). 390 

In contrast to single cell movement, small clusters (SC) displayed much smaller average path 391 
lengths of G1LSC = 98.6 µm in G1 gradient fields, G2LSC = 160.3 µm in G2 gradient fields and G3LSC = 188.2 392 
µm in G3 gradient fields. However, the migration of clusters was directional, with larger average CI 393 
values of G1CISC = 0.51 ± 0.15, G2CISC = 0.73 ± 0.11 and G3CISC = 0.80 ± 0.16 in respective gradient fields. 394 
Again, all experimental groups migrated further than control cells (p < 0.01) and values measured at 395 
G2 were significant relative to G1 and G3. Large clusters (LC) illustrated similar average path lengths 396 
of G1LLC = 144.6 µm, G2LLC = 258.7 µm and G3LLC = 189.8 µm in respective gradient fields. The average CI 397 
values of large clusters were G1CILC = 0.50 ± 0.16, G2CILC = 0.70 ± 0.20 and G3CILC = 0.73 ± 0.10. Statistical 398 
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significance (p < 0.01) was measured between the control and each experimental group for both 399 
average path length and CI. 400 

The data represent preferential movement in the y-direction of changing concentration 401 
gradients, with minimal movement in the x-direction for all motile single cells and clustered groups. 402 
Statistical analysis indicated a normal distribution of x positions about the channel centerline (x = 0) 403 
for all cases, with statistical values of skewness and kurtosis near 0 for all motile groups. These results 404 
illustrate no statistical bias of motion in the x-direction caused by the device or experimental setup 405 
itself. Lastly, Jarque-Bera tests (α = 0.01) yielded p-values that demonstrated data for single cells, 406 
small clusters and large clusters did not significantly differ from normally distributed data. 407 

4. Discussion 408 
Contemporary regenerative therapies have begun to introduce retinal progenitor cells (RPCs) to 409 

replace dysfunctional or injured cells using customized biomaterials that enhance viability and 410 
function during transplantation [17,19]. However, regenerative outcomes have been severely limited 411 
by the misdirected and/or insufficient migration of transplanted RPCs [20,21], whose collective 412 
migration is needed to restore vision via appropriate spatial and functional positioning [72,73]. This 413 
limitation is due, in large part, to limited understanding of the collective migratory processes of 414 
heterogeneous clusters of neuronal and glial progenitors. Our study used controlled 415 
microenvironments to examine how collective chemotactic processes are influenced by the size and 416 
lineage composition of RPC clusters, and their adhesion upon defined extracellular substrates. In 417 
tandem, we here explored a new bio-engineering approach to leverage extensive retinogenesis data 418 
by using primary invertebrate cells isolated from Drosophila melanogaster. 419 

4.1. Invertebrate RPC Models In Vitro 420 
Drosophila is a seminal developmental model that has enabled transformative genetic advances 421 

in the study of signaling pathways regulating cellular retinal structure and coordinated 422 
phototransduction processes across species [74-76]. Drosophila RPCs can be genetically manipulated, 423 
exactly, to better regulate and/or understand the cell-cell and cell-matrix signaling needed for their 424 
collective RPC migration [73]. This invertebrate model, thereby, provides unique opportunities for 425 
development of biomaterials used in regenerative therapies for inherited diseases and retinal 426 
disorders more broadly [77]. In vitro study of the collective behaviors of Drosophila progenitors has 427 
been surprisingly scarce [52,78-81], largely because cells extracted from developing organisms are 428 
notoriously difficult to maintain in vitro: The average viability of cells isolated from Drosophila visual 429 
system has been reported to be 12% after 24 h [46,82]. We here report achieving cell viability 430 
approaching 80% after 48 h in vitro (Figure 5), presumably by using sterility protocols of mammalian 431 
cell culture in combination with specific substrate-coated surfaces (Figure 1). Such substantial 432 
increases in cell survival facilitated reproducible in vitro testing for 8–10 h, post-isolation, and will 433 
enable future study using cells from genetic disease models that are promising candidates for 434 
regenerative therapy. 435 

4.2. Ratio of Neuronal:Glial Progenitors  436 
In vitro experiments first measured cell lineage composition and aggregate size of isolated RPCs. 437 

The ratio of neurons to total cells, RN, is highly significant to transplantable biomaterials because it 438 
impacts the cell-to-cell communication required to maintain and regulate collective behavior [1,2,83]. 439 
Surprisingly, the ratio of neurons to glia at the third larval instar has been largely unmeasured and/or 440 
unreported despite its wide applicability to studies of retinogenesis [75]. Rather, RN has been 441 
estimated to be closest to that of adult flies, given its later stage of development. These values have 442 
been reported to be as high as 1:1 (RN = 0.50) in Drosophila embryos and to decrease to approximately 443 
1:10 (RN = 0.10) in adult flies [49,72]. By contrast, our project measured an average RN value of 1:2.5 444 
(RN = 0.62) using both hemocytometer cell counts and confocal microscopy of fluorescent cells (Figure 445 
4). We note that cell isolation procedures used in this study produced a minute population of non-446 
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neural cells (<5% total), which had no impact on the calculation of the RN ratio. Significantly, values 447 
of RN averaged approximately 0.62 across both individual RPCs and retinal clusters of different sizes. 448 
Furthermore, this ratio of neuronal to glial progenitors was observed within motile clusters in µLane, 449 
reinforcing the persistence of the RN parameter. These newly measured data provide an important, 450 
preliminary reference point in the study of RPC migration that highlights the need to identify lineage 451 
variance in cells introduced for regenerative therapy. However, further study is needed to examine 452 
the underlying mechanisms for this particular ratio of neuronal to glial progenitors at late stages of 453 
retinal development. Future tests will also use qPCR to quantitate these differences. 454 

4.3. Collective RPC Interactions with Extracellular Substrates 455 
As cell-based therapies increasingly rely upon transplantation of cells in combination with 456 

extracellular matrix-based scaffolds [45,84,85], our second set of experiments examined RPC 457 
interactions with substrates commonly used for this purpose. ConA is a lectin molecule well studied 458 
in the retinal tissue of both invertebrates and vertebrates [53] and used as an adhesive substrate for 459 
retinal cells in vitro [86]. Most recently, ConA was used to induce RPC migration from retinal grafts 460 
[87] as well as to suppress proliferative vitreoretinopathy in rats [88,89]. Both ConA and PLL have 461 
been used as in vitro substrates to examine survival of retinal neurons from amphibians, avians, 462 
invertebrates and mammals [86,90]. Further, PLL has most recently been studied as a substrate for 463 
drug delivery to the retina [91,92], for retinal transplantation [93], and as coatings for retinal implants 464 
used to enhance and direct regrowth of ganglion axons [54,94]. Lastly, Laminin was selected for study 465 
because it is ubiquitous in the visual system as well as critical for retinal lamination [95]. Recent 466 
projects have additionally used Laminin in development of retinal organoids [55], transplantable 467 
biomaterials for retinal replacement [33,96,97], and as part of substrates used to model retinal disease 468 
[98-100]. 469 

Measurements of average cluster size suggest that RPCs demonstrate innate preferences for the 470 
size of RPC collectives, as two thirds of extracted cells self-aggregated into clusters with a larger 471 
surface area representative of 15–20 cells (Figure 3). Cell-biomaterial interactions are, thereby, highly 472 
significant as different substrates can influence inherent cell clustering and/or cell-substrate adhesion 473 
of particular lineage groups [73]. Reproducible differences in the ratio of average single cell size and 474 
cluster surface area, RRC:IC, were observed upon substrates relative to control surfaces (Figure 5). 475 
Interestingly, no changes in RN were detectable across RPC adhered onto different substrates despite 476 
these measured differences. This result suggests RN may be more strongly determined by intrinsic 477 
cell properties, e.g., developmental stage, rather than by external stimuli, such as ECM composition. 478 
The data reinforce the significance of examining collective cell-biomaterial interactions in the 479 
development of transplantable retinal biomaterials, which rely upon ECM concentration, pore size, 480 
and surface functionalization that can each impact cell clustering. 481 

4.4. Collective RPC Migration 482 
In vitro tests examined the collective chemotactic processes of retinal clusters within controlled 483 

microenvironments of FGF, a well-studied chemotactic factor of retinal development [56,57]. RPCs 484 
were observed to adhere and migrate collectively as clusters in all fields of the µLane system (Figure 485 
6). Measured values of chemotactic index (CI) approaching 1 illustrated that retinal clusters of 486 
different sizes exhibited finely tuned chemotactic migration within different gradient fields of FGF 487 
[102]. Furthermore, concentration effects were seen to be significant in conjunction with gradient, as 488 
cells migrated in both the highest gradient fields and in fields with the highest FGF concentration. 489 
These data reinforce the importance of both the absolute concentration of reagent exposed to 490 
transplantable cells as well as its chemical release over time in emerging retinal biomaterials 491 
[18,103,104]. Large clusters migrated significantly (p < 0.05) further in the largest gradient fields, while 492 
smaller clusters exhibited no statistical difference in migration distances. Similarly, average path 493 
lengths, or cell distances traveled, of singleton cells were observed not to depend on concentration 494 
gradient (Figure 7), and average values of the chemotactic index, CI, measuring less than 0.5 to 495 
indicate little to no directional migration [34,52,83]. 496 
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Lastly, we note that individual cells migrated longer distances than cells migrating collectively 497 
in clusters, presumably because movement of the former is independent of the cell-to-cell 498 
communication that regulates dynamic movement of the latter [104]. Collective chemotaxis is 499 
regulated by both the ligand binding of cell surface receptors and cell-cell adhesion between cells. In 500 
Drosophila, the E-Cadherin molecule, CadN2, regulates adhesion between retinal cell layers [105,106] 501 
as well as overall retinal size [107]. Further, the cadN2 molecule is required for RPC targeting of 502 
synaptic targets to the visual centers in the brain [108] and is further implicated in the localization of 503 
innexin molecules [109] needed for gap junctional communication between retinal neurons and glia 504 
[110]. Although elucidation of these molecules is significant for the collective migration needed in 505 
cell replacement therapy, the goal of the current project was to examine the extent to which RPC 506 
cluster size impacted directionality. Future study will stain for CadN2, Inx1, and Inx2 as well as 507 
measure mRNA expression levels of these proteins. In addition, future tests will genetically 508 
manipulate the regulation of these molecules in Drosophila eye-brain complexes to examine 509 
subsequent differences in RPC cohesion during chemotaxis. 510 

5. Conclusion 511 
The current project examined the collective migratory behavior of RPC disassociated from 512 

developing eye-brain complexes of Drosophila upon microfluidically-constrained substrate surfaces. 513 
Results highlighted the impact of cluster size and neuronal::glial composition on collective 514 
chemotaxis and suggested that substrate-enhanced clustering may influence the migration of 515 
transplanted cells as singletons and/or clusters. Future study will examine cell-cell adhesions that 516 
maintain cluster cohesion during chemotaxis and develop microfluidic systems able to examine 517 
chemotactic behaviors of cell groups derived from different stages of retinal development. Study of 518 
collective migration of transplantable RPCs will, thereby, aid the development of effective 519 
biomaterials that promote directional migration of cells towards desired areas. 520 
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