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 In vivo studies have suggested that gradients of CXCL12 (aka stromal cell-derived 
factor 1 α ) may be critical for neural stem cell (NSC) migration during brain 
development and neural tissue regeneration. However, traditional in vitro chemotaxis 
tools are limited by unstable concentration gradients and the inability to decouple cell 
migration directionality and speed. These limitations have restricted the reproducible 
and quantitative analysis of neuronal migration, which is required for mechanism-
based studies. Using a microfl uidic gradient generator, nestin and Sox-2 positive 
human embryonic NSC chemotaxis is quantifi ed within a linear and stable CXCL12 
gradient. While untreated NSCs are not able to chemotax within CXCL12 gradients, 
pre-treatment of the cells with brain-derived neurotrophic factor (BDNF) results 
in signifi cant chemotactic, directional migration. BDNF pre-treatment has no effect 
on cell migration speed, which averages about 1  μ m min  − 1 . Quantitative analysis 
determines that CXCL12 concentrations above 9.0 nM are above the minimum 
activation threshold, while concentrations below 14.7 nM are below the saturation 
threshold. Interestingly, although inhibitor studies with AMD 3100 revealed that 
CXCL12 chemotaxis requires receptor CXCR4 activation, BDNF pre-treatment is 
found to have no profound effects on the mRNA levels or surface presentation of 
CXCR4 or the putative CXCR7 scavenger receptor. The microfl uidic study of NSC 
migration within stable chemokine concentration profi les provides quantitative 
analysis as well as new insight into the migratory mechanism underlying BDNF-
induced chemotaxis towards CXCL12. 
  1. Introduction 

 Stroke is the leading cause of serious long-term adult dis-

ability, and the third leading cause of death in the United 

States. [  1  ]  Currently there is no effective treatment for stroke. 

For more than two decades, research has focused on discov-

ering potential neuroprotective drugs to protect ischemic 
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brain tissue from cell death. However, all phase III clinical 

trials based solely on neuroprotection have failed to achieve 

primary outcomes, [  2  ]  despite being effective in animal stroke 

studies. Current research is heavily focused on using stem 

cell therapy to stimulate both endogenous and transplanted 

neural stem/progenitor cells (NSCs) for neural tissue regen-

eration. [  3  ]  NSCs are a subset of self-renewing and multipo-

tent cells that exist in embryos as well as in the adult central 

nervous system (CNS). [  4  ]  During embryogenesis, embryonic 

NSCs differentiate into more committed progenitor cells 

in response to a variety of localized gradients and migrate 

from the sub ventricular zone (SVZ) to superfi cial layers 

of the cortical plate for proper positioning. [  4,5  ]  In adult ani-

mals, transplanted NSCs have been shown to migrate to 

ischemic areas, stimulate neural regeneration, and improve 
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pathological condition. [  3b  ,  4a  ,  6  ]  However, very little is known 

about what mobilizes and directs NSCs across great distance 

towards injury sites. Particularly, the lack of quantifi able 

data on NSC chemotaxis has greatly hindered the progress 

in developing new therapeutic approaches to enhance NSC 

homing for clinical applications. 

 Directional migration is the fi rst critical step in stem 

cell engagement for both normal development and tissue 

regeneration. [  3  ]  A variety of in vivo and in vitro migration 

and chemotaxis assays have been developed to investi-

gate how various factors act individually or collectively to 

regulate cell migration. In vivo experiments often co-map 

chemokine protein expression and NSC location or study 

the changes in NSC distributions upon silencing of a chem-

okine gene. [  7  ]  Many in vitro migration assays are restricted 

to measurements of cell motility (i.e. chemokinesis or 

migration rate). For example, the chain migration assay and 

the neurosphere migration assay [  8  ]  measure the distance of 

NSC radial migration out of SVZ fragments or adherent 

neurospheres, respectively. [  8,9  ]  In vitro chemotaxis assays, 

on the other hand, usually generate a immobilized [  10  ]  or 

diffusible [  11  ]  chemical gradient to induce polarized cell 

migration; however, most of the gradient profi les are tran-

sient, unstable, and hard to reproduce (e.g. micropipette 

assays, [  12  ]  Boyden chambers, [  13  ]  Zigmond chamber, [  14  ]  Dunn 

chambers). [  15  ]  

 Currently, the most widely used chemotaxis tool, the 

modifi ed Boyden chamber, quantifi es cell migration into or 

through a porous membrane (with 3 to 10  μ m pores) towards 

a putative chemotactic factor. [  3b  ,  16  ]  Limitations of this assay 

include the unstable concentration gradient, distortion of 

local gradients in and around the pores, and lack of direct 

observation of cell behavior during the experiment. As a 

result, an increase in chemokinesis (i.e. the speed of random 

cell migration) can be falsely interpreted as chemotaxis in 

Boyden chamber experiments. Many other cell chemotaxis 

tools, such as the Dunn chamber, [  15  ]  Zigmond chamber, [  14  ]  

open-surface micro-jet devices [  17  ]  and the multi-injector [  18  ]  

have relatively stable gradients at short timescales, how-

ever the gradient steepness decays over long-term. [  15  ]  Other 

microfl uidic gradient generators for mammalian cells, such 

as the serpentine-shaped fl ow network devices, [  19  ]  create 

long-term ( > 12 h) stable gradients, but the presence of shear 

fl ow often polarizes cell bodies, alters cell behavior, and 

induces biased cell movement. [  20  ]  To address these issues, 

we previously have reported a shear-free microfl uidic device 

that generates long-term linear and stable chemokine gra-

dients. [  21  ]  This design belongs to the family of microfl uidic 

devices that utilize microcapillaries, [  22  ]  hydrogel [  23  ]  or mem-

branes [  24  ]  to restrict convective fl ow while still enabling 

Fickian diffusion to generate soluble, [  22     −     24  ]  as well as sur-

face-bound, [  25  ]  chemical gradients. In this study, we used a 

similar microfl uidic platform to quantitatively investigate 

NSC chemotaxis to stromal cell-derived factor  α  (SDF-1  α , 

CXCL12). 

 CXCL12 and its receptors, CXC chemokine receptor 4 

(CXCR4) and CXCR7 (RDC1), are promising targets for 

therapeutic activation of NSCs in regenerative medicine. 
86 www.small-journal.com © 2013 Wiley-VCH 
CXCL12 is secreted by bone marrow stromal cells and several 

types of cancer cells. It is up-regulated by local astrocytes and 

endothelium near an infarcted area. [  3b  ]  The CXCL12/CXCR4 

pathway has been shown to modulate growth factor induced-

NSC self renewal, [  26  ]  to mediate NSC homing to endothelial 

cells in the vascular niche, [  16b  ]  and to be critical for cortical 

interneuron migration in early embryonic development. [  27  ]  

Several in vivo [  3b  ]  and in vitro [  28  ]  studies have implicated 

CXCL12 as a chemotactic cue for NSCs, while others have 

observed no evidence for CXCL12-induced chemotaxis of 

undifferentiated nestin-positive neural progenitors. [  29  ]  Fur-

thermore, discrepancies between reported cell responses 

and dose requirements among different studies are common, 

presumably due to variations in selected animal models, lack 

of quantitative experimental setups, and the heterogeneous 

nature of NSC phenotype at various differentiation stages. [  4  ]  

 Several different approaches have been proposed to 

activate or enhance CXCL12-mediated NSC cell homing. 

Recently, brain-derived neurotrophic factor (BDNF), a 

member of the “neurotrophin” family of growth factors, was 

reported to improve implanted NSC survival and functional 

recovery in hypoxic-ischemic stroke. [  30  ,  53  ]  These benefi ts were 

specifi cally hypothesized to occur due to the ability of BDNF 

to mediate and enhance NSC homing to CXCL12. While in 

vitro Boyden chamber assays in that study were consistent 

with this hypothesis, the lack of direct observation and quan-

titative analysis of individual NSC movements make it dif-

fi cult to differentiate whether the migratory mechanism of 

action is primarily a result of chemokinesis or chemotaxis. 

Furthermore, it is unknown whether BDNF potentiates 

CXCL12 induced migration interaction with the putative 

CXCL12 receptor (CXCR4) or through an alternate bio-

chemical pathway. These highly promising animal study 

results encourage and require rigorous quantitative study 

of chemokine-induced NSC chemotaxis in order to further 

improve NSC homing for clinical applications. 

 Here we describe and utilize a microfl uidic platform to 

analyze the migratory behavior of embryonic human NSCs 

within stable linear CXCL12 gradients. Cell movements are 

individually tracked and digitally analyzed for speed and 

directionality. We observe that human embryonic NSCs are 

unable to chemotaxis to CXCL12 under cultured control con-

ditions within a CXCL12 gradient (44 ng mL  − 1  mm  − 1 ). In stark 

contrast, NSCs pretreated with BDNF exhibited directional 

chemotaxis towards CXCL12 without altering their migra-

tion speed, but with enhanced cell migration directionality. 

A CXCR4 antagonist, AMD3100, decreased NSC motility 

and blocked the directional migration induced by CXCL12. 

Interestingly, BDNF pretreatment alone did not signifi cantly 

alter the mRNA or the surface protein expression of CXCR4 

or CXCR7. Our study provides direct quantitative evidence 

that gradients of CXCL12 ranging from 72–117 ng mL  − 1  can 

induce NSC chemotaxis via the CXCR4 pathway, although a 

“triggering” event, such as the presence of BDNF, is neces-

sary to enable effi cient chemotaxis. This type of quantitative 

analysis of NSC chemotaxis will guide the further develop-

ment of clinical therapies to improve stem cell homing of 

both endogenous and exogenous NSCs.   
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     Figure  1 .     CXCL12 gradient verifi cation and NSC characterization. (A) Structure of the 
microfl uidic gradient generator device. A cell culture chamber is connected to sink (blue) 
and source (red) channels via micro-capillaries (not observable at this magnifi cation). 
(B) At equilibrium, a linear and stable CXCL12 gradient was generated across the cell 
culture chamber, as quantifi ed by the fl uorescence intensity of a tracer molecule (Texas Red-
conjugated dextran, 10 kDa). Confocal microscopy of NSCs derived from human embryonic 
stem cells revealed positive immunostaining for two NSC markers nestin (C) and Sox-2 (D) and 
counter-staining with DAPI to visualize cell nuclei (E).  
 2. Results  

 2.1. Device Validation and NSC Culture Characterization 

 To induce NSC chemotaxis, cells were exposed to a stable 

CXCL12 concentration profi le within a microfl uidic gradient 

generator, which was modifi ed from our previous designs [  21a  ]  

for optimized device fabrication and operation processes. Spe-

cifi cally, microcapillaries (10  μ m height, 12  μ m width, 250  μ m 

length) were used to connect the cell culture chamber (100  μ m 

height, 1 mm width, 4 mm length) with the sink and source 

channels (100  μ m height, 500  μ m width, 4 mm length) to allow 

diffusion ( Figure    1  A). Cell culture medium alone was pumped 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhei

     Figure  2 .     Experimental assay and data analysis. (A) Human embryonic NSCs were loaded int
resulting in random cell seeding. The migratory path of each individual cell within a stable CX
migration speed (D/time) and chemotactic index (X/D) were calculated for each cell track. (C)
NSC proliferation upon 48-h exposure (p  >  0.05).  
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through the sink channels while CXCL12 

was added into the medium fl owing through 

the source channels, both at a fl ow rate of 

3  μ L h  − 1 . At equilibrium, a linear and stable 

gradient across the center cell culture 

chamber was generated due to Fickian dif-

fusion through the micro-capillaries, which 

restrict convective fl ow across the cell cul-

ture chamber (Figure  1 B). The CXCL12 

concentration gradient was visualized and 

quantifi ed by the fl uorescent intensity pro-

fi le of Texas Red-conjugated dextran, which 

has a similar molecular weight as CXCL12 

(10 kDa) (Figure  1 B). For this device and 

fl ow conditions, the resulting concentration 

profi le was found to be linear with a gra-

dient slope of 44 ng mL  − 1  mm  − 1 , and min-

imum and maximum concentrations of 72 

and 117 ng mL  − 1 , respectively.  

 NSCs are multipotent progenitor and 

stem cells that have been found in both 

the developing and adult brain. The human 

NSCs investigated in this study were 

derived from NIH approved H9 human 

embryonic stem cells and were maintained 

as monolayers. Cultured cells showed posi-

tive immunostaining for the NSC markers 

nestin and Sox-2 (Figure  1 C, D). The cells 
were proliferative and over 95% of them expressed nestin and 

Sox-2 consistently for at least 10 passages, indicating that the 

majority of the cells retained NSC characteristics (Figure  1 E). 

To exclude potential mitogenic effects of BDNF and CXCL12 

that might hinder cell migration, we used a CyQuant cell pro-

liferation assay to quantify cell proliferation after 48-hr treat-

ment with or without BDNF and/or CXCL12. Only a modest 

but not statistically signifi cant increase ( < 20%) in cell number 

was observed compared to control cell cultures ( Figure    2  C), 

suggesting that BDNF and CXCL12 are not strong mitogens 

for NSCs, and the difference in mitogenic activity is unlikely 

to affect migration behavior. In addition, because each indi-

vidual cell is tracked within the microfl uidic device, cell migra-

tion and division events are explicitly distinguished.    
587www.small-journal.comm
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     Figure  3 .     NSC cell tracks and angular histograms of cell endpoint positions. Individual cell tracks (A,C,E,G,I) are plotted with all cell initial positions 
at the origin (0,0). The number of cells migrating towards (red tracks) or away from (black tracks) the CXCL12 source is given for each condition. The 
center of mass for the endpoint positions is marked with a gold star. For angular histogram plots (B,D,F,H,J), the Rayleigh p-value of each endpoint 
distribution is shown, with p  <  0.05 suggesting a statistically signifi cant asymmetric distribution. No signifi cant NSC chemotaxis towards CXCL12 
was observed during 4-h (A,B) or 17-h (C,D) observations. A 1-h BDNF pretreatment induced chemotaxis towards CXCL12 during both 4-h (E,F) 
and 17-h (G,H) observations. Treatment with AMD 3100 for 1 h following a 1-h BDNF exposure caused a loss of directional cell migration towards 
CXCL12(I, J).  
 2.2. NSC Chemotaxis within Stable CXCL12 Gradients 

 Human NSCs were injected into the polyornithine/laminin 

coated device and allowed to adhere for 1 hr, resulting in a 

random distribution of cell initial positions (Figure  2 A). Upon 

application of a linear CXCL12 gradient, no NSC chemo-

taxis towards the chemokine was observed in either the 4-h 

short-term ( Figure    3  A,B) or the 17-h long-term exposures 

(Figure  3 C,D). Individual cell tracks were recorded by time-

lapse microscopy and plotted, with all cell initial positions 

at the origin (0,0) (Figure  3 ). The number of cells migrating 

towards (red tracks) or away from (black tracks) the 

CXCL12 source was not signifi cantly different (Figure  3 A,C). 

Similarly, angular histograms of the fi nal positions showed 

a relatively even distribution, and statistical analysis yielded 

Rayleigh p-values greater than 0.05 (0.77 and 0.61 for 4 h 

and 17 h, respectively, Figure  3 B,D), indicating that the cell 

migration was random and not polarized towards a certain 

direction. Chemotactic indices (CI, calculated from indi-

vidual cell tracks as  X/D , Figure  2 B) were widely dispersed 

with a median close to 0 for both time points ( Figure    4  A), 

suggesting that there was no uniform directional movement 

along the concentration gradient. Interestingly, distribution of 

chemotactic indices was much narrower at 17 h compared to 

4 h, indicative of a more uniform cell response (Figure  4 A).   

 We next tested the effects of BDNF pretreatment on 

CXCL12 mediated NSC chemotaxis. NSCs were pretreated 
www.small-journal.com © 2013 Wiley-VCH V
for 1 h in suspension with or without 100 ng mL  − 1  BDNF 

before cell seeding into the microfl uidic devices. A greater 

number of cells were found to migrate towards the CXCL12 

source compared to away from the source for both the 

4-h and 17-h exposures (Figure  3 E,G). The 4-h time point 

angular histogram showed a statistical polarization towards 

higher concentrations of CXCL12, with a Rayleigh p-value of 

9.47E-4, indicating directional movement (Figure  3 F). While 

the median chemotactic index was signifi cantly increased 

compared to that for non-BDNF treated cells, the entire cell 

population still displayed a high degree of heterogeneity 

(Figure  4 A). At 17 h, the polarization of the angular histo-

gram became even more prominent (p-value of 7.37E-22, 

Figure  3 H). The center of the cell mass (marked as a star) in 

the plot of cell tracks moved signifi cantly toward the CXCL12 

source (Figure  3 G). Similar to the results without BDNF 

pretreatment, heterogeneity of the population’s CI was sig-

nifi cantly narrowed at 17 h compared to 4 h, even though the 

median CI was similar at both times (Figure  4 A). Across all 

time points, the NSC speed did not change with or without 

BDNF treatment (Figure  4 B). 

 We hypothesized that the enhanced NSC chemotaxis to 

CXCL12 by BDNF pretreatment is mediated through CXCR4 

signaling. To test this hypothesis, we treated the NSCs with 

AMD 3100, a symmetric bicyclam antagonist of the CXCR4 

receptor that inhibits CXCL12/CXCR4 binding. [  31  ]  NSCs 

stimulated with BDNF followed by AMD 3100 treatment 
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 4, 585–595
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     Figure  4 .     Quantifi cation of cell chemotactic index and migration speed. 
(A) Chemotactic indices showed broad population distributions at 4 h 
and became narrower at 17 h. BDNF treatment signifi cantly increased 
chemotactic indices, while AMD 3100 treatment signifi cantly attenuated 
NSC chemotaxis. (B) Cell migration speed was similar across all 
observation times and BDNF treatments, but decreased upon treatment 
with AMD 3100.  ∗  p  <  0.05,  ∗  ∗  ∗ p  <  0.001  
before exposure to CXCL12 caused a loss of uniform direc-

tional cell migration, as seen in both the plot of cell tracks 

and the angular histogram (Figure  3 I,J). The median CI of 

AMD 3100 treated cells was close to 0, indicating no collec-

tive directional cell movement (Figure  4 A). At the same time, 

cell migration speeds were also signifi cantly slower compared 

to all non-AMD 3100 treated samples (Figure  4 B). 

 Cell chemotaxis in response to many migratory cues is 

affected by both the relative and absolute concentration dif-

ferences across a cell body. In addition, soluble chemotactic 

factors have a minimum concentration required to induce 

cellular response (i.e. the activation threshold) and a max-

imal concentration above which cells can no longer effi ciently 

polarize (i.e. the saturation threshold). To evaluate the range 

of absolute CXCL12 concentrations used in our experiments, 

we divided the cell tracks into four zones based on their initial 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 4, 585–595
positions, zones I to IV ( Figure    5  A). The steepness of the gra-

dient was the same across all four zones, while the average 

absolute CXCL12 concentrations were 78, 89, 100, and 

111 ng mL  − 1 , from zones I to IV, respectively (Figure  5 A). 

Cells in all four zones exhibited similar CXCL12-induced 

directional migration, as quantifi ed by CI (Figure  5 B). In 

contrast, the migration speed of cells in zone IV was signifi -

cantly lower than zones I-III (Figure  5 C). Post-experimental 

analysis of the individual cell tracks in zone IV revealed that 

more than 90% of the cells migrated towards and came into 

contact with the capillary structure adjacent to the CXCL12 

source, which impedes further migration and presumably 

results in an artifi cially lower average cell speed.    

 2.3. Analysis of CXCL12 Receptor and Integrin Expression 

 To investigate the effect of BDNF pretreatment on receptor 

expression, real-time polymerase chain reaction (quantitative 

PCR, qPCR) was carried out to quantify both CXCR4 and 

CXCR7 mRNA levels after BDNF exposure for 1 h (similar 

to the chemotaxis experiments above) or 24 h. For both the 

1-h short-term and the 24-h long-term treatments, BDNF 

only marginally (less than two-fold) upregulated CXCR4 

and CXCR7 mRNA ( Figure    6  A,B). In addition, mRNA of 

integrin  α 6, but not  β 1, was slightly upregulated by BDNF 

treatment (Figure  6 B). Cell surface receptor expression was 

quantifi ed by immunostaining and fl ow cytometry with and 

without BDNF treatment for 1 h. Human embryonic NSCs 

immunostained positively for both putative CXCL12 recep-

tors, CXCR4 and CXCR7, indicating that both chemokine 

receptors are presented by these cells. Consistent with the 

mRNA data, BDNF treatment did not signifi cantly alter the 

surface profi les of either CXCR4 or CXCR7 (Figure  6 C,D).     

 3. Discussion 

 NSCs are thought to respond to a variety of extracellular 

soluble cues, including vascular endothelial growth factor 

(VEGF), [  28c  ,  29  ,  32  ]  monocyte chemotactic protein-1 (MCP-1), [  33  ]  

growth-related oncogene  α  (GRO α ), [  33a  ]  monocyte chemo-

tactic protein 2 (MCP-2) [  33b  ]  and CXCL12, [  28a  ,  28b  ,  29  ,  33b  ,  34  ]  to 

regulate proper positioning during embryonic development 

and/or to activate and navigate their migration to injury sites 

during tissue regeneration. Therefore, the quantitative evalu-

ation of potential NSC chemotaxis in response to these extra-

cellular soluble cues is a critical goal. However, the majority 

of in vitro chemotaxis studies on neuron stem/progenitor cells 

are based on assays with unstable concentration gradients 

that change over time. This limitation of traditional in vitro 

chemotaxis tools has led to diffi culties in data reproducibility, 

discrepancies about NSC chemotactic capabilities, and varia-

tions in the reported minimal/maximal chemokine concentra-

tions required to induce chemotaxis. [  35  ]  Quantitative analysis 

of NSC migration behavior and in-depth interpretation of 

such data for studying the mechanism of chemotaxis and for 

potential clinical applications have been seriously restricted. 

In this study, we investigated NSC chemotaxis to CXCL12 
589www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  5 .     Evaluation of NSC chemotaxis within various CXCL12 concentrations. (A) To evaluate the range of absolute CXCL12 concentrations 
that induced cell polarization, cell tracks were divided into groups based on their initial positions within zones I, II, III, or IV. Absolute CXCL12 
concentration increases across the four zones, while gradient steepness is identical. (B) Cells in all four zones exhibited similar chemotactic 
indices. (C) Cell migration speed was similar in zones I, II, and III, while cells in zone IV migrated more slowly, due to cell interactions with culture 
chamber wall, which impedes further migration and results in an artifi cially lowered average cell speed,  ∗  p  <  0.05.  
using an advanced microfl uidic platform that provides a long-

term stable linear concentration gradient in a shear-free cell 

culture chamber that allows reproducible and unbiased study 

of cell migration through direct viewing of cell movement. 
0 www.small-journal.com © 2013 Wiley-VCH V

     Figure  6 .     Analysis of receptor and integrin expression. (A) qPCR analysis s
changes in mRNA transcript levels for CXCR4 or CXCR7 upon 1-h BDNF e
24-h BDNF treatment, mRNA transcripts for CXCR4, CXCR7, and the  α 6 in
marginally upregulated (less than two fold), while the  β 1 integrin subu
 ∗ p  <  0.05. Flow cytometry analysis demonstrated that cell surface rece
CXCR4 (C) and CXCR7 (D) was not signifi cantly altered by BDNF treatment
This experimental design enables simultaneous but inde-

pendent quantifi cation of cell speed and cell directionality 

at several chemokine concentrations within a single device, 

thereby differentiating chemokinetic and chemotactic migra-
erlag GmbH & Co. KGaA,

hows no signifi cant 
xposure. (B) Upon 

tegrin subunit were 
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ptor expression of 

 for 1 h.  
tory mechanisms. Furthermore, the capa-

bility for single cell and subpopulation 

analysis provides valuable insight into the 

heterogeneity within the NSC culture. 

 CXCL12 is a small cytokine belonging 

to the chemokine family. It has been 

reported to regulate migration of var-

ious cell types, including lymphocytes, [  36  ]  

macrophages, [  37  ]  hematopoietic cells, [  38  ]  

endothelial progenitor cells, [  39  ]  neuroblas-

toma cells [  40  ]  and epidermal growth factor 

stimulated breast cancer cells. [  41  ]  How-

ever, confl icting reports have suggested 

that CXCL12 may [  28a  ,  28b  ,  42  ]  or may not [  29  ]  

be chemotactic for NSCs. Furthermore, 

the ability of CXCL12 to stimulate NSC 

proliferation or to increase NSC motility 

is still under debate. [  16b  ]  In the nervous 

system, CXCL12 is highly expressed both 

during development and in adulthood [  28a  ]  

with a remarkably conserved primary 

structure across species. [  43  ]  In CNS devel-

opment, the CXCL12/CXCR4 system 

modulates chain migration and forma-

tion of normal cortical layers. [  3b  ]  In adult 

brain, the CXCL12/CXCR4 pathway is 

critical for maintaining the NSC vascular 

stem cell niche and promotes adult SVZ 

NSC homing to the niche. [  16b  ]  In addition, 

infl ammation in ischemic areas has been 
 Weinheim small 2013, 9, No. 4, 585–595
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shown to upregulate CXCL12 expression in local astrocytes 

and endothelium to recruit NSCs. [  3b  ]  CXCR4 expression 

by NSCs has been widely reported [  26  ,  28b  ]  and has been sug-

gested as an additional marker for NSCs. [  26  ]  Consistent with 

previous studies, we found that CXCR4 was highly expressed 

in human embryonic NSCs that were positive for both nestin 

and Sox-2. Despite the presence of CXCR4 on the cell sur-

face, human embryonic NSCs were unable to chemotax 

within a CXCL12 gradient with a steepness of 44 ng mL  − 1  

mm  − 1 . Similarly, Barkho and colleagues also reported a lack of 

chemotaxis to CXCL12 in nestin positive adult human NSCs, 

which also express CXCR4. [  29  ]  It has been suggested that the 

chemotactic responsiveness of NSCs may differ across differ-

entiation stages; [  28c  ]  while undifferentiated, immature NSCs 

may not respond to CXCL12 gradients, DCX and Tuj1 posi-

tive mature neurons exhibited chemotaxis. [  29  ]  Furthermore, 

animal species, age, and developmental stage may also cause 

variations in observed NSC behaviors. Our data suggest that 

the presence of the CXCR4 receptor is not a suffi cient condi-

tion to enable embryonic NSC chemotaxis to CXCL12. The 

presence of other modulatory cues may be required to alter 

NSC sensitivity to CXCL12 and collectively regulate NSC 

migration. 

 We demonstrate that BDNF is capable of modulating 

NSC chemotaxis to CXCL12 gradients. By tracking cell 

movement over time, we were able to dissect and analyze 

cell migration with two separate parameters, direction-

ality and speed. The histogram of NSC endpoint positions 

became polarized within 4 h (Figure  3 , Figure  4 A), and the 

asymmetry became more prominent by 17 h, with higher 

cell numbers migrating towards elevated CXCL12 concen-

trations. Quantitative data on NSC chemotaxis direction-

ality are very limited, mainly because traditional Boyden 

chamber assays are incapable of individual cell analyses of 

directionality and speed. Our results show that BDNF treat-

ment specifi cally affects the directionality of NSC migration, 

but not migration speed (Figure  4 A,B), implying that the 

regulation of directionality and speed may be independent 

of each other. Furthermore, our data indicate that BDNF-

induced NSC chemotaxis to CXCL12 is mediated through 

the CXCL12/CXCR4 system, as blocking this pathway with 

AMD 3100 abolished the modulatory effect of BDNF on 

NSC chemotaxis. 

 The wide dispersion of cell chemotactic indices and 

speeds (Figure  4 ) indicates that the NSC responses to BDNF 

pretreatment and CXCL12 stimulation were inherently het-

erogeneous. In fact, NSCs are not a uniform cell population, 

but a mixed pool of stem cells and various cell-type lineage 

progenitors that are produced in a temporal and spatial 

manner. [  4  ]  As a result, cell responses observed in this study 

were not uniform and did not necessarily obey a normal dis-

tribution. It has been reported that BDNF may affect the 

migration of only particular progenitors at limited develop-

mental stages during cortical lamination. [  44  ]  Similarly, neural 

stem cell line chemotactic properties have been reported to 

vary with differentiation stage. [  28c  ]  Interestingly, the observed 

NSC response became more uniform and signifi cant upon 

observation for 17 h compared to only 4 h, suggesting that 

there is a time delay for some NSCs to process the BDNF 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 4, 585–595
and CXCL12 stimulation and adjust their migration behavior 

to produce prominent cell responses. 

 The mechanism of BDNF-stimulated NSC chemotaxis to 

CXCL12, however, is not completely understood yet. Previ-

ously, BDNF has been shown to promote neural progenitor 

cell survival [  45  ]  and to stimulate neuronal differentiation. [  46  ]  

In SH-SY5Y neuroblastoma cells over-expressing the BDNF 

receptor TrkB, BDNF induced CXCR4 internalization and 

decreased CXCR4 mRNA to modulate CXCR4 availability 

implicated in HIV infection. [  47  ]  The binding of CXCL12 

to CXCR4 activates G protein signaling and subsequent 

cell responses. On the other hand, an alternative CXCL12 

receptor, CXCR7, does not activate G protein signaling, but 

scavenges CXCL12 from the extracellular environment. [  48  ]  

Our results indicate that the increased NSC chemotaxis to 

CXCL12 was indeed CXCR4 mediated, since AMD 3100, a 

well-known CXCR4 antagonist, completely attenuated NSC 

chemotaxis to CXCL12. However, BDNF pretreatment alone 

did not result signifi cantly altered CXCR4 or CXCR7 mRNA 

levels within 1 h (Figure  6 A). A 24-h BDNF treatment, how-

ever, increased mRNA levels of both receptors signifi cantly 

but with small amplitude (less than a two-fold change). In 

addition to CXCL12 receptors, integrin expression was also 

quantifi ed, since NSC migration can be signifi cantly affected 

by cell interactions with extracelluar matrix proteins. [  9a  ,  49  ]  To 

promote NSC attachment, the microfl uidic device surfaces 

were coated with laminin, which has been reported to pro-

mote NSC chemotaxis. The  α 6 and  β 1 integrin sub-units are 

involved in the regulation of NSC proliferation by laminin, as 

well as NSC migration, homing [  16b  ]  and differentiation. [  9a  ,  49  ]  

Our results showed that BDNF pretreatment only marginally 

upregulated  α 6, but not  β 1, mRNA within 24 h. 

 Although qPCR is precise at quantifying mRNA tran-

scripts, it typically provides no details about individual cell 

differences, but instead averages the measurement across the 

whole cell population. Furthermore, the level of cell surface 

receptor presentation may not be directly related to mRNA 

transcript level, and receptor presentation has been directly 

correlated to ligand-receptor binding-induced chemotaxis. [  21b  ]  

For this reason we also used fl ow cytometry to profi le NSC 

surface protein expression at the single-cell level. Similar 

to the mRNA results, the amount of CXCR4 and CXCR7 

receptors present on the plasma membrane did not change 

signifi cantly with BDNF treatment, as the population dis-

tributions exhibited overlapping histograms (Figure  6 C,D). 

Taken together, our results suggest that the observed BDNF-

enhanced NSC chemotaxis to CXCL12 is potentially medi-

ated through either direct modulation of CXCL12/CXCR4/

CXCR7/TrkB interactions or modulation of downstream sig-

naling pathways that infl uence cell differentiation and/or cell 

migration. 

 Because the concentration profi le (both the absolute 

concentration and the concentration gradient steepness) is 

exactly specifi ed for every (x,y) coordinate in the microfl u-

idic device, the cell migration tracks can be further analyzed 

on the basis of their starting positions (Figure  5 ). Zone I 

to zone IV across the center cell culture chamber had the 

same steepness of concentration gradient but different 

average absolute CXCL12 concentrations (78–111 ng mL  − 1 , 
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corresponding to 9.7–13.9 nM). NSC chemotactic indices 

had similar medians and overlapping distributions across 

the four zones. Cell speeds were lower in zone IV, which was 

the zone closest to the CXCL12 source channel. NSCs in 

this region were more likely to reach the source-side capil-

laries as they underwent chemotactic migration towards the 

CXCL12 source. Once in contact with the capillary struc-

ture, further migration was prevented by the solid capillary 

structure. In contrast, cells in zone I, which was closest to 

the sink channel, were most likely undergoing chemotactic 

migration away from the sink capillary structure; there-

fore, the average migration speed in zones I through III 

were similar. A dissociation constant of 2–4 nM has been 

reported for CXCL12/CXCR4 binding. [  50  ]  Our data indicate 

that 72 ng mL  − 1  (9.0 nM) is above the activation threshold 

to stimulate NSC chemotaxis. In addition, our data sug-

gest that 117 ng mL  − 1  (14.7 nM) is below the saturation 

threshold for CXCL12 to induce polarized cell responses. 

One possible mechanism by which cells may avoid CXCL12 

signaling saturation is through CXCR7-mediated ligand 

scavenging. [  48  ]  CXCR7 was also present on our embryonic 

NSCs; therefore, constant clearing of CXCL12 by CXCR7 

may have contributed to the observed broad concentration 

range that resulted in cell polarization without reaching 

the saturation limit. Further investigations are in progress 

to validate these hypotheses, to quantify the exact activa-

tion/saturation concentration thresholds for NPC chemo-

taxis, and to study how various CXCR4/CXCR7/TrkB 

receptor levels affect BDNF pretreatment-induced NSC 

migration. 

 Microfl uidic-based assays are a signifi cant addition to 

the tool kits available for stem cell research. The strength of 

microfl uidic based assays lies in their capability to precisely 

manipulate biochemical and biophysical cellular microenvi-

ronments. For example, here we generate spatially controlled 

concentration profi les at sub-cellular levels to induce desired 

cell responses. Another example is the organization of various 

biological cues to construct artifi cial stem cell niches to either 

maintain cell stem-ness [  51  ]  or to promote differentiation. [  19b  ]  

In addition, because of the small fl uidic volume within such 

devices, less reagent and fewer cells are needed for each 

experiment, thus making it possible to perform parallel and 

high throughput screening with limited cellular and chemical 

resources. This is particularly benefi cial for research that 

requires the harvest of rare stem cells, such as cancer stem 

cells found in the blood. [  52  ]  Over the years, a great number of 

microfl uidic devices have been developed for stem cell isola-

tion, culture, differentiation and chemotaxis studies. Here we 

demonstrate that microfl uidic chemotaxis tools can generate 

defi ned, stable chemical gradients and enable the detailed 

analysis of individual cell migration paths. Use of microfl u-

idic chemotaxis assays will likely accelerate the identifi cation 

of specifi c progenitor/stem cell phenotypes that are capable 

of effi cient chemotaxis as well as the discovery of treatments 

that can enhance chemotaxis. These discoveries will enable 

investigation into the mechanisms underlying chemotaxis 

and may be applied in the development of clinical strate-

gies to promote stem cell homing for regenerative medicine 

therapies.   
2 www.small-journal.com © 2013 Wiley-VCH 
 4. Conclusion 

 The microfl uidic platform used in this study enabled the 

dynamic analysis of multiple individual human embryonic 

NSCs within a stable linear concentration gradient inside 

a shear-free microenvironment. We provide evidence that 

BDNF pretreatment signifi cantly enhances NSC chemotaxis 

toward CXCL12 by increasing cell migration directionality, 

but not speed. BDNF pretreatment alone does not affect cell 

surface receptor expression of CXCR4 or CXCR7, two puta-

tive CXCL12 receptors. However, blocking of CXCR4 with 

AMD 3100 completely abolished NSC migration towards 

CXCL12, suggesting that BDNF-mediated chemotaxis 

towards CXCL12 requires CXCR4 activation. Quantitative 

studies of NSC migration responses within stable chemokine 

concentration profi les are likely to reveal new insights into 

CNS developmental processes and to provide guidance in the 

development of clinical tissue regeneration strategies.   

 5. Experimental Section 

  Cell Culture and Immunocytochemistry : Human neural stem 
cells (ENStem-A, Millipore, Billerica, MA) were derived from NIH 
approved H9 human embryonic stem cells and were cultured as 
monolayers on poly-ornithine (20  μ g mL  − 1 ) and laminin (5  μ g mL  − 1 ) 
coated tissue culture dishes. Cells were maintained in human 
neural stem cell expansion medium (Millipore) supplemented with 
EGF (20 ng mL  − 1 ), FGF (20 ng mL  − 1 ), and L-glutamine (2 mM). Cells 
were fed with fresh medium once every two days and passaged at 
a ratio of 1:2. To quantify cell proliferation, cells were cultured with 
or without BDNF and/or CXCL12 for 48 h before being evaluated by 
a CyQuant cell proliferation assay (Invitrogen Corp., Carlsbad, CA) 
in a 24-well plate format. For immunofl uorescence staining, cells 
were fi xed with 4% paraformaldehyde, blocked and permeabilized 
with 0.1% Triton X-100 and 10% normal donkey serum in phos-
phate buffered saline, and labeled with the following antibodies: 
primary mouse anti-nestin, primary rabbit anti-Sox2, secondary 
donkey anti-mouse IgG Cy3 conjugated, secondary donkey anti-
rabbit IgG FITC conjugated (Millipore). Cells were then mounted 
with ProLong Gold antifade reagent with DAPI staining (Invitrogen 
Corp.). Fluorescent cell images were taken on a Leica SPE confocal 
microscope (Leica Microsystems Inc., Buffalo Grove, IL) using a 
40X oil objective. 

  Microfl uidic Device Fabrication : The pattern of the microfl uidic 
gradient generator was designed in AutoCAD (Autodesk, Inc., San 
Rafael, CA). Devices were fabricated using standard soft lithog-
raphy protocols. [  21a  ]  Briefl y, a two-layer SU8 (MicroChem Corp., 
Newton, MA) master consisting of a 10- μ m height capillary layer 
and a 100- μ m height chamber layer was fabricated on a silicon 
wafer (Figure  1 A,B), then treated with (3-aminopropyl) trimethox-
ysilane (Sigma, St. Louis, MO) as a release layer. To make poly-
dimethylsiloxane (PDMS) devices, a 10:1 w/w mixture of Sylgard 
184 monomer and hardener (Dow Corning, Corning, NY) was 
degassed under vacuum for 20 min to remove air bubbles, then 
poured over the SU8 master in a dish and baked at 65  ° C for 1 h to 
cure. Inlet and outlet fl uidic ports were punched out using tissue 
biopsy punches (SYNEO Corp., Angleton, TX). Permanent bonding 
between PDMS chips and the cover glass of Lab-Tek chamber 
Verlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 4, 585–595
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slides (Nalge Nunc International, Rochester, NY) was achieved 
by a 40-s oxygen plasma treatment at 80 W (Branson IPC oxygen 
plasma Asher, Hayward, CA). 

  Chemotaxis Assay : Microfl uidic devices were UV sterilized in 
a biosafety hood for 30 min, then rinsed twice with 70% ethanol 
and sterile distilled water. The inner surface of the cell culture 
chamber was coated with poly-ornithine and laminin (Sigma, St. 
Louis, MO) for 1 h each. NSCs were disassociated from the culture 
dish surface with Accutase, resuspended in cell culture medium at 
1.2 × 10 6  cells mL  − 1 , and introduced into the cell culture chamber 
with a pipette. Cells were allowed to attach for 1 h at 37  ° C in a 5% 
CO 2  tissue culture incubator. For BDNF (R&D Systems, Minneapolis, 
MN) pretreatment, cells were fi rst exposed to BDNF(100 ng mL  − 1 ) 
for 1 h in suspension and then treated with or without AMD 3100 
(5  μ M, Sigma, St. Louis, MO) for 1 h before cell seeding. Upon cell 
adhesion to the bottom surface, the fl uidic inlet and outlet ports 
for the center cell culture chamber were closed with plugs. Flow 
through the sink (with medium alone) and source (medium with 
330 ng mL  − 1  CXCL12) channels was maintained at 3  μ L h  − 1  using 
a syringe pump (WPI SP2201, World Precision Instruments, FL). 
Devices were imaged on a phase contrast, time-lapse microscope 
(Carl Zeiss LLC, Thornwood, NY). Two grooves were machined on 
a P-Lab-Tek S1 heating insert (PeCon, Germany) to accommodate 
fl uidic tubing. A CO 2  cover was used with the Lab-Tek insert to 
maintain CO 2  level at 5%. Air temperature was kept at 37  ° C with a 
microscope environmental chamber (Carl Zeiss LLC.). Cell positions 
were recorded once every 10 min for 4 or 17 h. To simulate the 
concentration gradient profi le of CXCL12, Texas Red-conjugated 
dextran (25  μ g mL  − 1 , MW  =  10 kDa) was added into the source 
channel and allowed to equilibrate for 30 min before fl uorescent 
images in the center cell culture chamber were taken. Fluorescent 
intensities of Texas Red-conjugated dextran were then measured 
and averaged across the cell culture chamber using Axionvision 
4.8 (Carl Zeiss LLC). 

  Cell Track Analysis : To correct minor stage shifting during image 
acquisition, the Align-Slice plugin in NIH ImageJ software was used 
to manually align slices within an image stack using alignment 
markers within the microfl uidic device. Each individual cell was 
then tracked with the MtrackJ plugin to yield a sequence of (x,y) 
position coordinates over time (Figure  2 A). The starting coordinate 
of each cell track was defi ned as the origin (0,0) to create plots of 
multiple cell tracks and angular histograms of cell endpoint posi-
tions. Cells that had migrated less than 15  μ m or 60  μ m from their 
starting positions ( E , Euclidian distance, Figure  2 B) in the 4-h or 
17-h experiments, respectively, were considered stationary and 
were excluded from further analysis. The center of mass of the cell 
endpoint positions was calculated according to  Equation 1  and 
marked with a star in the cell tracks plot.

 
Center o f cel l mas s (x ,y) : x =

�i x i

n
; y =

�i yi

n  
 (1)    

 Statistically signifi cant asymmetry in the angular histogram of 
cell endpoint positions was determined using a Rayleigh test with 
p-value  <  0.05. The chemotactic index and migration speed for 
each cell track were calculated using the Chemotaxis Tool plugin 
(Ibids, Germany). Chemotactic index was calculated as the pro-
jected distance traveled along the x-axis (X) divided by the accu-
mulated distance traveled by the cell ( D ) ( Equation 2 ).
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 4, 585–595
 
Chemotacti c I ndex (C I ) =

X

D  
 (2)    

 Cell speed ( μ m min  − 1 ) was calculated as the accumulated 
migration distance (D) divided by time (t) ( Equation 3 ).

 
Cell s peed =

D

t   
(3)

    

  Flow Cytometry and qPCR Analysis : NSCs received either no 
treatment or pretreatment with BDNF for 1 or 24 h as labeled in 
Figure  6 . Following this, cells were resuspended in cell staining 
buffer, treated with Fc block (BioLegend, San Diego, CA), labeled 
with monoclonal antibodies rabbit anti-CXCR4 conjugated to fl uor-
ochrome PE, rabbit anti-CXCR7 conjugated to fl uorochrome APC, 
and their isotype controls (BioLegend) for 30 min on ice, and then 
subjected to fl ow cytometry analysis (SLRII, Becton Dickinson, San 
Jose, CA). Single cells were gated using forward and side scattering. 
For qPCR, RNA was extracted with Trizol (Invitrogen), and then 
reverse transcribed using a High Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems, Carlsbad, CA) according to the manu-
facturer’s instructions. qPCR with SYBR green fast detection was 
performed using a StepOnePlus Real-Time PCR system (Applied 
Biosystems) and the following primers, with the sequences iden-
tifi ed from PrimerBank (http://pga.mgh.harvard.edu/primerbank), 
and synthesized by Integrated DNA Technologies Inc. Results were 
normalized to GAPDH or 18S.

    CXCR4: Fw 5′-ACTACACCGAGGAAATGGGCT-3′ 
and Rv 5′-TTCTTCACGGAAACAGGGTTC-3′ 
    CXCR7: Fw 5′-TCTGCATCTCTTCGACTACTCA-3′ 
and Rv 5′-GTAGAGCAGGACGCTTTTGTT-3′ 
    Integrin  α 6: Fw 5′-ATGCACGCGGATCGAGTTTF-3′ 
and Rv 5′-TTCCTGCTTCGTATTAACATGCT-3’ 
    Integrin  β 1: Fw 5′-CCTACTTCTGCACGATGTGATG-3′ 
and Rv 5′-CCTTTGCTACGGTTGGTTACATT-3’ 
    GAPDH: Fw 5′-AAGGTGAAGGTCGGAGTCAAC-3′ 
and Rv 5′-GGGGTCATTGATGGCAACAATA-3’ 
    18S: Fw 5′-GTAACCCGTTGAACCCCATT-3′ 
and Rv 5′-CCATCCAATCGGTAGTAGCG-3′    

  Statistical Analysis : Asymmetry of cell endpoint angular his-
tograms was analyzed with the Rayleigh test as described above. 
Non-paired, non-parametric analysis of variance (ANOVA) was 
used to evaluate the statistical signifi cance of chemotactic index 
and speed data (p  <  0.05, n  ≥  3 individual devices). Chemotactic 
indices are shown as boxplots with boxes signifying 25%, 50%, 
and 75% (GraphPad Prism, GraphPad Inc, La Jolla, CA). Speed was 
reported as a boxplot (as above) or dot plot with median high-
lighted. For qPCR data, mean and standard deviation are reported, 
and statistical signifi cance was determined with the student t test 
(p  < 0.05, n  ≥  3).  
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