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ABSTRACT

The death of dopamine-producing neurons in the substantia nigra in the base of the brain is a defining pathological feature in the develop-
ment of Parkinson’s disease (PD). PD is, however, a multi-systemic disease, also affecting the peripheral nervous system and gastrointestinal
tract (GIT) that interact via the gut–brain axis (GBA). Our dual-flow GIT–brain microphysiological system (MPS) was modified to investi-
gate the gut-to-brain translocation of the neurotoxin trigger of PD, 1-methyl-4-phenylpyridinium (MPP+), and its impact on key GIT and
brain cells that contribute to the GBA. The modular GIT–brain MPS in combination with quantitative and morphometric image analysis
methods reproduces cell specific neurotoxin-induced dopaminergic cytotoxicity and mitochondria-toxicity with the drug having no detri-
mental impact on the viability or integrity of cellular membranes of GIT-derived colonic epithelial cells. Our findings demonstrate the
utility and capability of the GIT-brain MPS for measuring neuronal responses and its suitability for identifying compounds or molecules
produced in the GIT that can exacerbate or protect against neuronal inflammation and cell death.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0200459

INTRODUCTION

The etiology of Parkinson’s disease (PD) is not fully under-
stood but can be attributed to both genetic and environmental
factors ultimately leading to the death of dopamine-producing
neurons in the substantia nigra in the base of the brain.1 The inci-
dence of PD globally exceeds 10 × 106 with the emotional and
financial cost of patient care usually falling heavily on the partners
and families of patients. Despite PD’s increasing global morbidity
and mortality, there is no cure or effective treatment. PD is a multi-
systemic disease affecting both the peripheral nervous system and
gastrointestinal tract (GIT) that collectively comprise the gut–brain
axis (GBA).2–4 Research on the GBA and its role in PD has, to
date, relied on in vivo animal models5,6 or static two-dimensional

cell cultures, neither of which fully recapitulate human physiology.7

Recent advances in microphysiological system (MPS) technology
have enabled the development of more complex in vitro models to
study interactions between cellular constituents of different human
organ systems, including the GIT and brain.8

Although modeling of functional cellular barriers, such as the
intestinal epithelium, endothelium, and the blood-brain-barrier
(BBB) is challenging due to their complex cellular organization,
MPS technology can, by combining tissue engineering and micro-
fabrication, create more physiologically relevant models.9,10 These
MPS devices contain human cells or tissues, which, when com-
bined with microfluidics modeling the circulatory system, can
reproduce complex in vivo tissue-specific functions.11,12 These
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miniature devices therefore enable modeling aspects of human neu-
rological diseases in a controlled and potentially high-throughput
microenvironment.13–16

We have previously described the development of a dual-flow
tissue perfusion MPS.17 This modular system connects two MPS
chip devices containing an inner, removable insert with a semi-
permeable membrane separating intestinal epithelial or brain neu-
ronal cells, connected via microfluidic channels. Our MPS device
design has been updated for this study to be more easily assembled
and user friendly for adoption by non-specialist users.

In this study, we used the modified GIT–brain MPS as a reduc-
tionist and simplified, two cell-line model to assess specific
gut-to-brain drug translocation. As the brain region-specific, selective
vulnerability of dopaminergic neurons is an underlying factor in
PD,18–20 we combined the differentiated human SH-SY5Y neuroblas-
toma cell line, which has previously been shown to be an optimal
model of susceptible neurons,21 with either the Caco2 or
HT29-MTX-E12 human colonic epithelial cell lines. By incorporating
the known neurotoxin trigger of PD, 1-methyl-4-phenylpyridinium
(MPP+),22 into the GIT–brain MPS, we could assess the resulting
impact on neuronal cells and, in particular, their mitochondrial and
nuclear phenotypes. By combining high-throughput, quantitative,
and morphometric image analysis methods, we confirmed neuronal-
specific cytotoxicity and mitotoxicity in vitro.

The GIT–brain MPS and image analysis combination is, there-
fore, a promising high-throughput approach for the discovery and
testing of new treatments for neurodegenerative disorders such as PD.

RESULTS

The GIT–brain MPS model

The design and fabrication of the GIT–brain MPS was based
on our previous studies17 and modified here to include an updated,
more user-friendly design. The easily removable inner poly(methyl
methacrylate) (PMMA) insert enables the pre-culture of cell lines
off-chip prior to the assembly of the MPS. This facilitates the
culture of human cell lines with differing physiological require-
ments, such as media composition, and enables the incorporation
of cell lines such as SH-SY5Y, which require an extended culture
period for differentiation into the dopaminergic neuronal cell
lineage. The syringe-pump media perfusion system mimics the sys-
temic circulation and ensures a constant supply of fresh nutrients
and removal of any toxic metabolites or other cellular products.

Characterization of the GIT–brain MPS

Modular GIT and brain chip devices were connected in tandem
via microfluidic tubing to create distinct channels [Fig. 1(a)]. The

FIG. 1. GIT–brain microphysiological system (MPS). (a) Schematic of the dual-flow microfluidic chip devices connected in tandem. The arrows indicate the direction of
media flow. MPP+ is administered in media via a syringe connected to the apical inlet of the GIT chip device. The bold arrows indicate the direction of the MPP+ flow
through the connected chip devices. (b) Image of the assembled MPS device and internal PMMA insert with a 0.4 μm PET membrane for cell culture. Immunofluorescent
images of (c) differentiated SH-SY5Y and (d) Caco2 cells maintained on-chip under flow for 24 h. Cells labeled with Hoechst nuclear DNA stain (cyan) and phalloidin-488
actin stain (yellow). Scale bars 20 μm.
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semi-permeable membrane bonded to the removable PMMA insert
facilitates the culture of human cell lines and creates two separate
compartments inside each chip device with isolated dual-flow chan-
nels [Fig. 1(b)]. This mimics the distinct circulatory systems of the
GIT and brain in vivo and replicates the selective permeability of the
intestinal epithelium and endothelial BBB components of the GBA.17

Furthermore, although the apical flow of each chip device remains
distinct, the basal channels of the chip devices are connected to
model the physiological communication between the GIT and brain
via the circulatory system in vivo. By incorporating these features, the
dual-flow MPS design enables the investigation both of selective trans-
location of MPP+ through the apical semi-permeable cellular barriers
within the GIT and brain chip devices but also translocation between
the basal connecting blood channels of the devices, therefore provid-
ing a more physiologically relevant model of the in vivo GBA

compared to traditional static 2D cell culture models. The ability of
the GIT–brain MPS to maintain viable human cell cultures was con-
firmed following the maintenance of differentiated SH-SY5Y and
Caco2 cell lines on-chip, under flow conditions, for 24 h [Figs. 1(c)
and 1(d)].

MPP+ treatment is specific for dopaminergic neuronal
cells

Prior to MPP+ treatment, the differentiation of SH-SY5Y was
confirmed using the neuronal cell markers synapsin-2 (neuronal
phosphoprotein), beta-III tubulin (neuronal cytoskeleton), and
neurognin-3 (neurogenesis)23–26 [Figs. 1(a)–1(c) in the
supplementary material]. Using the differentiation protocol devel-
oped by Shipley et al., SH-SY5Y produced a branched network of

FIG. 2. MPP+ treatment is specific for neuronal cells. Immunofluorescent images of differentiated SH-SY5Y, Caco2, and HT29-MTX-E12 cells maintained on-chip under
flow conditions for 24 h. (a) Colonic epithelial HT29-MTX-E12 and (b) Caco2 cells maintained in the GIT chip devices and treated with 2000 μM of MPP+ in the apical inlet
media of the GIT chip. (c) and (d) Corresponding differentiated SH-SY5Y cells cultured in the connected brain chip. Cells labeled with Hoechst nuclear DNA stain (cyan)
and phalloidin-488 actin stain (yellow). Scale bars 20 μm. (e) Quantification of actin and F. Hoechst staining of differentiated SH-SY5Y cells, either non-treated (−MPP) or
treated with 2000 μM MPP+ in the apical inlet media (+MPP). Data normalized to total Hoechst intensity per image as a control for the cell number with 30 images ana-
lyzed per treatment group. ***p≤ 0.001.
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neurites with long processes connecting cell bodies, a characteristic
neuronal phenotype.27 Furthermore, differentiated SH-SY5Y were
confirmed to be of dopaminergic neuronal subtype by both the cel-
lular production of the neurotransmitter dopamine and its secre-
tion into cell culture medium [Fig. 1(d) in the supplementary
material].

To assess whether continuous perfusion via the dual-flow micro-
fluidics altered the translocation of MPP+ through the GIT chip
device, MPP+ was administered either to the apical side of the GIT
chip device in the GIT–brain MPS or directly to static differentiated
SH-SY5Y cultures in glass chamber slides. Following treatment with
2000 μM MPP+ for 24 h, changes in the SH-SY5Y morphology asso-
ciated with cell death, including cell rounding and loss of neuritic
projections, were comparable both under on-chip flow conditions
and static conditions (Fig. 2 in the supplementary material).

Next, the neuronal specificity for MPP+-induced cell death
was further examined in the GIT–brain MPS. Following treatment
with 2000 μM MPP+ for 24 h, both Caco2 and HT29-MTX-E12
colonic epithelial cell lines cultured in single GIT chip devices visu-
ally displayed a normal morphology with well-defined lateral junc-
tion F-actin [Figs. 2(a) and 2(b)]. In contrast, substantial loss of
cell viability was observed in differentiated SH-SY5Y neuronal cells
cultured in the brain chip devices [Figs. 2(c) and 2(d)].
Quantification of actin and Hoechst staining of differentiated
SH-SY5Y confirmed a significant reduction in the signal
[p≤ 0.001; Figs. 2(e) and 2(f )], indicative of cell shrinkage and
detachment from the PMMA insert membrane. The total Hoechst
pixel intensity was utilized here for nuclear quantification as well as
to normalize actin staining. This analysis is comparable to the mea-
surement of the cell number but is more robust as it does not rely

FIG. 3. Measurement of cytotoxicity in MPP+ treated SH-SY5Y cells. Differentiated SH-SY5Y cells were cultured under static conditions and treated with MPP+ for 24 h
prior to fixation and staining with Image-iT DEAD (yellow). Immunofluorescent images of (a) non-treated cells and (b) treated with 1000 or (c) 2000 μM of MPP+. Scale
bars 20 μm. (d) Quantification of Image-iT DEAD staining from immunofluorescent images. Data normalized to the total Hoechst intensity per image as a control for the
cell number. Data representative of two independent experiments with 15–45 images analyzed per treatment group. (e) Quantification of cell viability of untreated cells or
treated with 1000 or 2000 μM of MPP+. **p≤ 0.01 and ***p≤ 0.001.
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on accurate cell segmentation. Figure 3 in the supplementary
material confirms that the total Hoechst pixel intensity values cor-
relate with cell number counts (R2 = 0.82; p = 1.57 × 10−23). This
also confirms the reduction in the cell number seen in Fig. 2,
although due to inaccuracies in cell segmentation leading to under-
estimates in cell counts, this was not significant (p = 0.06).

Therefore, due to the neuronal cell specificity, only the
SH-SY5Y cell line was further assessed for the quantification of
cytotoxicity and mitotoxicity in response to MPP+ treatment.

Loss of neuronal cell viability in response to MPP+

treatment

To confirm the suitability of differentiated SH-SY5Y inclusion
in the GIT–brain MPS model of neurotoxin translocation, static
cultures were used for high-throughput imaging and analysis. First,
the level of neuronal cytotoxicity was examined using the Image-iT
DEAD Green stain where increased dye uptake is associated with
increased cell membrane permeability and cell death. The

immunofluorescent images suggest that an increase in the signal
was only observed following treatment with the lower concentration
of 1000 μM MPP+ [Figs. 3(a)–3(c)]. However, normalization using
Hoechst, to account for the reduced cell number due to detachment
from the PMMA insert, confirmed a significant increase in cell
death following treatment with both 1000 and 2000 μM MPP+

[Fig. 3(d)]. This finding was further confirmed using the
CellTiter-Glo cytotoxicity assay. Following treatment with MPP+

for 24 h in static chamber slides, differentiated SH-SY5Y cell viabil-
ity was reduced, although this was only statistically significant for
2000 μM MPP+ [Fig. 3(e)].

Alterations to nuclear and mitochondrial morphology

Further examination of the differentiated SH-SY5Y response
to MPP+ treatment through the visualization and quantification of
nuclear and mitochondrial health staining also identified changes
in the differentiated SH-SY5Y morphology associated with cell
death (Figs. 4 and 5).

FIG. 4. Alterations to the nuclear morphology following MPP+ treatment. Immunofluorescent images of differentiated SH-SY5Y cells maintained under static conditions in
chamber slides for 24 h prior to fixation and staining with Hoechst nuclear DNA stain (cyan). Immunofluorescent images of (a) non-treated cells and (b) treated with 1000
or (c) 2000 μM of MPP+. Scale bars 10 μm. (d) Example image of dense foci (cyan outlines) detected within a nucleus. Quantification of Hoechst staining from immunoflu-
orescent images. Graphs depict (e) the nuclear area and (f ) foci number per nucleus and G. Proportion of the nuclear area within foci. Data normalized to the total
Hoechst intensity per image as a control for the cell number. Data representative of two independent experiments with 30 images analyzed per treatment group.
****p < 0.0001.
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Although there was no observed difference in the overall size
of nuclei [Figs. 4(a)–4(c) and 4(e)], there was a significant increase
in both the number and proportion of nuclear area covered by
dense foci [Figs. 4(d), 4(f), and 4(g)], at all concentrations of
MPP+ tested.

Furthermore, the Mito Health stain showed changes in differ-
entiated SH-SY5Y mitochondrial functionality with MPP+ treat-
ment characterized by significant changes in the morphology,
including mitochondrial rounding, fragmentation, and loss of con-
nectivity compared to the non-treated control [Figs. 5(a)–5(c)].
Although no overall decrease in total pixel number was observed
following MPP+ treatment, the distribution of staining was altered
[Figs. 5(d) and 5(e)]. This pattern is indicative of a loss of

mitochondrial membrane potential with a corresponding increase
in the Mito Health stain uptake in bright foci rather than the
diffuse, connected mitochondrial staining observed in non-treated
controls. Intracellular SH-SY5Y dopamine production also
increased with MPP+ treatment [Fig. 1(d) in the supplementary
material].

DISCUSSION AND CONCLUSIONS

Here, we describe a simplified, physiologically relevant GIT–
brain MPS to model neuronal cell death via the translocation of the
neurotoxin MPP+. The connection of the modular GIT and brain
chip devices with microfluidics reflects key aspects of GBA

FIG. 5. Alterations to the mitochondrial morphology and membrane potential following MPP+ treatment. Immunofluorescent images of differentiated SH-SY5Y cells main-
tained under static conditions in chamber slides for 24 h prior to fixation and staining with Hoechst nuclear DNA stain (cyan) and Mito Heath stain (magenta). (a)
Non-treated cells and (b) treated with 1000 or (c) 2000 μM of MPP+. Scale bars 10 μm. (d) Quantification of the Mito Health pixel number and intensity and (e) normalized
intensity from immunofluorescent images of Mito Heath stain (magenta). Graphs normalized to total Hoechst intensity per image as a control for the cell number. Data rep-
resentative of two independent experiments with 15–45 images analyzed per treatment group.
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connectivity in vivo enabling us to assess the systemic effect of
translocation of the neurotoxin MPP+ across the physical cellular
barrier of the colonic epithelium to determine the effect on neuro-
nal cells.

The suitability of the differentiated SH-SY5Y cell line for
inclusion in the brain chip device as a key component of the GBA
was assessed by the combined quantification of cytotoxicity and
mitotoxicity using static chamber slides for high-throughput image
analysis. As anticipated, MPP+ treatment caused the loss of viability
specifically in differentiated SH-SY5Y dopaminergic neuronal
cells,28 while the colonic epithelial Caco2 and HT29-MTX-E12 cell
lines were visually unaffected.

The differentiated SH-SY5Y cell line successfully recapitulated
the MPP+-induced changes in the morphology described in other
model systems.29–32 The loss of neuritic projections could be visual-
ized, which is a defining feature of PD.33 Our finding of an increase
in dense nuclear foci also indicates an elevated number of tran-
scriptionally inactive, heterochromatic foci, characteristic of the
DNA damage, and cellular senescence.34 Alterations in the neuro-
nal mitochondrial morphology and functionality have been impli-
cated in cellular senescence and the pathogenesis of neurological
diseases.34–36 Specifically, the disruption of mitochondrial transport
leading to dynamic changes in fragmentation, fusion, and fission
has become increasingly recognized as an important factor in neu-
ronal degeneration.37–39 Following uptake into differentiated
SH-SY5Y cells, intracellular MPP+ inhibits mitochondrial complex
I of the electron transport chain, decreasing the synthesis of ATP
and increasing reactive the oxygen species (ROS) production,
leading to the excessive redistribution of dopamine to the cytosol,40

which subsequently contributes to cell death.41 Our findings of loss
of mitochondrial membrane potential and significant mitochon-
drial fragmentation alongside increased intracellular dopamine fol-
lowing MPP+ treatment were, therefore, anticipated.

Taken together, our results confirmed that differentiated
SH-SY5Y are a suitable model for the quantification of neuronal-
specific cell death. The image analysis software developed by the
University of Essex was confirmed to support capability for the
high-throughput analysis of disease modeling data, and future ver-
sions could enable analogous quantification of changes in the mito-
chondrial morphology.

As 3D-printing technology advances, the current GIT–brain
MPS design can be adapted to include modifications including
optically clear windows for long-term live microscopy-based
imaging or incorporating air–liquid–interface (ALI) chip devices to
induce the polarization and differentiation of ciliated epithelial
cells. The apical and basal chambers of the chip devices also allow
us to increase the complexity of the MPS to model the GBA. By
incorporating elements of the stromal environment such as fibro-
blasts, pericytes, and the vascular epithelium, key elements of the
GBA such as the BBB could be recapitulated. To increase function-
ality, constituents of the immune system and GIT microbiota could
also be integrated into the GIT–brain MPS.

Inclusion of elements of the GIT microbiota or microbe-
derived products will be important in future versions of the GIT–
brain MPS to further study their role in the GIT-to-brain commu-
nication. Recent studies have shown that neuroinflammation and
neurodegeneration are exacerbated, or even initiated, by changes in

GIT microbiota composition and function,42–44 propagated via
intestinal mucosal immune and neural networks.45,46 We have also
recently shown that bacterial extracellular vesicles (BEVs) produced
by commensal GIT bacteria can enter the systemic circulation and
elicit anti-inflammatory responses47 and reach the brain via trans-
migration through the intestinal epithelium and BBB.48,49

By including soluble molecules (e.g., metabolites) produced in
the GIT, the GIT–brain MPS provides an ideal model system to
further investigate the role of the GIT microbiota in the pathogene-
sis of neurological disorders such as PD. The utility of the model
could also be extended to evaluating the dose, efficacy, and safety
of candidate oral neurotrophic drugs to determine the impact of
translocating through intestinal barrier cells on their bioavailability
and activity and ability to exacerbate, or protect against, neuronal
inflammation and cell death. Thus, we anticipate that our GIT–
brain MPS will be widely applicable to study many pathological
mechanisms of GIT–brain communication and aid in translating
the findings into novel neuroprotective therapies.

MATERIALS AND METHODS

Design and fabrication of a dual-flow MPS

The MPS was designed, and devices were fabricated by the
University of Hull as previously described by Baldwin et al.17

[Figs. 1(a) and 1(b)]. Each device consists of two acrylic outer
plates (Kingston Plastics) and a removable inner poly(methyl meth-
acrylate) (PMMA) insert (Kingston Plastics) held in place with a
rubber O-ring (RS Components Ltd.) and secured with stainless-
steel clips. The PMMA insert contains a semi-permeable, 0.4 μm
pore size polyethylene terephthalate (PET) membrane (SABEU)
bonded to the insert using 98% chloroform (Merck). Inlet and
outlet Tygon tubing (Cole-Parmer) is attached to the devices via
threaded Luer connectors (IBIDI). For cell culture, PMMA inserts
were sterilized in 70% EtOH for 1 h before use. The inlet tubing
was connected to 20 ml sterile syringes (Becton Dickinson) con-
taining medium and continuous perfusion carried out using a
Harvard PhD 2000 syringe pump (Harvard Apparatus) at a flow
rate of 2.94 μl min−1. Outlet tubing was connected to 15 ml poly-
propylene tubes (Sarstedt) to collect effluent. The assembled
MPS was maintained at 37 °C in a humidified atmosphere
containing 5% CO2.

Cell culture

The human colonic epithelial cell lines Caco-2 (ECACC
86010202) and HT29-MTX-E12 (12040401, ECACC, UK) were
cultured in Eagle’s Minimal Essential Medium (EMEM) with 1%
non-essential amino acids (M5650; Merck) supplemented with
2 mM L-glutamine (G7513; Merck), 10% fetal bovine serum (FBS,
F9665; Merck), and penicillin–streptomycin (P4333; Merck). The
undifferentiated human neuroblastoma cell line SH-SY5Y
(ECACC-94030304) was maintained in Eagle’s Minimal Essential
Medium (EMEM) with 1% non-essential amino acids (M5650;
Merck) supplemented with 15% (v/v) FBS (F9665; Merck), 2 mM
L-glutamine (G7513; Merck), and penicillin–streptomycin (P4333;
Merck). All cells were maintained in 25 cm2 tissue culture flasks
(Sarstedt) at 37 °C in a humidified atmosphere containing 5% CO2.
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Cell culture in static slides or on-chip in the MPS

For Caco2 or HT29-MTX-E12 static cultures on 12-well
removable chamber slides (IBIDI) and on-chip cultures on sterile
PMMA inserts, surfaces were coated with collagen (125-50; Merck)
for 2 h at 37 °C prior to seeding with cells at 1 × 105/200 μl and
allowing to adhere for 16 h followed by culture for a further 5 days
prior to use.

SH-SY5Y neuronal cells were differentiated according to the
Shipley et al. protocol based on the sequential removal of serum
from the medium and successive RA and BDNF treatment.27 For
static and on-chip cultures, surfaces were coated with MaxGel
extracellular matrix (E0282; Merck) at 37 °C for 2 h. SH-SY5Y were
seeded at 1 × 105 cells in 200 μl at day 10 of the differentiation pro-
tocol and cultured for a further 8 days in differentiation media.

PMMA inserts containing cultured cells were maintained sub-
merged in a six well plate with 2–3 ml media and subsequently
assembled into the MPS [Fig. 1(b)]. The GIT and brain devices
were assembled as either a single chip device or devices were con-
nected in tandem with apical inlets connected to syringes contain-
ing cell culture media [Fig. 1(a)]. The MPS and syringe pump were
maintained for 24 h at 37 °C in a humidified atmosphere contain-
ing 5% CO2.

MPP+ neurotoxicity assay

Caco2 and differentiated SH-SY5Y cells were cultured in static
12-well chamber slides (as above) and were either non-treated or
treated with 1000 or 2000 μM of MPP+ (Ab144783; Abcam) in cell
culture media for 24 h. Under on-chip flow conditions, Caco2,
HT29-MTX-E12, and differentiated SH-SY5Y cells were cultured in
single or connected chip devices (as above). Following MPS assem-
bly, the inlet medium was either non-treated or treated with 1000
or 2000 μM of MPP+ (Ab144783; Abcam) delivered via the apical
20 ml syringe and flowed over the apical side of the membrane.
This concentration range has previously been shown to be an
optimal lethal dose (LD50) for differentiated SH-SY5Y.29,50 PMMA
inserts containing cells were removed from the acrylic outer plates
prior to fixing and staining as below.

Immunofluorescence imaging of cell differentiation
and morphology

Differentiated SH-SY5Y cells cultured in static 12-well
chamber slides (as above) were stained for the presence of differen-
tiation markers using antibodies specific for synapsin-2 (D12G5;
Cell Signalling Technology), beta-III tubulin (ab201740; Abcam),
and neurognin-3 (ab216885; Abcam). Cells were fixed in 4% (v/v)
paraformaldehyde (PFA, 043368.9M; Thermo Fisher Scientific),
washed twice with phosphate-buffered saline pH 7.4 (PBS, D8537;
Merck), and then incubated with blocking buffer (1% (w/v) bovine
serum albumin (BSA, 3117332001; Merck) and 10% goat-serum
(G9023; Merck) in PBS at 20 °C for 1 h. Cells were then incubated
with primary antibody diluted 1:200 in the blocking buffer at 4 °C
for 16 h. After incubation, cells were washed three times with wash
buffer (PBS with 0.05% Triton-X100, 93443; Merck) for 5 min each
time on a rocking platform and then incubated at 20 °C for 1h
with the secondary antibody conjugated with AlexaFluor-488

(anti-rabbit IgG, A-11008; Thermo Fisher) diluted 1:2000 in PBS.
Hoechst 33342 (1:1000, H10295; Thermo Fisher Scientific) nuclear
stain was incubated with cells for 30 min prior to washing with
PBS and the addition of the Fluoromount-G mounting medium
(0100-01; SouthernBiotech) and a high precision coverslip (IBIDI).

To visualize the cell morphology as an indicator of cell death
in response to MPP+ treatment, Caco2, HT29-MTX-E12, or differ-
entiated SH-SY5Y cells cultured on either static 12-well chamber
slides or PMMA inserts were fixed in 4% (v/v) PFA and washed
twice with PBS as above. AlexaFluor-488 conjugated phalloidin
(1:1000, ab176753; Abcam), for the visualization of actin filaments,
and Hoechst 33342 (1:2000; H10295; Thermo Fisher Scientific)
nuclear stain were incubated with cells at 20 °C for 30 min prior to
washing with PBS and the addition of Fluoromount-G mounting
medium (0100-01; SouthernBiotech) and a high precision coverslip
(IBIDI). Prior to mounting, the semi-permeable membrane of the
PMMA insert was excised and placed apical side up on a glass slide
(VWR).

Slides were imaged using a Zeiss LSM880 confocal microscope
equipped with 63×/1.4 oil DIC objective and Zen black software
(Zeiss). Fluorescence was recorded at 405 (blue; nucleus), 488
(green; phalloidin, synapsin-2 or Neurogenin-3), and 594 nm (red;
beta-III tubulin). Individual channel intensities were adjusted for
appropriate visualization and set to a consistent value for compari-
son between treatment groups. Images were processed and pseudo-
colored (magenta, yellow, and cyan) using Image J/FIJI v1.52p.
Image analysis was performed using Image J/FIJI v1.52p or
Nuclear Morphology Analysis 2.1.0, described in detail below.

Cell viability assay

Viability of differentiated SH-SY5Y in response to MPP+ treat-
ment was assessed using the CellTiter-Glo 2.0 Viability Assay
(G9242; Promega) according to manufacturer’s instructions.
Differentiated SH-SY5Y cells were cultured on 12-well chamber
slides as above and were either non-treated or treated with 1000 or
2000 μM of MPP+ in cell culture media for 24 h. Cells including
media were then incubated with CellTiter-Glo 2.0 reagent at 20 °C
for 3 min on a rocking platform to induce cell lysis. Cell lysates
(200 μl) were transferred to a white 96-well flat bottom plate
(Nunclon delta-treated, Nunc), and luminescence was measured
after 10 min using a CLARIOStar plate reader (BMG Labtech).

Dopamine ELISA

Quantification of dopamine production by differentiated
SH-SY5Y cells cultured in 12-well removable chamber slides
(described above) was performed using an ELISA kit (ENZO;
ENZ-KIT88001). Differentiated SH-SY5Y cells were cultured on
12-well chamber slides as above and were either non-treated or
treated with 1000 or 2000 μM of MPP+ in cell culture media for
24 h. The cell medium was removed and centrifuged at 1000×g for
20 min at 4 °C, and the cells were lysed using cell lysis solution
(Merck; C3228) for 15 min using a thermomixer at 20 °C and then
centrifuged at 15 000× g at 4 °C. All samples were transferred to a
new Eppendorf on ice, and a protease inhibitor cocktail was added
at 1:100 (Merck P8340). Samples were stored at −20 °C prior to the
ELISA analysis according to manufacturer’s instructions.
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MPP+ mitotoxicity and cytotoxicity assay

Differentiated SH-SY5Y cells were stained with the HCS
Mitochondrial Health Kit (H10295; Thermo Fisher) according to
manufacturer’s instructions. Differentiated SH-SY5Y cells were cul-
tured on 12-well chamber slides (as above) and were either non-
treated or treated with 1000 or 2000 μM of MPP+ in cell culture
media for 24 h.

To visualize cell staining, differentiated SH-SY5Y cells includ-
ing media were incubated with cell staining solution containing
Mito Health stain and Image-iT DEAD green viability stain for
30 min at 37 °C in a humidified atmosphere containing 5% CO2.
The medium was removed, and cells were incubated with fixation/
counterstain solution containing 4% (v/v) PFA (043368.9M;
Thermo Fisher Scientific) and Hoechst 33342 for 15 min at 20 °C.
Cells were washed twice with PBS prior to the addition of the
Fluoromount-G mounting medium (0100-01; SouthernBiotech)
and a high precision coverslip (VWR).

Slides were imaged using a Zeiss LSM880 confocal microscope
equipped with 63×/1.4 oil DIC objective and Zen black software
(Zeiss). Fluorescence was recorded at 405 (blue; Hoechst), 488
(green; Image-iT DEAD), and 532 nm (red; Mito Health). Images
were processed and pseudo-colored (magenta, yellow, and cyan)
using Image J/FIJI v1.52p. Image analysis was performed using
Image J/FIJI v1.52p (ref ) or Nuclear Morphology Analysis 2.1.0,
described in detail below.

Image analysis

Image analysis was performed in ImageJ v1.52p.51 CZI images
were initially processed in ImageJ to extract the pixel intensity his-
tograms for each channel. Pixel values were exported in CSV
format and analyzed in R 4.3.1.52 Pixel intensity values per image
were normalized against the Hoechst channel pixel intensities as a
control for differing cell numbers between images. Total Hoechst
pixel intensity values were compared to cell counts to confirm a
robust correlation. Measurements and cell counts were exported for
further analysis in R. The resulting normalized values were grouped
by the intensity to show distributions of the weak or intense signal
in the images. Pixel intensity values were compared between non-
treated samples and those treated with 1000 or 2000 μM of MPP+.
For the neurotoxicity assay, the images contained actin (yellow;
phalloidin) and nuclear (cyan; Hoechst 33342) channels, and for
the Mito Heath assay the images contained mitochondrial health
(magenta, Mito Heath), cell viability (yellow, Image-iT DEAD) and
nuclear (cyan; Hoechst) channels. An example of the SH-SY5Y
Mito Heath signal intensity analysis is shown in Figs. 5(d) and 5(e).

We investigated the internal nuclear structure in the Hoechst
33342 images using Nuclear Morphology Analysis 2.1.0.53,54

Briefly, object edges were detected using the Canny edge detector
and objects created via gap closing. Adjacent objects were separated
by watershed transformation. Nuclei were identified as objects
between 500 and 3600 pixels in area, with a circularity of 0.2–1.0.
Total nuclear areas were measured. Dense staining nuclear foci
were then detected by fixed thresholding, with the measurement of
the foci number and area per nucleus. Variances in the texture of
nuclei were examined by Grey Level Co-occurrence Matrices
(GLCMs).55 Measurements were exported for further analysis in

R. An example of SH-SY5Y nucleus with detected foci is shown in
Fig. 4(d).

Statistical analysis

All data are presented as individual values and mean ± stan-
dard deviation (SD) with the indicated sample sizes. GraphPad
Prism 5 software (version 5.04) was used to calculate p-values for
cell viability and dopamine secretion using two-way ANOVA with
the Kruskal–Wallis test to analyze whether there were any signifi-
cant differences between samples and Dunn’s post hoc test for
comparison between treatment groups. Comparisons between the
cell number or pixel intensity values between treatment groups
were conducted in R using Wilcoxon rank-sum tests. The coeffi-
cient of determination (R2) between the cell number and Hoechst
intensity was calculated via a linear model in R. Statistically signifi-
cant differences between two mean values were considered when
*p≤ 0.05.

SUPPLEMENTARY MATERIAL

See the supplementary material for further data describing the
morphological and physiological analysis of differentiated
SH-SY5Y in vitro, the comparison of MPP+ treatment under flow
conditions on-chip and under static conditions, and the correlation
between the total Hoechst pixel intensity and cell number.
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