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Abstract: In this study, we established a 2-D model composed ofbrain microvascular endothelial cells (BMECs) and neurons, and a new 3-D

model called a neurovascular unit (NVU) that included co-culturing with BMECs, hippocampal neurons, and astrocytes. First, three different
cell types (BMECs, hippocampal neurons, and astrocytes) were cultured and identified; then, positive neurotoxic chemicals were used to test
cell viability. Half maximal (50%) inhibitory concentration (IC50) and intracellular calcium concentrations were calculated using primary cells
in both models. The results showed that Pb?* and AL** exposure significantly decreased cell viability and increased intracellular calcium concen-
trations. The two experimental models did not display any differences in cell viability and intracellular calcium concentrations compared to the
control, but they did show declining cell viability with increasing Pb*" and AL*" concentrations. The permeability results suggested Pb** and
AL* could change the permeability of the two models. In conclusion, the two models replicated the blood-brain barrier (BBB) more accurately
than the control, so it has potential usefulness in further scientific and clinical drug research. Furthermore, NVU model could be used to screen
neurotoxicity chemicals due to its NVU properties.
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Introduction

The BBB is an active interface that restricts free
substance movement between the circulatory and cen-
tral nervous systems (CNS); it plays a key role in main-
taining CNS homeostasis (1). Establishing a BBB mo-
del is critical for developing drugs and evaluating che-
mical neurotoxicity. BBB models were originally based
on non-cerebral cells in vitro. As a result, the scientific
community has advanced models based on a co-culture
with cerebral endothelial cells.

Researchers have recognized that brain health in-
volves complex functional interactions between neu-
rons and non-neuronal cells (2,3); recently, the concept
of'the NVU has been developed. The nerve vascular unit
which consists of endothelial cells, pericytes, microglial
cells, and neurons, couples local neuronal functions to
local cerebral blood flows and regulates blood-borne
molecule transportation across the BBB (4). The vas-
cular system

provides glucose, oxygen, and hormones for brain
cells and guides the cells to respond to the local environ-
ment; the brain also regulates blood vessels in responses
to local requirements. Non-neuronal cells chargephy-
sical, biochemical, and immune CNS barriers, which
regulate signal transduction, remodeling, angiogenesis,
and neurogenesis. Tri-culture models with endothelial
cells seeded on a transwell membrane, astrocytes see-
ded on the opposite side of the membrane, and the neu-
rons or pericytesseeded on the bottom of the culture dish
have been found to improve BBB properties compared
with the co-culture model (5, 6).

The vitro BBB model is characterized by cell mor-
phology and expression of specific markers and func-
tions. We evaluated the two models with the accepted
evaluation system. This study explored the viability of a
new model, NVU, which could potentially replace BBB

models as an investigative tool for neurotoxic chemicals
and their mechanisms. We established two models: one
was composed of brain microvascular endothelial cells
(BMECs) and neurons; the other included co-culturing
with BMECs, hippocampal neurons, and astrocytes.

In this study, we cultured astrocytes, BMECs, esta-
blished monolayer BMECs, hippocampal neurons, and a
tri-cultivation Transwell model, which used hippocam-
pal neurons as experimental points. The experimental
results indicated that we successfully established these
factors. The data also revealed potential neurotoxic che-
mical mechanisms.

Materials and Methods

Animals

Newborn Wistar rats were purchased from the Labo-
ratory Animal Center of Academy of Military Medical
Sciences (Beijing, China). Postnatal rats were humanely
euthanized following approved guidelines.

Chemicals

Poly-L-Lysine (MW: 30, 000-70, 000), Insulin,
Collagenase,Cytosine arabinoside, and L-Glutamine
(200mM) were purchased from Sigma-Aldrich (St
Louis, MO, USA). Horse serum, Fetal Bovine Serum,
B-27® Serum-Free Supplement (50X), antibiotic anti-
mitotic (100X), DMEM (High Glucose), HBSS (10X),
HEPES (1M), Trypsin (1: 250), and Neurobasal®-A
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Medium (1X) were purchased from Invitrogen (Califor-
nia, USA). The purchased antibodies were from a Santa
Cruz company (Texas, USA).Resazurin was obtained
from Alfa Aesar (Ward Hill, MA, USA). Sodium fluores-
cein and the Fura-2/AM kit was purchased from Dojin-
do (Japan). Pb (CH,COO),-3H,0 and AL(SO4),.18H,0
were purchased from Sinopharm Chemical Reagent
Co., Ltd.

Isolation and culture of primary astorcyts, BMEC:s,
and hippocampal neurons

First, we removed the rat skulls and dissected the hip-
pocampus and cortex using a pair of fine tweezers. We
then placed the specimens into separate 6-cm diameter
culture dishes with cold HBSS (1X). We removed the
cerebral hemispheres and carefully stripped away the
tissue with fine forceps. Finally, we washed the tissue
with cold HBSS(1X) twice and cut it into 1mm? pieces.

For astrocytes (As) culture, cerebral astrocytes
were performed as described above, with the following
changes (7). The cortical pieces were digested in trypsin
(1.25mg/ml) at 37 °C for 5 min. The cell suspension
was filtered through a 70um cell strainer. After being
centrifuged at 100(xg) for 5 min, the precipitate was
re-suspended with a DMEM (high glucose) culture
medium (including 10% FBS, penicillin(100.0 U/ml),
streptomycin(100.0mg/ml)) and cultured with 25cm?
plastic dishes pre-coated with Poly-L-Lysine (0.1mg/
mol) at 37 °C and 5% CO2. On the fourth day, we
stroked the dishes several times to remove the upper
adherent cells. The cells were further purified by a tryp-
sin (2.5% mg/ml) solution when the cells reached 80%
confluence.

For BMEC:s culture, the primary BMECs were pro-
cessed according to Diglio’s method (8). The brain cor-
tex pieces were homogenized with a glass homogenizer.
In turn, the suspension was filtered through a 70pm and
100um cell strainer. After being centrifuged at 400(xg)
for 20 min, the homogenized mixture were digested at
37 °C for 7 min by collagenase type II (Img/ml). Then,
it was warmed in a DMEM medium and 10% FBS was
added to stop digestion. The suspension was centrifuged
at 200(xg) for 10 min. We then resuspended the cells
in a DMEM (high glucose) medium (consisting of 15%
FBS, 20% FBS, basic fibroblast growth factor (bFGF,
150pg/ml), heparin (120U/ml), L-Glutamine (2mM),
Gentalline (100U)). BMECs were seeded on 25cm? dis-
hes which waspre-coated with Poly-L-Lysine (0.1mg/
ml) and incubated at 37 °C. The endothelial cells were
further purified with collagenase type II (1mg/ml) when
the confluence reached 80% on the 7th day.

For cerebral hippocampal neurons culture, rat cere-
bral hippocampal neurons were processed according to
previous research (9). The cortex pieces were digested
with trypsin (1.25 mg/ml) at 37 °C for 7 min. Then, we
transferred the supernatant to a 6-cm culture dish and
added a neuronal plating medium (composed of DMEM
with 10% Horse serum, penicillin (100 U/ml), strepto-
mycin (100ug/ml)). The chunks were gently aspirated
with a 1 ml pipette 10 times, and then left to settle for a
few minutes. Then, the suspension was filtered through
a 70pm cell strainer. The precipitate was further re-sus-
pended with DMEM (10% horse serum and seeded on
plates or plastic culture flask pre-coated with poly-L-ly-

sine (0.1 mg/ml)) at 37 °C and 5% CO2. On the second
day, medium was replaced by a neuronal maintenance
medium (Neurobasal®-A Medium (1X), containing
B27 (1x), penicillin (100.0 U/ml), streptomycin (100ug/
ml)). On the third day, medium was replaced by a new
medium supplemented with Ara-C (5.0uM) to inhibit
non-neuronal cell growth.

Establishing a 2-D and NVU model

The two models require high BMECs and astrocytes
cell purity. In the 2-D model, BMECs (1.5x10°cells/ml)
were seeded on the inner side of the transwell mem-
brane (Millipore Plate Insert); NVU model was pre-
pared according to Schiera’s method(10). Astrocytes
(5x10°cells/ml) were planted on the outer side of the
Transwell membrane for 1 day, and then the Trans-
well was converted on the 24 well culture plate and left
to culture for 3 days until reaching 70% confluence.
BMECs were planted in the inner side of the inset mem-
brane until reaching 90% confluence.

Immunofluorescence assay

Different cells were characterized by specific mar-
kers according to a previous study (11). Cells were
obtained from previous cultivations and fixed with 4%
paraformaldehyde for 30 min at 4 °C. After removing
excessive paraformaldehyde, cells were incubated in
0.5% Tritonx-100 for 10 min, and a blocking serum
(3% BSA with 0.5% Tritonx-100) for 30 min at room
temperature. Then, cells were washed with PBS 3 times
after incubation; the blocking serum was not washed.
BMEC:s and astrocytes cells were incubated with prima-
ry antibodies (anti-glial fibrillary acidic protein (GFAP)
for astrocytes; anti-factor VIII for BMECs) overnight
at 4 °C (1:200 dilution). Cells were then incubated with
FITC- chicken anti-rabbit- IgG (1:100) and chicken TR
-anti-goat IgG (1:100) in PBS containing 3% bovine se-
rum albumin and 0.5% Tritonx-100. Finally, cells were
observed through a fluorescence microscope (OLY M-
PUS, Japan).

Immunocytochemical staining

MAP2 was chosen as a specific marker for hippo-
campal neuron identification. The beginning steps were
the same as those of the BMECs and astrocytes. The
cells were covered overnight with primary antibody
anti-MAP2 at 4 °C, which was diluted 1:20 in PBS with
3% bovine serum albumin and 0.5% Tritonx-100. On
the second day, we washed the cells with PBS and incu-
bated them with horseradish peroxidase (HRP) -goat
anti-rabbit IgG (1:100) in PBS containing 3% bovine
serum albumin and 0.5% Tritonx-100. We added a DAB
kit for 5 min and washed the DAB with water until the
color was perfect. Cell were observed through an inver-
ted microscope (OLYMPUS, Japan).

Assaying cell viability

The separately cultured cells including astrocytes,
BMECs, and hippocampal neurons were seeded in the
24-well plates and treated for 3h. We chose the below
concentrations based on the pre-test results:Pb* con-
centrations were 25umol/L, 50umol/L, 100umol/L,
200umol/L, 400umol/L, 800umol/L, 1600umol/L,
and3200pmol/L; AI** concentrations were 125umol/L,
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250umol/L, 400umol/L, 500umol/L, 800umol/L,
1000pmol/L, 1600pumol/L,2000pmol/L, 2400umol/L,
4000umol/L. Each group had two parallels. The
two type cell model concentrations were as follows:
Pb** concentrations were 50umol/L, 100umol/L,
200umol/L, 400pumol/L, 800pumol/L, 1600umol/L, and
3200umol/L; AI** concentrations were 62.5pumol/L,
125umol/L, 250pumol/L, 500umol/L, 1000pmol/L, and
2000pumol/L. After 3h of cultivation, the cells were
washed with HBSS and an Alamar-Blue detection re-
agent (Sumol/L) was introduced for a 4h cultivation
period. Fluorescence was measured using a TECAN
GENIOS(Thermo Fisher scientific, USA) with a 530
nm excitation wavelength and 590 nm emission wave-
length.

Measuring Transendothelial Electron Resistance
(TEER)

The 2-D and NVU models were prepared as above.
When the cells reached 95% confluence, the transendo-
thelial electrical resistance (TEER) was measured using
a MILLICELL-ERS (Millipore, Billerica, MA) accor-
ding to the manufacturer's instructions. The two elec-
trodes were placed in the lower and upper dual chamber
system compartments. The TEER was measured every
hour for 5 times at room temperature. It has been de-
monstrated that above 120-130 Ohmxcm? TEER values,
sodium fluorescein and FITC-labeled dextrane (4kDa)
permeability does not decrease as TEER increases (12),
indicating that barriers with at least 120-130 Ohmxcm?
can be used for transport experiments (13).

Permeability measurements

The barrier function can be evaluated by measuring
cell permeability. Sodium fluorescein (MW=376 Da) is
used as tracer. The apparent permeability is determined
using the following formula: Papp= Dq/(dTxAxC),
where dQ is the transported amount, Dt is the incuba-
tion time, A is filter surface, and Cis the initial concen-
tration. Permeability values in the order of magnitude of
10%cm/s for sodium fluorescein were considered good
values (14,15,16). We designed the control group and
test groups; each group had three parallel samples. We
chose sodium fluorescein as the tracer and removed the
same amount of liquid at different times. The TECAN
GENIOS determined that the excitation wavelength was
428nm and the emission wavelength was 536nm. Final-
ly, we calculated Pe according to the formula.

Determination of intracellular calcium

Primary cells and cell models were prepared through
the above methods. The astrocytes, BMECs, and hip-
pocampal neurons of the two models were treated with
different Pb*" concentrations (50pumol/L, 100umol/L,
125pmol/L,  150umol/L, 200umol/L, 250pmol/L,
500pumol/L, and 1000umol/L) for 3h; the control was
the culture mediumAP* (62.5umol/L, 125umol/L,
200umol/L, 250umol/L, 400umol/L, 500umol/L,
600umol/L, 800pmol/L, 1000umol/L). After removing
treated medium, cells were washed with HBSS 3 times.
A Fura - 2 / AM working liquid (5 pmol/L) was added,
and the cells were incubated for 20 min at 37 °C. Then,
we removed the Fura - 2/ AM working liquid and washed
the cells with HBSS 3 times, finally adding HBSS that

contained calcium and magnesium; they were incubated
for 20 min at 37 °C to process the esterification. The
results were measured with a TECAN GENIOS under
a 380 nm excitation wavelength and 510 nm emission
wavelength. The calculation formula is as follows: in-
tracellular free Ca®>* concentration = Kd (FO / FS) (R -
Rmin)/(Rmax - R). The Kd value is 224 nmol/I; FO and
FS represent the measured Ca®* fluorescence intensity
at a zero saturation state, R is for the observed fluores-
cence ratio, and Rmin and Rmax are the maximum and
minimum fluorescence ratio, respectively.

Results

Cell morphology of astrocytes, BMECs, hippocam-
pal neurons, mono-culture BMECs, and tri-culture
BMEC:S co-cultured with astrocytes

Primary cells were prepared according to the above
methods. Cells originally attached to the bottom of
the culture dishes like spheres. After three subcul-
ture passes, the cells were separated and grew into
single cells (Fig. 1A). They were digested with trypsin
(1.25mg/ml); microvascular endothelial cells presented
a string of beads. After a 4h culture, microvascular en-
dothelial cells attached to the bottoms of dishes. During
the culture, cells grown from the cell fragments mixed
with other cells like neurons (Fig. 1 B). After three sub-
culture passages, the cells were mostly BMECS because
they were cultured with a specialized medium that puri-
fies BMECs. Hippocampal neurons attached to the dish
walls after 4h. 48h after Ara-C (5.0umol/L) was added,
most cells were hippocampal neurons. On the fifth day,
networks formed between the cells and synapses (Fig.
1C). Hippocampal neurons survived for about 3 weeks.

Figure 1. Cell morphology of astrocytes, BMECs, hippocampal
neurons, and the two NVU models. After two subculture passages,
the composition was complicated and mixed with other cells, such
as neurons or fiber cells. The astrocytes were irregular in shape
and had abundant cytoplasm. After three culture passages, the
astrocytes exhibited signals (1A, X40). Primary cultured BMECs
were polygonal or shaped like a long spindle, and resembled paved
stone (1B, 100X). Primary cultured hippocampal neurons were
shaped like triangles, spindles, or had an irregular shape. On the
fifth day, the number of synapses increased, interaction connec-

tions between cells were complex, and they formed a very dense
network. The cell body was strongly reflected and nuclei were yel-
low (1C, 200X). The BMECs were cultured in the insert membrane
for 5 days (1D, 100x) and cells reached 80% confluence. Atrocyte
cells were seeded on the bottom of the insert membrane for 3 days
(1E, 100X) and cells reached 80% confluence. Two sides of the
insert membrane were planted with astrocytes and BMECs (1F,

100X) and formed a more dense network.
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Mono-culture BMECs were planted in the insert mem-
brane and cultured until confluent (Fig. 1D). The tri-
culture BMECs co-cultured with astrocytes on the outer
and inner side of the insert membrane grew until rea-
ching 90% confluence. Cell morphology was observed
through an inverted microscope (Figs. 1E, 1F).

Identifying astrocytes, BMECs, and hippocampal
neurons

According to the previous primary culture method,
the cells were seeded on glass cover slips coated with
Poly-L-Lysine. Astrocytes and BMECs were labeled
with FITC and TR. Astrocytes expressed glia fibrillary
acidic protein (GFAP), the cytoplasm presented green
(Fig. 2A), nuclei were round or oval, and thenucleoli
were not in the middle; BMECs expressed F-VIII rela-
ted antigen, cytoplasm showed red fluorescence, nuclei
had multiple shapes (Fig. 2B), hippocampal neurons
expressed MAP-2 antigen, and cytoplasm and axons
showed yellow fluorescence using horseradish peroxi-
dase as a labeled antibody (Fig. 2C). The 2-D and 3-D
models were prepared under the preceding method.
They also each respectively showed red or green fluo-
rescence through a fluorescence microscope (Figs. 2D
& 2E).

Cell viability assay

When treated with Pb?* and AI**, cell viability of
astrocytes, BMECs, and hippocampal neurons were
significantly reduced compared with the control group

Figure 2. Identifying astrocytes, BMECs, and hippocampal neu-
rons.Astrocyte cytoplasm was green and nuclei were round or
oval when observed by fluorescence microscope labeled by FITC,
which expressed GFAP (2A, 200X). BMEC cytoplasm and nuclei
were red when observed by a fluorescence microscope labeled by
TR, which expressed F-VIII related antigen (2B, 200X). Hippo-
campal neuron cytoplasm and axons were brown when observed
through an inverted microscope labeled by Horseradish peroxi-
dase, which expressed MAP-2 (2C, 400X).

rons with different Pb*" and Al** concentrations. P<0.01compared
with control.
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Figure 4. Cell viability for different treatments and concentrations
on 24-well plates. The two models did not display any significant
differences in cell viability compared with the control; they de-

creased with the concentration.

(Fig. 3). However, hippocampal neuron viability in the
mono-layer BMECs model and tri-culture Transwell
model did not show significant differences compared
with the control group (Fig. 4). Table 1 shows the IC50
of the three primary cultured cells types.

Measuring Transendothelial Electron Resistance
(TEER)

We measured the TEER value before and 3h after
Pb?* and Al3" treatment for the two models. The results
showed that both the 2-D and 3-D models had signifi-
cant differences between the pre- and post-test. TEER
values were above 130Qxcm? before the test, and sui-
table for further study.

Four hours leakage detection assay

The liquid level for the chosen 2-D and 3-D models
displayed no difference between the donor pool and
pools before and after 4h of incubation. Models that did
not follow this trend were abandoned.

Permeability measurements
The results are shown in table 2.

Table 1. IC50 for astrocytes, BMECs, and hippocampal neurons treated with Pb*and Al>* ( x#s, n=4).

I1C50 AS BMECs Hippocampal neurons
Pb* 250.1£17.9 3245.1 £100.3 226.7£14.3
Al 2481.14558.3 2668.8+36.1 2129.1+228.3

IC50 for astrocytes, BMECs and hippocampal neurons. The IC50 of astrocytes and hippocampal neurons were different from those of

BMECs. Pb*" and Al toxicity on the three cell types were different because of different sensitivity with different chemical materials or

perspective cell characteristics.

Table 2. Permeability for the 2-D and 3-D models treated with Pb**and Al3*, respectively ( Xts, 1=3)

Pe (x10°° cm/min) control Pb?* Al
2-D model 1.02+0.09 3.07+0.27 2.98+0.08
3-D model 1.02+0.09 2.58+0.43 2.38 £0.29

We calculated the fluorescence intensity (FI) of the medium, which had sodium florescein at 10, 20, 30, 40, 50, and 60 min. We then

calculated the permeability coefficient (Pe).
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Intracellular calcium assay

Primary astrocytes, BMECs, cerebral hippocampal
neurons, and 2-D and 3-D models were treated with dif-
ferent Pb*" and Al3* concentrations for 3h. The intracel-
lular Ca** concentration was measured by TECAN GE-
NIOS. Fig. 5 shows the intracellular Ca** concentrations
of astrocytes, BMECs, and hippocampal neurons. The
results showed that the intracellular Ca®* concentrations
of all three cell types increased after Pb** and Al*" incu-
bation (Fig. 5). The 2-D and 3-D model results indicated
that intracellular Ca®* concentrations had no significant
differences compared with the control (Fig. 6).

Discussion

In 1967, Reese and Karnovsky determined that tight
junctions were not discontinuous and BBB existed based
onthe vascular endothelium. Historically, the BBB has
been defined by the endothelial cell layer that forms the
vessel/capillary walls. Recently, the concept of NVU
was introduced to recognize that brain health involved
functional interactions between neurons and non-neuro-
nal cells (17). NVU plays a crucial role in brain main-
tenance via cellular interactions between microvessels
and parenchyma. Non-neuronal cells are responsible for
the CNS’s physical, biochemical and immune barriers
that regulate neuronal microenvironments, which is key
for signal transduction, anginogenesis, and so forth (18).

Physiologically, NVU regulates cellular movements
like vascular growth, nutrient supply, and brain protec-
tion.Adherens junctions (AJs) and tight junctions (TJs)
as two key structures could reduce the paracellular flux
across the brain endothelium, whereas transporters and
receptors could carry some molecules that transfer large
amino-acids and drugs to the brain. Brain homeostasis
could be out of balance due to abnormal neuronal acti-
vity or toxicity by pathological stimuli (17).

Endothelial cell monolayer is commonly used as
vitro models, but it only represents a simplified BBB

0 E 100 150 200 o
Concentration of Pb*" Concentration of A%
1 waol/L)

Figure 5. Intracellular Ca®* concentrations of astrocytes, BMECs,
and hippocampi treated with Pb** and AlI*". The figures showed
that intracellular Ca?* concentrations increased with Pb*" and AI**
concentrations for all three cell types. ** represents P<0.01 com-
pared with control group.

Figure 6. Intracellular Ca*>* concentration of mono-layer BMECs
and Tri-culture Transwell treated with Pb** and Al**.There were
no significant differences between the two models compared with
control group (P>0.05).

model. This simplification does not consider the par-
ticipation ofother cell types, which are necessary for
BBB maintenance (19,20). Later, co-culture model that
involve astrocytes and endothelial cells are considered
valid cell-based BBB model, as they contain TJs, trans-
porters, and ionic channels. However, the absence of
some cell types can decrease functional integrity (21).
The tri-culture model was recently introduced which
can be modified depending on research objectives using
neurons or other cellsas the third cell type (22, 23). The
NVU model has become one of the most representative
vitro models in studying human BBB regulation (24).

We chose Pb** and AL*" as test materials due to their
association with major global environmental health
hazards. These chemicals can damage various body
systems, such as the renal, hematopoietic, skeletal, and
especially the central nervous system (25). Pb** pro-
duces a major toxic mechanism on calcium fluxes and
calcium-regulated events (26,27,28). Other mechanisms
affect oxidative stress, impacting membrane biophysics
and changing cell signing. AL** produces a toxic mecha-
nism that affects oxidative stress, membrane biologics,
cell signaling, and neurotransmission (29,30-32,33).

Research from the mid-1990s has shown that astro-
cytes propagate intercellular Ca?* waves over long dis-
tances in response to stimulation. Similar to neurons,
astrocytes release transmitters in a Ca**-dependent
manner. Moreover, astrocytes signal to neurons through
Ca?*-dependent glutamaterelease(34). Astrocytes are
classically identified using histological analysis to test
the intermediate filament glial fibrillary acidic proteins
(GFAP) (35).

We cultured three cells in vitro, including astrocytes,
BMEQC:s, and the hippocampus. The cell viability decli-
ned for all three cell types as Pb*" and AI** concentrations
rose. The two models showed no significant differences
compared with control group. In calculated intracellu-
lar Ca?* concentrations, the results suggested that intra-
cellular Ca* concentration increased with Pb** and AI**
concentrations compared with control (p<0.01), while
two models showed no significant differences compared
with control (p>0.05).

Previous research showed Pb* and A’ mechanisms
related to intracellular Ca*'; our study showed that the
intracellular Ca** of the two models had no significant
changes compared with the control. Possible explana-
tions for this phenomenon include their function as the
BBB, or the treatment duration was not long enough.
The intracellular Ca?* change would also occur if trea-
ted with high concentrations for its stress response.
Meanwhile, it may connect with an indirect reaction,
which is related to signal pathways.

In this study, we successfully established two models
in vitro to mimic the brain-blood barrier. These models
can be used to study neurotoxic chemical mechanisms.
They can also be applied for neurotoxicity screenings in
drug tests. The NVU model is more integrated than the
2-D model and can better represent the BBB.
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