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Retrograde Axonal Transport of Neurotrophins in Basal
Forebrain Cholinergic Neurons
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Abstract

Axonal transport is key for the survival and function of all neurons. This process is especially important in
basal forebrain cholinergic neurons due to their extremely long and diffuse axonal projections. These
neurons are critical for learning and memory and degenerate rapidly in age-related neurodegenerative
disorders like Alzheimer’s and Parkinson’s disease. The vulnerability of these neurons to age-related
neurodegeneration may be partially attributed to their reliance on retrograde axonal transport for neuro-
trophic support. Unfortunately, little is known about the molecular biology underlying the retrograde
transport dynamics of these neurons due to the difficulty associated with their maintenance in vitro. Here,
we outline a protocol for culturing primary rodent basal forebrain cholinergic neurons in microfluidic
chambers, devices designed specifically for the study of axonal transport in vitro. We outline protocols for
labeling neurotrophins and tracking neurotrophin transport in these neurons. Our protocols can also be
used to study axonal transport in other types of primary neurons such as cortical and hippocampal neurons.
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Axonal transport, Basal forebrain, Retrograde

1 Introduction

Intracellular trafficking is critical for the survival and proper func-
tion of all neurons due to their extreme structural and biochemical
polarity. Neurons orchestrate the bidirectional transport of a wide
variety of cellular cargo, from proteins and RNA to entire orga-
nelles, along their lengthy axonal projections in a tightly regulated
manner via a process termed axonal transport [1]. Axonal transport
occurs along microtubules, cytoskeletal elements composed of
polarized tubulin polymers that span the entirety of the axon
[2]. These polymers are organized in parallel radial arrays, forming
unipolar filaments with plus ends proximal to the axon tip and
minus ends proximal to the cell body [2, 3]. The transport of
cargo toward the axon tip is referred to as anterograde or “plus-
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end directed” while transport toward the cell body is referred to as
retrograde or “minus-end directed.”

Anterograde and retrograde transport occur via the procession
of two classes of ATP-dependent molecular motors along micro-
tubules: kinesin and dynein. Kinesin family motor proteins are
responsible for carrying out anterograde transport, while the cyto-
plasmic dynein motor protein is responsible for carrying out retro-
grade transport [2, 4]. Both kinesin family and dynein motors are
large and complex proteins consisting of multiple polypeptide
chains classified as either heavy, light, or intermediate chains,
depending on their molecular weight [5]. The association of
these chains via their N-terminal tail domains creates binding
domains for cargo adapter proteins [2]. A wide variety of adapter
proteins exist and facilitate critical functions of both kinesin family
and dynein motors, including the binding of cargo to the motors
themselves and the binding of motors to microtubule tracks [2, 6–
9].

While the motor proteins underlying retrograde and antero-
grade transport share some similarities, they, like the transport
processes they govern, are distinct from one another. This chapter
will focus largely on retrograde axonal transport, specifically within
the basal forebrain, a brain area where deficits in retrograde trans-
port have been heavily implicated in the development of age-related
neurodegenerative disorders [10, 11].

The basal forebrain is located at the ventral rostrocaudal extent
of the brain and consists of multiple structures including the diag-
onal band of Broca, nucleus basalis of Meynert, and the medial
septal nucleus [12, 13]. Most neurons within these structures
produce the neurotransmitter acetylcholine, making the basal fore-
brain the major cholinergic output of the central nervous system
(CNS). Basal forebrain projections are extremely lengthy and dif-
fuse, projecting upward and terminating widely throughout the
hippocampus and neocortex [12, 13]. These projections are critical
for learning, memory, and attention, making the basal forebrain a
vital cognitive center [13].

The degeneration of ascending basal forebrain cholinergic pro-
jections occurs both in normal aging and with increased severity in
age-related neurodegenerative disorders like Alzheimer’s and Par-
kinson’s disease [14–16]. Loss of cholinergic innervation correlates
strongly with cognitive decline and is considered a hallmark of
Alzheimer’s disease (AD) [13, 15, 17, 18]. Basal forebrain cholin-
ergic neurons (BFCNs) demonstrate a striking selective vulnerabil-
ity in AD, as they are among the first neurons in the brain to
degenerate in the disorder [15, 18–22]. This vulnerability results
in up to 95% of BFCNs degenerating by the end stages of AD
[23, 24].

One factor that may explain the selective vulnerability of
BFCNs to age-related neurodegenerative disorders is their inability
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to produce a family of growth factors termed neurotrophins. Neu-
rotrophins are a family of extracellular signaling proteins that are
critical for neuronal development, survival, and plasticity
[25]. BFCNs are dependent upon the neurotrophins nerve growth
factor (NGF) and brain derived neurotrophic factor (BDNF) for
their survival and function [26–32]. NGF and BDNF, like all
neurotrophins, are initially synthesized as proproteins that can be
processed to their mature forms [33]. However, proneurotrophins
are capable of facilitating intracellular signaling independently of
their mature counterparts [34–37]. Additionally, while pro and
mature BDNF and proNGF are detectable in the mammalian
CNS, mature NGF is not, further highlighting the importance of
studying proneurotrophins in the context of CNS neurons like
BFCNs [38–40].

BFCNs are reliant on their synaptic targets in the hippocampus
and cortex for their supply of BDNF and proNGF [41–43]. Upon
release, these neurotrophins bind to either tropomyosin-related
kinase (Trk) or p75NTR receptors at BFCN axon terminals and are
retrogradely transported to BFCN cell bodies [10, 11, 25, 41, 44,
45]. In AD and in animal models of AD, NGF-immunoreactive
material accumulates in BFCN target areas and is decreased in the
basal forebrain itself, suggesting impaired retrograde neurotrophin
axonal transport [46, 47]. Additionally, both BDNF and proNGF
retrograde transport are reduced in aged BFCNs, further implicat-
ing dysfunctional retrograde transport in the selective vulnerability
of these neurons to age-related neurodegeneration [10]. Unfortu-
nately, the mechanisms underlying these observed transport deficits
are currently unknown. In fact, very little is known about the
mechanisms governing retrograde neurotrophin transport in this
highly vulnerable neuron population.

The mechanistic study of retrograde neurotrophin transport is
complicated by the diffuse and highly arborized projections pri-
mary neurons develop in vitro. Organizing and separating neuronal
cell bodies and axon terminals facilitates the accurate assessment
and quantification of axonal transport in vitro. Recently, microflui-
dic chambers have been developed to achieve this organization and
to advance the direction-specific assay of axonal transport in CNS
neurons [48, 49]. These chambers contain microgrooves that are
connected to a main channel that houses neuronal cell bodies.
Axons grow through these microgrooves and emerge into another
channel that maintains fluidic isolation from the channel that
houses the cell bodies, permitting the independent manipulation
of neuronal cell bodies and axons. This fluidic isolation allows
neurotrophins to be administered exclusively to the axon terminals
of neurons. The microgrooves also linearize axons and enable
anterograde and retrograde transport to be accurately quantified.
While BFCNs seem like ideal candidates for study using
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microfluidic chambers due to their unique reliance on retrograde
transport, they are difficult to maintain in vitro.

Here we describe a protocol for the culture and maintenance of
embryonic rodent BFCNs in microfluidic culture, as well as a
protocol for the tracking of retrograde transport of biotinylated
neurotrophins conjugated to streptavidin-labeled quantum dot
fluorophores. We provide a protocol for the purification of bioti-
nylated proNGF from the medium of human embryonic kidney
(HEK) cells transfected with a plasmid coding for Avi-tagged,
cleavage-resistant proNGF [10, 50]. We also provide a protocol
for the immunocytochemical analysis of these neurons to validate
cholinergic phenotype. These protocols may be used in conjunc-
tion with other primary neuron types such as cortical neurons,
however with some minor modifications that are mentioned below.

2 Materials

2.1 Preparation of

Microfluidic Chambers

1. XC450Microfluidic devices (XonaMicrofluidics, Research Tri-
angle Park, NC, USA).

2. Precoat ethanol solution (Xona Microfluidics, included with
XC450 devices).

3. Humidity-controlled ChipTrays™ (Recommended only, see
Note 1) (Xona Microfluidics).

4. 1� phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4. Adjust solu-
tion to pH 7.4.

5. 0.01% sterile-filtered poly-L-lysine (PLL) solution.

2.2 Dissection and

Processing of Basal

Forebrain Tissue

1. Dissection tools suitable for embryonic murine dissection
(fine-tip Dumont forceps and scissors, tweezers, petri dishes).

2. Dissection microscope.

3. Clinical centrifuge capable of reaching 250 � g.

4. Hemocytometer.

5. 100� penicillin–streptomycin (P/S) (10,000 units/mL of
penicillin and 10,000 μg/mL of streptomycin).

6. 1�Hanks’s Balanced Salt Solution (HBSS): Dilute 10�HBSS
stock solution using sterile double-distilled water, add 1% P/S
and pH to 7.4 before sterile filtering.

7. Fine fire-polished glass Pasteur Pipettes: Expose the tip of a
glass Pasteur pipette to the flame of a Bunsen burner for a few
seconds while rotating the base of the pipette. Repeat until the
tip has become smooth and the opening has shrunk to about
1 mm in diameter (see Note 2). Autoclave and keep sterile
before use.
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8. DNase I solution (1 mg/mL).

9. 10� trypsin–EDTA solution.

10. BFCN Plating Medium: Neurobasal medium, 1% P/S, 2% B27
serum-free supplement, 1% GlutaMAX, 10% fetal bovine serum
(FBS), 50 ng/mL recombinant murine BDNF (Peprotech,
Rocky Hill, NJ, USA), 50 ng/mL recombinant human
β-NGF (Peprotech).

2.3 Plating and

Maintenance of BFCNs

in Microfluidic

Chambers

1. BFCN Plating Medium: Neurobasal medium, 1% P/S, 2% B27
serum-free supplement. 1% GlutaMAX, 10% fetal bovine serum
(FBS), 50 ng/mL recombinant murine BDNF, 50 ng/mL
recombinant human β-NGF.

2. BFCN Maintenance Medium: Neurobasal medium, 1% P/S,
2% B27 serum-free supplement, 1% GlutaMAX, 50 ng/mL
recombinant murine BDNF, 50 ng/mL recombinant human
β-NGF (see Note 3).

2.4 Immunocyto-

chemical Staining of

BFCNs in Microfluidic

Chambers

1. Widefield or confocal microscope capable of fluorescence
microscopy.

2. 4% paraformaldehyde (PFA) sterile solution: Dilute 1 g of PFA
powder per 15 mL of sterile water. Water should be heated to
60 �C before addition of PFA. Add 1 N NaOH until powder
has fully dissolved, then add 10 mL of 3� PBS for every 15 mL
of water. Adjust the pH of the solution to 7.2 and sterile filter
before use.

3. 10% Triton X-100 Solution.

4. PBS-A: 0.01% Triton X-100 diluted in 1� PBS.

5. PBS-B: Dissolve 300 mg bovine serum albumin in ~8 mL of
1� PBS and add 500μL of FBS. Bring the solution to a final
volume of 10 mL, and sterile filter before use.

6. Primary antibodies: Any primary antibody compatible with
immunocytochemistry can be used. To confirm cholinergic
phenotype, vesicular acetylcholine transporter (VAChT, Santa
Cruz Biotechnology, Dallas, TX, USA) antibodies can be used.
TrkA antibodies (Alomone Labs, Jerusalem BioPark, Israel)
can also be used to confirm cholinergic phenotype, as BFCNs
express TrkA [51, 52].

7. Secondary antibodies: Any secondary antibodies compatible
with immunocytochemistry can be used. Our lab uses Alexa-
Fluor antibodies.

8. DAPI nuclear counterstain.

9. Silicone immersion oil (Ibidi, Fitchburg, WI, USA) (see
Note 4).
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2.5 Purification of

Biotinylated proNGF

1. HEK293-FT cells (ATCC, Manassas, VA, USA).

2. Centrifuge capable of reaching speeds of 300 � g.

3. 10 kDa centrifugal concentrators.

4. Cold room or large refrigerator.

5. HEK Plating Medium: Dulbecco’s Modified Eagle Medium
(DMEM), 10% FBS, 1% GlutaMAX, 1% P/S, 1% sodium pyru-
vate, 1% nonessential amino acids.

6. HEK Transfection Medium: Dulbecco’s Modified Eagle
Medium (DMEM), 1% GlutaMAX, 1% P/S, 1% sodium pyru-
vate, 1% nonessential amino acids, 1 mg/mL d-biotin.

7. Turbofect™ transfection reagent (ThermoFisher Scientific).

8. Nickel nitrilotriacetic acid (Ni-NTA) resin.

9. Reusable nickel purification columns.

10. proNGF-R-1G-Avi-His and Bir-A biotin ligase pcDNA-3.1
plasmids [10, 50] (Bir-A biotin ligase plasmid also available
from Addgene, Watertown, MA, USA).

11. Ni-NTA wash buffer: 1� PBS, 20 mM imidazole, 1 mM phe-
nylmethylsulfonyl fluoride (PMSF). Adjust to a final pH of 8.0.

12. Ni-NTA elution buffer (50 mL): 1� PBS, 300 mM imidazole,
phosSTOP, and ULTRA tablets (Roche, Basel, Switzerland).
Adjusted to a final pH of 8.0.

2.6 Tracking and

Analysis of

Neurotrophin Axonal

Transport

1. Widefield or confocal microscope equipped with an on-stage
incubator capable of maintaining 37 �C, 5% CO2 and capable
of fluorescence microscopy.

2. Quantum dot (Qdot) 625-streptavidin conjugate (Thermo-
Fisher Scientific) (see Note 5).

3. Qdot625 or Texas Red fluorescence filter cube set (seeNote 6).

4. DAPI and Cy5 fluorescence filter cube set.

5. Biotinylated neurotrophins (Alomone or via Ni-NTA
chromatography).

6. TubulinTracker™ Deep Red (ThermoFisher Scientific),
optional (see Note 7).

7. Axonal Imaging Medium: Neurobasal medium minus phenol
red, 1� P/S, 1� B27 serum-free supplement, 1� GlutaMAX.

8. Somal Imaging Medium: Neurobasal medium minus phenol
red, 1% P/S, 2% B27 serum-free supplement, 1% GlutaMAX,
50 ng/mL recombinant BDNF, 50 ng/mL recombinant
β-NGF.

9. NucBlue™ LiveReadyProbes™ Hoechst nuclear counterstain
(ThermoFisher Scientific).
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10. ImageJ 1.53c equipped with the “ImageScience” plugin set
(included with ImageJ) and the KymoToolBox plugin (avail-
able from: https://github.com/fabricecordelieres/IJ-Plugin_
KymoToolBox).

3 Methods

3.1 Preparation of

Microfluidic Chambers

(To Be Done 24 h

Before Dissection)

XC450 devices must be sterilized using the included precoat solu-
tion before use. The devices must also be coated with an adhesion
substrate, in this case poly-L-lysine (PLL), to improve the adher-
ence of primary neurons to the channels of the device. Working
with microfluidic chambers requires a great deal of patience and
care. The fluidic isolation and neuronal organization these devices
provide is only possible if the devices are handled optimally, which
we outline below (Figs. 1 and 2).

1. Within a biosafety cabinet, add 100 μL of precoat solution to
the top left well of each chamber (Fig. 1) and let stand for 1 min
(see Note 8).

2. Add 100 μL of precoat solution to the bottom left well of each
chamber and let stand for 5 min.

3. Add 100 μL of precoat solution to the top right well of each
chamber and let stand for 1 min.

4. Add 100 μL of precoat solution to the bottom right well of
each chamber and let stand for 5 min.

5. Aspirate the precoat solution from every well, making sure to
leave ~20 μL of residual solution within each well, and imme-
diately add 150 μL of PBS to the top left well of each chamber.
Let stand for 1 min (see Notes 9 and 10).

6. Repeat steps 2–5 with 150 μL of PBS (Fig. 1).

7. Add 150 μL of PBS to both top wells of the device. Immedi-
ately repeat for both bottom wells (Fig. 2).

8. Aspirate the PBS solution from all wells and then repeat steps
1–4 using 120 μL of 0.01% PLL solution (warmed to 37 �C)
(Fig. 1).

9. Place chambers in a 37 �C, 5% CO2 incubator for 24 h.

10. Inspect all chambers to ensure no bubbles have formed within
the main channels (see Note 11).

11. Aspirate the PLL from all wells and repeat steps 1–4 with
150 μL of PBS.

12. Aspirate the PBS from all wells and add 150 μL of plating
medium that has been warmed to 37 �C to both top wells of
the device (Fig. 2). Immediately repeat for both bottom wells.

13. Store chambers in a 37 �C, 5% CO2 incubator until plating.
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3.2 Dissection and

Processing of

Embryonic Basal

Forebrain Tissue (Fig.

3)

The basal forebrain is relatively small compared to commonly dis-
sected neural structures like the cortex and hippocampus. Thank-
fully, its structure is very distinct and can be easily distinguished
from neighboring brain areas. The small working volumes afforded
by microfluidic culture allowmany chambers to be prepared using a
minimal amount of tissue.

The following protocol can also be used for preparing cortical
and hippocampal neuronal cultures. These neurons are far more
robust in culture and can be plated at higher densities than basal
forebrain (within the 105 cells/mL range). The plating medium for
cortical and hippocampal neurons does not need to contain any
neurotrophins.

1. Sacrifice a pregnant rat or mouse at embryonic day (E)18 using
CO2 euthanasia or cervical dislocation and remove all embryos
(see Note 12). Place embryos on ice.

2. Remove embryos from the embryonic sac using fine Dumont
forceps, and separate the head from the body using a small pair
of scissors. Place the head in a petri dish containing a small
amount of cold HBSS solution and remove the brain from the
skull using fine Dumont forceps.

3. Place the brain in a separate petri dish containing a small
amount of HBSS. Under a dissection microscope, remove the
meninges from the brain using fine Dumont forceps.

Fig. 1 Microfluidic device schematic depicting the well order to be followed during device preparation

Fig. 2 Microfluidic device schematic depicting the well order to be followed during media changes and
washes. This well order is also used once during device preparation for the second PBS incubation
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4. Remove the olfactory bulbs using a small pair of scissors. Place
two medial cuts at the front of each cortical lobe. Fan out each
lobe to expose the basal forebrain (see Note 13). Remove the
basal forebrain from the brain using a pair of small scissors.
Aspirate the tissue into a tube filled with a small amount of cold
HBSS, and place on ice.

5. Repeat steps 2–4 for each embryo (see Note 14).

6. In a biosafety cabinet, aspirate as much HBSS solution as
possible from the collection tube without disturbing the tissue.
Add 1 mL of fresh, cold HBSS to the tube. Repeat 5 times
to wash.

7. Aspirate as much HBSS solution from the collection tube as
possible without disturbing the tissue. Add 450 μL of fresh,
cold HBSS to the tube. Immediately add 50 μL of 10� trypsin-
EDTA to the tub and incubate in a 37 �C water bath for
20 min, gently agitating the tube every 5 min.

8. Add 50 μL of 10�DNase I to the collection tube. Triturate the
tissue using a fire-polished glass Pasteur pipette until the solu-
tion becomes cloudy and no visible chunks of tissue remain.
Add 1 mL of plating medium warmed to 37 �C to quench the
trypsin.

Fig. 3 Graphical depiction of the dissection and processing procedure outlined in Subheading 3.2
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9. Centrifuge the solution at 250 � g for 4 min and remove the
supernatant. Resuspend the cell pellet using warm plating
medium to a final density of 1 � 106 cells/mL using a hemo-
cytometer. Repeatedly triturate this cell mixture to ensure
homogeneity.

3.3 Plating and

Maintenance of BFCNs

in Microfluidic

Chambers

BFCNs are difficult to maintain in culture and require consistent
medium changes using neurotrophin-rich medium. These neurons
must be plated at high densities (in the range of 106 cells/mL) to
be viable in microfluidic culture. BFCNs produce axonal projec-
tions in vitro that cross the microgrooves in a matter of days if
properly maintained (Fig. 4).

Cortical and hippocampal neurons can also be maintained
using this protocol. However, like the plating medium, the main-
tenance medium used for these neurons does not need to contain
any neurotrophins.

1. In a biosafety cabinet, aspirate the plating medium from all
wells (see Note 9).

2. Inject 10 μL of the previously prepared cell solution into the
top left well of the chamber by placing the tip of the pipette
directly adjacent to the opening of the main channel to ensure
the cell solution flows from the well into the main channel (see
Note 15). Repeat for the bottom left well and place the cham-
bers in a 37 �C, 5% CO2 incubator for 5 min to allow neuronal
adherence to the substratum.

3. Add 150 μL of plating medium to both top wells. Immediately
repeat for both bottom wells. Incubate the chambers at 37 �C,
5% CO2 for 24 h.

4. Replace the plating medium with maintenance medium after
24 h (Fig. 2). Repeat every 48–72 h (see Notes 9 and 10).
Axonal projections usually take 5–7 days to cross the micro-
grooves (Fig. 3). Basal forebrain neurons maintain transport
for 2 weeks [10] (see Note 16).

3.4 Immunocyto-

chemical Staining of

BFCNs in Microfluidic

Chambers

Immunostaining neurons cultured in microfluidic chambers
requires many incubations and washes. This is mainly due to the
restrictive opening joining the wells of the device to the main
channels. High quality images comparable to those obtained
using cells cultured in standard well plates on glass coverslips can
be obtained from microfluidic chambers using this protocol
(Fig. 5).

1. In a biosafety cabinet, perform a PBS wash by replacing the
maintenance medium in all wells with 150 μL of PBS. Immedi-
ately replace the PBS with a 4% PFA solution (see Notes 9 and
10). Incubate at room temperature for 30 min in a light-proof
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box. The chambers must be protected from light during all
subsequent incubations.

2. Perform a PBS wash with 150 μL of PBS and then immediately
add 150 μL of PBS-A to all wells (see Notes 9 and 10).
Incubate at room temperature for 30 min.

Fig. 4 Basal forebrain cholinergic neurons (BFCNs) stained for tubulin (cyan) and DAPI (red) at day in vitro (DIV)
5. The left panel depicts BFCN cell bodies extending their axons into the microgrooves. The right panel depicts
BFCN axons extending across the entire length of the 450 μM microgroove barrier and beginning to enter the
axonal main channel

Fig. 5 Basal forebrain cholinergic neurons (BFCNs) cultured in microfluidic
chambers stained for tubulin (cyan) and DAPI (red) at day in vitro (DIV)
7 following the immunocytochemical staining protocol outlined in Subheading
3.4
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3. Replace the PBS-A solution with 150 μL of PBS-B per well (see
Notes 9 and 10). Incubate at room temperature for 30 min.
During this time, prepare the primary antibody solution using
PBS-B as the diluent.

4. Replace the PBS-B solution with 150 μL of the primary anti-
body solution per well (see Notes 9 and 10). Incubate at 4 �C
overnight.

5. Perform 3 washes using 150 μL of PBS-B per well (seeNotes 9
and 10). Incubate at room temperature for 10 min in between
each wash. During the last wash, prepare the secondary anti-
body solution using PSB-B as the diluent.

6. Replace the PBS-B solution with 150 μL of the secondary
antibody solution per well (see Notes 9 and 10). Incubate at
room temperature for 2 h. During this time, prepare a DAPI
nuclear counterstain using PBS as the diluent.

7. Aspirate the secondary antibody solution from all wells and add
150 μL of the DAPI counterstain solution to the top left well,
followed by 150 μL of PBS to the top right well. Repeat this for
the bottom two wells and incubate at room temperature for
10 min.

8. Perform two 150 μL PBS washes. Incubate at room tempera-
ture and wait 5 min between each wash. Perform two addi-
tional 150 μL PBS washes in immediate succession (seeNotes 9
and 10).

9. Image the cells using either wide field or confocal fluorescence
microscopy (see Note 17).

3.5 Purification of

Biotinylated proNGF

Our lab uses a slightly modified version of the protocol outlined in
Sung et al. (2011) to obtain monobiotinylated proNGF from
transfected HEK cell medium [50]. HEK cells are grown in a
biotin-containing transfection medium and are cotransfected with
the biotin-ligase coding construct BirA and our custom proNGF
construct. Biotinylation of proNGF occurs due to the inclusion of a
biotin-accepting AviTag™ region within our construct. This pro-
cess can be skipped when studying BDNF, proBDNF, and NGF, as
biotinylated versions of these neurotrophins are available commer-
cially (Alomone). Due to the lack of mature NGF in the CNS, we
recommend the use of proNGF over mature NGF when studying
transport in CNS neurons [10, 38].

1. Plate HEK293 cells at an initial density of 1.5x106 cells/ml.
Grow to ~50% confluence in 30 ml growth medium in a 30 cm
petri dish.

2. In a biosafety cabinet, replace the growth medium with trans-
fection medium and incubate cells for 72 h at 37 �C, 5% CO2.
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3. Dilute 20 μg of proNGF-R-1G-Avi-His and Bir-A biotin ligase
pcDNA-3.1 plasmids into 1 mL of DMEM. Add 60 μL of
Turbofect™ to this solution, mix via inversion, and incubate
at room temperature for 15 min.

4. Add the transfection solution dropwise and incubate cells for
72 h in a 37 �C, 5% CO2 incubator (see Note 18).

5. Harvest the medium from the cells and adjust to 50 mL (per
30 mm dish) using Ni-NTA wash buffer. Let stand on ice for
5 min.

6. Centrifuge the harvested medium at 300 � g for 20 min at
4 �C. Collect the supernatant and adjust to 300 mL (per 30 cm
dish) using Ni-NTA wash buffer.

7. Add 300 μL (per 30 cm dish) of Ni-NTA resin (suspended in
wash buffer) to the harvested medium and incubate at 4 �C
with gentle stirring overnight.

8. In a cold room or large refrigerator, load the solution into a
reusable nickel chromatography column. Let stand for 5 min to
allow the Ni-NTA resin to settle. Purify using 2 column
volumes of wash buffer (discard) followed by 1/10 column
volumes of elution buffer.

9. Load eluate onto a 10kD centrifugal concentrator and centri-
fuge at 300 � g for 20 min at 4 �C, discarding the flow
through. Aliquot the reserved solution and store at �80 �C.

3.6 Tracking and

Analysis of

Neurotrophin Axonal

Transport

The brightness of quantum dots allows visualization of single par-
ticle neurotrophin transport without the need for expensive confo-
cal microscopy. However, confocal microscopy is recommended for
maximum visual fidelity. Biotinylated BDNF and proNGF are both
easily conjugated to streptavidin-conjugated quantum dots. How-
ever, the conditions required to promote the transport of BDNF
and proNGF are different and are discussed below.

3.6.1 Conjugation of

Quantum Dots and

Administration of Labeled

BDNF to Axon Terminals

1. 24 h prior to the transport assay, view the neurons under a
widefield microscope using bright-field light to confirm that
the axonal compartment is populated with axonal projections.
If axons are present, replace the axonal medium with
neurotrophin-free axonal imaging medium. Incubate the neu-
rons for 24 h at 37 �C, 5% CO2. BFCN axons usually populate
the axonal compartment by days in vitro (DIV) 5–7.

2. In a biosafety cabinet, add 1 μL of Qdot625 streptavidin con-
jugate stock solution to 20 μL of 300 nM biotinylated BDNF
solution. Mix via brief centrifugation, and incubate on ice,
protected from light, for 1 h (see Note 19).

3. Dilute the QD-BDNF solution to 1 nM using axonal imaging
medium.

Axonal Transport in Basal Forebrain Neurons 261



4. (Optional) Dilute TubulinTracker™ Deep Red 1:1000 into
both the somal and axonal imaging medium.

5. Administer 80 μL of the dilute QD-BDNF solution to the top
right well, wait 30 s, and repeat with the bottom right well (see
Note 20). Incubate for 1 h at 37 �C, 5% CO2. During this
time, equilibrate the microscope stage to 37 �C, 5% CO2 (see
Note 21).

6. Wash the axonal side 3 times with 120 μL of axonal imaging
medium before imaging.

3.6.2 Conjugation of

Quantum Dots and

Administration of Labeled

proNGF to Axon Terminals

1. Observe neurons under a widefield microscope using bright-
field light to confirm that the axonal compartment is populated
with axonal projections. Return the chambers to the incubator.

2. In a biosafety cabinet, add 1 μL of QD625 streptavidin conju-
gate stock solution to 20 μL of 400pM biotinylated proNGF
solution. Mix via brief centrifugation, and incubate on ice,
protected from light, for 1 h (see Note 19).

3. Dilute the QD-proNGF solution to a final concentration of
50pM using axonal imaging medium.

4. (Optional) Dilute TubulinTracker™ Deep Red 1:1000 into
both the somal and axonal imaging medium.

5. Aspirate the medium from all wells and replace the medium in
the top left well with 150 μL of somal imaging medium.
Immediately replace the medium in the top left well with
80 μL of the dilute QD-proNGF solution. Repeat for the
bottom two wells (see Note 22).

6. Incubate for at least 15 min at 37 �C, 5% CO2. During this
time, equilibrate the microscope stage to 37 �C, 5% CO2 (see
Note 22).

3.6.3 Image Acquisition 1. Stage neurons in either a widefield or confocal microscope
equipped with an on-stage incubator, 60–100� oil immersion
objective (N.A 1.40), and requisite fluorescent filter cubes (see
Notes 5 and 6).

2. Focus on the neurons using bright-field light. Translate the
stage toward the middle of the device so that the microgrooves
are visible.

3. Switch to either the Qdot625 or Texas Red channels and search
for labeled neurotrophins traversing the microgrooves (see
Note 23). Quantum dots exhibit a blinking behavior and are
very sensitive to focus changes, making them difficult to locate
at first.

4. Once the labeled neurotrophins have been located, create a
time lapse by acquiring images at a single location at fixed
intervals. Our lab uses intervals of 2–5 s for time lapses lasting
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2–5 min. If TubulinTracker™ is being used, acquire a single
image of the axon projections at the desired site using the Cy5
channel before beginning the time-lapse (see Note 24).

5. Repeat step 4 on as many QD-positive microgrooves as possi-
ble. A minimum of 5 microgrooves containing at least 20 QD
particles in total is recommended for statistical analysis. When
using a 60� objective, microgrooves can be divided into
approximately 3 nonoverlapping sections: retrograde (proximal
to the axonal channel), middle, and anterograde (proximal to
the somal channel). Ensure time-lapses are taken at all locations
(see Note 25). Distal projections within the axonal compart-
ment can also be imaged for the purposes of determining
axonal uptake (see Note 26).

3.6.4 Image Analysis 1. Import time-lapse images into ImageJ by selecting “File >
Import > Image Sequence. . .” and selecting the first image
within the sequence, ensuring that all the images from the
time-lapse are within a single folder and are in chronological
order based on file name.

2. Open the “Properties” window by pressing “Control + Shift +
P” and ensure that the “Pixel width” unit is in μM and not
inches. If inches are selected by default, simply type “um” in its
place. Set the “Frame interval” to the time interval between
each of the images within the time-lapse.

3. Select “MTrackJ” under the “Plugins” tab of the ImageJ tool-
bar. The efficiency of retrograde transport can be determined in
multiple ways using this plugin, the simplest of which compares
how many particles are present in the section of the micro-
grooves closest to the cell body compartment between condi-
tions. To do this, select “Tracking” on the MTrackJ pop-up
menu and uncheck the “move to next time index after adding
point” option. Individual particles can then be indexed by
simply pressing “add” on the MTrackJ menu and clicking on
the dots. This can be done using the “Multi point tool” (with-
out MTrackJ, present on the ImageJ toolbar by default) if there
are a small number of dots present.

4. Retrograde transport can also be assessed by quantifying the
speed and pause duration of individual neurotrophin particles
using MTrackJ. To do this, select “Tracking” on the MTrackJ
pop-up menu and check the “move to next time index after
adding point” option. Select “Add” on the MTrackJ popup
menu and continually click on the particle to trace its path (see
Note 27). Repeat this process with all visible particles in the
time-lapse and select “Measure” on the MTrackJ popup menu.
Particle speed can be calculated by taking the average value of
the “v (μm/s)” column per particle. Pause duration can be
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calculated by multiplying the number of instances where the
speed of a particle is 0 μm/s by the frame duration of the time-
lapse. Approximately 60–100 particles per group are recom-
mended for statistical analysis.

5. Finally, retrograde transport can also be assessed by generating
kymographs from the time-lapse images to trace the overall
path of the particles. To do this, first repeat step 2 and then
draw a single, straight line across a single microgroove using
the “Single segmented line tool” found on the ImageJ toolbar.
Open the KymoToolBox plugin by navigating to “Plugins >
KymoToolBox> Draw Kymo” from the ImageJ menu bar and
set the width value to 100. Particle speed can also be calculated
from kymographs by calculating the slope of the path traced by
the particles. However, we recommend determining particle
speed using single particle analysis via MTrackJ. The clarity of
the kymograph can be improved by pressing “Control + Shift +
C” and adjusting the brightness and contrast sliders. If images
were saved as greyscale, we recommend inverting the lookup
table (LUT) for better clarity by pressing the “LUT” button on
the ImageJ toolbar and selecting “Invert LUT.”

4 Notes

1. Each of the 4 wells of the microfluidic chamber holds only
~150 μL of media. Because of this small volume, significant
evaporation occurs during handling. We recommend that
chambers be handled in humidity-controlled containers (Pro-
prietary ChipTrays™ from Xona Microfluidics, or any suitable
holder with a small water reservoir) and in an incubator that is
seldom opened, if possible, to avoid any confounding effects
linked to excess evaporation.

2. Ensure that the opening of the pipette is not bent or sealed
during the fire polishing process. An opening of <1 mm will
result in reduced cell yield due to excessive shearing force
during trituration.

3. We do not recommend using maintenance medium older than
1 week to ensure the health of BFCNs in culture. Preparing
multiple aliquots of medium components for the quick and
convenient preparation of small volumes of maintenance
medium is recommended.

4. XC450 devices are made of an optically neutral plastic that is
not compatible with most mineral-based immersion oils.

5. While quantum-dot streptavidin conjugates are available in a
variety of wavelengths, we do not recommend the use of con-
jugates in the yellow-green spectrum due to their relatively
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weak fluorescence compared to conjugates in the orange-red
spectrum. We recommend the 625 variant, as its emission
spectrum aligns very well with the commonly used Texas Red
filter set.

6. Quantum dots exhibit a very large stokes shift in their excita-
tion–emission properties. Qdot filter cube sets account for this
shift and are recommended for optimal imaging. However, the
brightness of quantum dots allows nonproprietary filter cube
sets to be used, albeit with higher background noise due to the
increased light intensities required to excite quantum dots
using nonoptimal wavelengths.

7. The fluorescent labeling of tubulin using TubulinTracker™ in
live cells is helpful, but not required, for imaging axonal pro-
jections within microgrooves (standard brightfield microscopy
can also be used to image axonal projections, but with less
clarity). While our lab has not observed significant differences
in neurotrophin uptake and transport between labeled and
unlabeled conditions, we recommend running pilot experi-
ments using both labeled and unlabeled neurons to ensure
that the labeling does not interfere with axonal transport in
your specific experimental paradigm.

8. It is critical to adhere to the listed standing times during
microfluidic chamber preparation. These standing times allow
liquid to fully penetrate throughout all compartments of the
device, reducing the risk of air bubble formation within the
main channels. Refer to Fig. 6 for an example of an improperly
prepared chamber containing an air bubble.

9. It is critical to never completely aspirate liquid from the wells of
the devices. A residual volume of approximately 20 μL remain-
ing within each well is recommended to avoid forming air
bubbles and drying out the cells in the main channel.

10. Solutions should be aspirated from the top 2 wells of all devices
first, followed by the bottom 2 (Fig. 2). This creates a transient
volume difference across the top and bottom of the device,
ensuring adequate liquid flow within the main channel.

11. Air bubbles within the main channel must be removed before
plating cells. This can be done by placing the tip of a micropi-
pette against the opening of the main channel and gently
depressing and releasing the plunger.

12. Our protocol is compatible with both rat and mouse embry-
onic tissue. Please be sure to follow all institutional guidelines
regarding proper animal care and safety during the euthanasia
and dissection process.

13. A helpful video of this procedure is included in Schnitzler et al.
2008 [53].
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14. The tissue from three Sprague-Dawley rat embryos is usually
sufficient to prepare 8 microfluidic chambers.

15. The devices are symmetrical, and any side can be used to house
the cell bodies.

16. The axonal transport of BDNF and proNGF is reduced in
BFCNs after 18 days in vitro [10].

17. XC450 devices are designed to fit into most standard slide
holders.

18. HEK293 cells should be plated in petri dishes as opposed to
flasks to facilitate the dropwise addition of the transfection
solution.

19. The neurotrophin concentration can be increased or decreased
depending on the experimental paradigm. However, the ratio
of neurotrophin to quantum dots should remain constant.

20. Maintaining an 80 μL volume difference between the somal
and axonal sides of the chambers creates a small anterograde
liquid flux, ensuring that any retrograde transport is due to
axonal uptake and not incidental retrograde liquid flux.

21. BDNF uptake is significantly more rapid in BFCNs compared
to cortical neurons [10]. If cortical neurons are being used,
incubate the QD-BDNF solution for 4 h before imaging.

22. proNGF uptake is significantly more efficient compared to
BDNF uptake in BFCNs and can be visualized using concen-
trations within the picomolar range [10]. The uptake also
occurs much more rapidly, with QD-proNGF particles appear-
ing in axons within 15 min [10]. Unlike BDNF, proNGF
uptake is significantly inhibited upon axonal neurotrophin
starvation [10].

Fig. 6 A microfluidic device with an air bubble (marked with a red oval) present
within one of the 2 main channels
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23. Excessive exposure of neurons to light from the QD625 filter
cube set is damaging due to its use of high-energy 445 nm light
to maximally excite the quantum dots. We recommend mini-
mizing both the light intensity and duration neurons are
exposed to this light to avoid damaging cells.

24. We recommend staggering the incubation of individual cham-
bers with labeled neurotrophins by between 30 min to 1 h to
account for the time it takes to image a single chamber.

25. Ensure that time-lapses at each of the three sections of the
microgrooves are taken at identical time intervals after neuro-
trophin addition to avoid the passage of time as a confound
when comparing chambers.

26. Time-lapses are not necessary when imaging axonal projections
for the purposes of assessing neurotrophin uptake. Uptake can
simply be quantified by counting labeled particles present
within a predefined length of distal axon (our lab uses
100 μm). Length can be measured using the “Straight seg-
mented line tool” in ImageJ.

27. Neurotrophin particles can exhibit bidirectional movement
during transport within the span of a single time lapse. It is
recommended to analyze the retrograde and anterograde com-
ponents of a given particle’s transport separately. This can be
done by selecting “Add” in the MTrackJ popup window fol-
lowing the completion of the retrograde movement of a parti-
cle and treating the anterograde component of its movement as
a separate particle.
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