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Abstract Cholera toxin subunit B (CTB) is a sensitive
neuroanatomical tracer that generally transports retro-
gradely in the nervous system, and has been used exten-
sively in brightfield microscopy. Recently, Alexa Fluor
(AF) conjugates of CTB have been made available, which
now allows multiple tracing with CTB. In this study, we
examined the efficacy of these new AF-CTB conjugates
when injected into the brain, and compared the results to
our previous experiences using fluorescent 3k dextran
amines. To test this, we injected AF 488 and AF 594 CTB
into the anterior cingulate cortex and the medial agranular
cortex in the rat, and examined the retrograde transport to
the lateral posterior nucleus of the thalamus. We found that
CTB was very viscous but yet very sensitive: small injec-
tion sites revealed very intense and detailed retrograde
labeling. Anterograde transport was seen only when tissue
at the injection site was damaged. These findings suggest
that AF-CTB is a very reliable and sensitive retrograde
tracer, and should be the first choice retrograde tracer for
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experiments examining multiple pathways within the same
brain.
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Introduction

Cholera toxin subunit B (CTB) is a neuroanatomical tracer
that selectively transports retrogradely (Krout et al. 2002;
Llewellyn-Smith et al. 2000; Zin-Ka-Ieu et al. 1997).
Historically, CTB has been utilized as an unconjugated
form, with subsequent immunohistochemical detection
using the avidin—biotin complex detection method for
brightfield microscopic visualization (Luppi et al. 1990).
Although very useful for single-labeling experiments, this
methodology is not useful for those wanting to compare
multiple connections of brain regions in a single animal.
The introduction of TRITC and FITC conjugates of CTB
allowed researchers to conduct double-labeling experi-
ments using CTB, but the rapid fading and less intense
signal of these conjugates proved difficult.

Recently, Molecular Probes (part of Invitrogen, Inc.) has
successfully attached their Alexa Fluor (AF) line of fluo-
rescent probes to CTB, which now allows experiments to
be undertaken that compare the connections of two or more
regions in a single brain using a robust fluorescent dye. The
AF family of dyes, which has proven to be more photo-
stable, bright, and pH-insensitive than conventional fluo-
rescent dyes, has never been successfully attached to a
retrograde tracer (Panchuk-Voloshina et al. 1999).

The mechanism of action is based on the binding of
CTB to the GM1 ganglioside of the nerve cell membrane
(Masco et al. 1991; Wang et al. 1998). More specifically,
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the larger B subunit contains choleragenoid which binds to
the GM1 receptor of the cell membrane and facilitates
entry into the cell (van Heyningen 1974). The A subunit
does not bind to GMI1, but is responsible for changing
activity in the cell by activating adenylate cyclase (Fish-
man 1982; van Heyningen 1974). Nervous tissue is a large
source of gangliosides, and they are concentrated on syn-
aptic membranes (van Heyningen 1974). These findings
support the assertion that injected CTB is taken up by the
cell membranes, but does not produce any morphological
changes in the cell.

Transported CTB produces sensitive labeling of neuro-
nal processes (Dederen et al. 1994). CTB can be injected
either through pressure injections or iontophoresis, and can
be fixed with paraformaldehyde (Luppi et al. 1990). CTB
has been found to be taken up by fibers of passage, which is
a common problem for most neuronal tracers (Chen and
Aston-Jones 1995). However, it is unknown whether this
uptake is due to damaged fibers or undamaged fibers,
because some studies have found that gangliosides are also
present on the axolemma (Chen and Aston-Jones 1995;
DeVries et al. 1981). On the other hand, it has been sug-
gested that CTB is only taken up by damaged fibers of
passage (Luppi et al. 1990). CTB is able to be mixed and
simultaneously co-injected with other tracers, such as
dextran amine (Coolen et al. 1999).

Due to the novelty of these new fluorescent conjugates
of CTB, few studies have examined the efficacy of these
conjugates in relation to pathway tracing within the central
nervous system. These conjugates have been successfully
utilized in studies examining retinal connections (Muscat
et al. 2003), and the PNS (Christianson et al. 2007; Kreier
et al. 2006; McDavid et al. 2006; Niedringhaus et al. 2008).
In light of these new developments, we successfully used
CTB to examine the thalamocortical connections related to
directed attention and hemispatial neglect in rats (Conte
et al. 2008). Here, we present a formalized methodology
for use of AF-CTB conjugates in experiments examining
the topography of retrograde connections between different
areas of the brain [for a step-by-step protocol, see (Conte
et al. 2009)]. Our laboratory has extensively utilized the
fluorescent conjugates of 3k dextran amine (3kDA), and
thus below we informally use our previous experience with
3kDA as a comparison with CTB (Kamishina et al. 2008,
2009).

Materials and methods
All experiments were performed on adult male Long Evans
Hooded rats (n = 49; 300-350 g; obtained from Harlan

Sprague Dawley, Inc.). All procedures were conducted in
accordance to the US Public Health Service Guide for the
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Care and Use of Laboratory Animals (NIH publication No.
86-23, revised 1996) and were approved by the University
of Florida IACUC. All efforts were made to minimize the
amount of pain experienced and number of animals used.
Animals were placed in an induction chamber with a small
inhalation dose of Isoflurane (Webster Labs) before being
given an injection of ketamine/xylazine cocktail (87 mg/kg
ketamine + 13 mg/kg xylazine; 0.1 ml/100 g body weight;
Webster Labs). Supplemental doses were given throughout
the surgery as needed. Once deep anesthesia was con-
firmed, the animals were placed in a stereotaxic surgical
device with blunt earbars. After bregma was noted, the two
sites of injection were marked, and a craniotomy was
performed using a Dremel drill. Glass pipettes (3040 um
diameter) were filled with the respective tracer and injected
into the region of interest. Injections were made into
various parts of the medial agranular cortex (AGm) and
cingulate cortex (CG1). Coordinates were defined using
the Paxinos and Watson (2005) atlas. After injections
were finished, the surgical site was rinsed with saline,
packed with gelfoam, skin sutured, and the rat given an
injection of ringers lactate.

Tracers

For CTB injections, AF 488 CTB and AF 594 CTB were
used (Molecular Probes, Invitrogen Inc.). The tracers were
dissolved in neutral phosphate buffer at either 0.5%
(500 pg dissolved in 100 pl buffer) or 1% (500 pg dis-
solved in 50 pl) concentration. Any extra solutions were
separated into aliquots and stored in a freezer. The tracer
was loaded into a glass pipette using a Hamilton syringe.
Injections were made using a picospritzer (6—-10 pulses,
10-15 ms duration, approximately 20 psi).

Post-operative protocols

After a survival period of 7 days, the animals were perfused
transcardially with PBS and 4% paraformaldehyde and the
brain was removed and placed into a postfix sucrose
solution for cryoprotection. Brains were cut coronally on a
sliding microtome at thickness of 40 um and placed seri-
ally into PBS. The sections were mounted on slides,
dehydrated through a series of alcohol submersions,
cleared with xylene, and coverslipped with Entellan
mounting median. For each brain we mounted at least two
spaced series of fluorescent sections to account for photo-
bleaching and one cresyl violet series. Fluorescent sections
were viewed using a Zeiss Axioplan II microscope with the
following filter sets: FITC (model 31001, Chroma Tech-
nology Corp.) and Texas Red (model 31004, Chroma
Technology Corp.). Confocal microscopy was performed
on an Olympus IX81 spinning disk confocal microscope.
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Photos were normalized in Adobe Photoshop CS3. We
limited our focus to labeling patterns within the lateral
posterior nucleus of the thalamus (LP).

Results

Notably, as compared to 3kDA, the injection sites for CTB
showed a considerably more focused dispersion of tracer at
the injection site, and displayed almost no halo (Fig. 1).
Compared to the 3kDA injections, the CTB injections were
smaller and more specific for the coordinates. For example,
we were able to inject a red conjugate of 3kDA into CG1
and a green conjugate in AGm at the same A-P location,
and found that the width of the 3kDA injection was
approximately 262 pm at its maximum width while the
CTB injection width was only 140 pm wide (Fig. 1f). In
case 431, which had double injections of CTB into CG1
and AGm, the injection sites both had widths of less than
100 pm, yet produced fully adequate labeling (Fig. 1c—e).
There were also markedly fewer labeled cell bodies within
the CTB injection sites, as demonstrated by the co-injec-
tion of 3kDA and CTB on case 420 (Fig. 1f). However, we
often noted that some of the CGI injection tracer leaked
into the superior sagittal sinus, and was absorbed by layer I
cells, both contralaterally and ipsilaterally (Fig. 1a). This
was most likely due to our selection of injection sites, since
CG1 is located so closely to midline.

Both conjugates of CTB produced almost entirely ret-
rograde labeling in LP (Fig. 1). No obvious axonal labeling
was noted in cases with intact injection sites. On some
cases that had tissue damage within the injection site, we
noted some anterograde axonal labeling (Fig. 2). In addi-
tion to thalamic labeling, corticocortical labeling was noted
in areas that were difficult to see with 3kDA (not illus-
trated). Similarly, injections of the two conjugates of CTB
made in nearby areas showed comparable labeling, but
there was no axonal labeling present in either tracer con-
jugate (Fig. 1). The labeling was focused inside vesicles
within the cell bodies, and the vesicles were concentrated
on the periphery of the plasma membrane (Fig. 3). Fur-
thermore, most of the labeled cells also showed proximal
dendritic labeling (Fig. 3).

Discussion

The present study has independently tested the use of
fluorescent conjugates of CTB and has found reliable
results. Not only was CTB comparable to other fluorescent
tracers such as 3kDA, but it surpassed expectations by
producing very fine and detailed labeling even after very
focal injections.

After an initial testing phase of CTB, we found that the
fluorescent CTB conjugates were not only very sensitive,
but were able to be used at smaller volumes and lower
concentrations than 3kDA. To further test the capabilities
of CTB, we attempted an injection into cingulate cortex
area CG1 with an additional injection into the laterally
adjacent area AGm, at the same AP level. This provided a
good testing environment, since the injection site centers
were only about 100 um away from each other. When
injected this close, the CTB conjugates showed no overlap
and were focused within their intended injection site. We
were unable to perform similar injections using 3kDA in
previous experiments because the tracers would diffuse too
far from their intended injection sites and mix. For most
cases, we found that CTB was able to be injected into a
very small area but produced detailed labeling. Further-
more, even though the injection site centers were nearby,
the two CTB injections did not mix. Indeed, CTB was
notably more thick and viscous than 3kDA even in solu-
tion. These properties of CTB allowed us to discover a
previously unknown topography of the connections within
our area of interest (Conte et al. 2008).

Cholera toxin subunit B was very effective and sensitive
at 0.5% concentration. At 1% concentration, there was
slightly more background labeling, although it is unclear
whether or not this had to do with the higher concentration
of CTB. The AF conjugates appeared very photostable and
resisted photobleaching, in line with previous reports
(Berlier et al. 2003; Panchuk-Voloshina et al. 1999).
Indeed, we have been able to view labeling several months
after coverslipping with no significant loss of signal.

In addition to the 488 and 594 conjugates of AF-CTB, a
555 and 647 version is also available (Conte et al. 2009).
These could, in turn, be combined for use in triple labeling
experiments, by using a Cy?3 filter set for AF 555 and a Cy5
filter set for AF 647. For investigators wanting to use AF-
CTB for single labeling experiments, we suggest use of the
AF 594 conjugate, since this conjugate appears to have a
much higher contrast to background tissue than AF 488
CTB.

We found that CTB consistently transported exclusively
in a retrograde manner, with no obvious axonal labeling.
Labeled somata appeared granular in appearance, and the
nucleus was unstained; staining was focused on the plasma
membrane (Fig. 3). Retrogradely transported CTB appears
granular in a cell soma because CTB remains in vesicles
(Kobbert et al. 2000). One interesting note is that we did
notice anterogradely labeled axons in a small number of
cases (Fig. 2). These cases all had noticeably damaged
injection sites, which suggests that anterograde labeling by
CTB is facilitated through uptake by damaged cells in the
injection site. A future study should be conducted to
examine this hypothesis.

@ Springer



Brain Struct Funct

Fig. 1 Injection sites of AF-
CTB in the cortex (CG1 and
AGm) with corresponding
labeling patterns in thalamic
nucleus LP. a, b Injection sites
of AF 488 and 594 CTB with
corresponding labeling patterns.
The injection sites are very
small and focused, but show
clear labeling patterns in the
thalamus. The thalamic labeling
is almost exclusively retrograde
since only the cell bodies are
labeled. ¢, d Injection sites of
AF 488 and 594 CTB in the
same brain. The labeling
patterns (e) for this case showed
retrogradely labeled cells and
double-labeled cells (yellow in
appearance). f Case 420 had an
injection of 3kDA (red) in
ventral CG1 and AF-CTB
(green) in dorsal CG1. The CTB
injection has a smaller width
than 3kDA and is more focused
in the intended injection site.
Compared to the 3kDA
injection, the CTB injection also
has fewer cell body labeling
within in the injection site.
Scale bars = 200 pm, unless
otherwise noted. Figure adapted
with permission from Conte

et al. (2008)

A brief technical note that may be easily overlooked
should be mentioned. After seeing several successful cases
with CTB, we encountered a series of cases where there
was no CTB labeling present. After a discussion with the
manufacturer, the problem appeared to be that we were
vortexing the solution when mixing the tracer and buffer.
Since CTB is a protein complex, vortexing denatures the

@ Springer

proteins and this contributed to our lack of labeling. Once
we began to just gently mix the solutions without a vortex,
we once again saw good consistent labeling.

Our results using the AF conjugates of CTB confirm
previous studies claiming the AF dye line is the brightest
and most photostable fluorescent probe available (Berlier
et al. 2003; Kumar et al. 1999; Panchuk-Voloshina et al.
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Fig. 2 Examples of damaged
CTB injection sites in CG1 and
AGm that show anterograde
labeling in the thalamus. a The
green injection site of CTB
shows a central necrotic region
(between the arrows), while the
red injection site is intact.

b Thalamic labeling for the
green conjugate shows fine,
granular axonal labeling
indicative of anterograde
transport intermingled with
retrograde cellular labeling,
while the red conjugate exhibits
only retrograde neuronal
labeling. There is almost
complete overlap between the
anterograde and retrograde
labeling in the green conjugate.
¢ An undamaged green AF-
CTB injection that is rostral to a
damaged red injection site d in
the same brain. e The
undamaged green injection
produced entirely retrograde
labeling while the red injection
produced a mixture of
retrograde and anterograde
labeling. In addition to
anterograde labeling that is
completely intermingled with
retrograde labeling as in panel
B, the anterograde labeling in
panel E is also present in
isolation as a halo surrounding
the retrograde labeling.

f Another section from the same
case showing intermingled
labeling patterns in addition to
isolated retrograde labeling.
Some axonal-like processes are
visible in addition to a large
amount of fine, punctate
labeling suggestive of axon
terminals, as seen in a high
magnification image of the area
enclosed in the white box (g).
Scale bars = 200 pm, unless
otherwise noted

1999). We found that AF is highly photostable, and resists
fading even after several minutes of continuous exposure,
and is pH insensitive (Panchuk-Voloshina et al. 1999). A
previous study noted that AF 555 retained 90% of its
fluorescence after 95 s of illumination (Berlier et al. 2003).
In addition, we were able to view sections after several
months in storage with only minor decreases in intensity.

Compared to conventional dyes such as fluorescein and
tetramethylrhodamine, the AF dyes were markedly brighter
in intensity, and had a high contrast relative to background
tissue.

Based on our data, we suggest that AF-CTB is a very
suitable and sensitive tracer for fluorescent retrograde tract-
tracing in double-labeling experiments. It is very specific

@ Springer



Brain Struct Funct

Fig. 3 High magnification confocal image of labeled neurons in
thalamic nucleus LP. The neuronal labeling of CTB is focused within
the cytoplasm with no nuclear labeling. Some proximal dendrites are
also labeled. This field of view exhibits some doubled-labeled cells
(yellow in appearance), which represent branching axons of the
individual neurons to the two injection sites. However, often times,
the two different conjugates are focused in different areas of the cell

for retrograde transport, easy to handle and reliable,
available in many of the conjugates of the AF line which
allows for exceptional brightness and photostability, and
the low concentrations required are cost-effective.
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